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ABSTRACT

An experimental and modeling study was undertaken to determine the effect of
coal composition, moisture content, and pore structure, upon natural gas adsorption and
matrix transport. A volumetric high-pressure (up to 17 MPa) adsorption apparatus was
constructed for the collection of single and multicomponent adsorption equilibrium and
non-equilibrium adsorption data. A variety of equilibrium and non-equilibrium
adsorption models were applied to determine which provided the best fits to the data.
Coals selected for study included medium volatile bituminous coals of the Gates
Formation, Northeastern B.C. Canada, and a suite of coals from the Sydney and Bowen
Basins of Australia.

Coal composition affects pore volume distribution, which in turn dictates the
equilibrium and non-equilibrium adsorption characteristics of coals. Bright and banded
bright coals have a greater amount of microporosity than dull coals, and hence have
larger methane and carbon dioxide adsorption capacities. Dull coals have less
microporosity but a greater amount of mesoporosity. Pore volume distributions in turn
affect the adsorption rate behaviour of coals; bright coals have a uniform microporous
structure and are adequately modeled using unipore diffusion mddels whereas dull and
banded coals require models that account for a multimodal pore volume distribution.

Coél composition also affects binary gas total adsorption isotherms, but has little
effect upon carbon dioxide gas selectivity over methane. Coal moisture content éppears
to have a greater effect upon selective adsorption, but this requires further investigation.

New numerical models, which account for bimodal pore volume distributions and

non-linear adsorption characteristics, provide an adequate fit to adsorption rate data of the

ii




Gates coals. A bidisperse analytical model also provides excellent fits to the data, but
does not account for non-linear adsorption. Models that do not account for non-linear
adsorption yield optimized methane diffusivities that increase with pressure. The
numerical model diffusivities decrease with an increase in pressure, possibly reflecting a
bulk gaseous diffusion mechanism. Carbon dioxide diffusivities obtained from all
models are larger than methane diffusivities. Methane diffusivities obtained using
moisture-equilibrated coal data are smaller than those determined for dry coal.

The Dubinin-Astakhov and Dubinin-Radushkevich isotherm equations provide
better fits than the Langmuir equation to equilibrium methane and carbon dioxide
adsorption data. The Dubinin models, which are based upon pore volume
filling/adsorption potential theory, also have general validity in their application to
supercritical methane-coal systems. Binary gas equilibrium predictions vary depending
on whether the IAS or extended Langmuir model is used. The IAS theory, used in
conjunction with the Dubinin-Astakhov equation, provides the best fit to CH4+/CO,

adsorption data collected during this study.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTORY STATEMENTS

Natural gas in coal seams, or “coalbed methane”. has become a viable alternative
b b

fuel source, particularly in the United States. Production of coalbed methane in the U.S.

~ went from nearly zero in 1982' to approximately 24 Bm® (851 Bcf) in 19947 and

currently represents about 6 percent of the U.S. natural gas reserves’. Coalbed methane
exploration and development is in its infancy in Canada; an estimated 19 Tm® (672 Tcf)
of total reserves potential exists in the Alberta plains of the Western Canadian
Sedimentary Basin®. Interest in coalbed methane development is also increasing in
Australia’, Eastern Europe and Asia’.

In addition to being a source of fuel, coal seams may be an important repository
for the storage of greenhouse gases. The injection of anthropogenic carbon dioxide into
coal seams and subsequent recovery of stored methane in an effort to reduce greenhouse
emissions has been proposed recently’. The study of natural gas storage and transport
mechanisms in coal is important for the evaluation of gas recovery and injection
operations.

Coal is unique in that it acts as both a source rock and reservoir tov natural gas.
The storage and transport mechanisms of coal seams di‘ffer from conventional reservoirs
in several important ways. Unlike conventional reservoirs, coalbed gas is mainly stored

in coal in the adsorbed state® (> 90%), but also exists as free gas (unadsorbed) in coal

porosity, or as a solute in groundwater. The amount of gas stored depends upon a variety




of coal properties and environmental conditions including: coal rank, ash (inorganic)
content, coal organic composition, gas composition, coal seam temperature and
pressure”'’.

Gas is transported through cqal seams via the dual mechanisms of laminar flow
through the natural fracture system (cleat) and diffusion through the coal matrix bounded

by cleat'!"?

. The flow through cleat is pressure-driven and may be modeled using
Darcy’s Law, whereas flow through the matrix is assumed to be concentration-driven and
is modeled using Fick’s Law. Gas production from coal is assumed to follow a three-
stage process’ : 1) flow through the natural fracture (cleat) system to the well bore; 2)
desorption from the surfaces of the cleat; and 3) diffusion of gas through the coal matrix
pore structure to the cleat system. Gas transport through the coal seam fracture system,
which is dependent upon permeability, is considered to be a greater control upon gas
production than matrix diffusion transport'®. Matrix diffusion, however, is an important
control upon gas content estimates and may be an important control upon the ultimate gas
recovery in low permeability reservoirs or coal mine gob zones.

The primary methods for determining coal gas contents and matrix transport
parameters are the determination of adsorption isotherms, and desorption canister testing.
The adsorption isotherm expresses the equilibrium relationship between adsorbed and
free gas phases and has utility in determination of maximum gas storage capacity of coal;
the estimation of the actual gas-in-place if the coal is fully gas-saturated; and the
estimation of gas recovery as a function of pressure'®. Comparison of gas contents

estimates obtained from desorption canisters, and from the adsorption isotherm, gives an

indication of the degree of gas saturation in a coal'®. In-situ coal gas contents are often




estimated through measurement of the amount of gas released from core or drill cuttings,
which are retrieved from the coal reservoir®. The recovered coal sample is placed into a
canister, and gas is released as the canister pressure drops from reservoir pressure to
atmospheric pressure. One of the problems associated with gas content determination is
that some gas is lost during the retrieval of sample prior to placement in a canister. The
amount of gas lost, which is controlled by the matrix transport properties of the coal, is
determined from the extrapolation of the measured desorbed gas volumes versus time to
the time at which desorption began. Lost gas calculations often assume a simplified
model for gas diffusion® through the coal matrix and do not properly account for coal
properties such as matrix pore structure and adsorption.

The accurate determination of gas-in-place is of critical importance for the proper
economic assessment of coal gas reserves and for production forecasting. The factors
that affect gas-in-place are still under investigation. Little is known about the effect of
coal physical properties, such as composition and pore volume distribution, upon gas
content and transport, although some studies have been conducted. For example, organic
composition and organic content have been determined to be an important control upon
pure gas adsorption”'® and therefore the gas adsorption capacity of a coal may vary
greatly within a particular coal seam or between a succession of seams. Natural gas in
coal seams, however, is usually a mixture of methane and other contaminants, and little is
currently known about the effect of coal composition upon component adsorption in gas
mixtures. Coal composition is also known to be an important controi upon matrix

porosity and pore volume distribution'”. Knowledge of the effect of coal composition,

and hence pore structure, upon matrix gas transport is potentially important for the




accurate determination of gas contents of heterogeneous reservoirs, and for gas

production forecasting.
1.2 STATEMENT OF PROBLEM

Proper characterization of coal gas reservoirs must account for Qariations in
physical properties, which affect the storage and transport of gas. Coal compositional
heterogeneity, which imparts heterogeneity in other coal properties, is expressed at all
scales, from the molecular to the seam scale’. An understanding of how heterogeneity in
coal affects gas storage and transport is important for the proper economic evaluation of a
coalbed methane resource. Further, refinement of mathematical models used for gas
content determination are required for accurate economic assessment. The following

questions are addressed in this thesis:

1) What is the effect of coal physical properties, such as coal composition and

moisture content, upon multicomponent adsorption?

2) What is the effect of coal pore structure and gas adsorption upon matrix gas
transport?
3) Are the current popular equilibrium and non-equilibrium adsorption models

accurate for coals of varying composition and moisture contents?




A systematic investigation of the effect of coal composition, moisture content and
pore structure upon gas adsorption and matrix transport was therefore undertaken to
address these questions.

The current study is concerned with both equilibrium and non-equilbrium
adsorption in coal. A volumetric adsorption apparatus was built for the collection of
single and multicomponent adsorption equilibrium and non-equilibrium adsorption data.

This study extends previous studies, which have evaluated the effect of coal

16-17, 5 s apip
, and composition” upon pure gas, usually methane, equilibrium

moisture content
adsorption. Because coal gas is usually composed of gas mixtures, the effect of coal
properties such as moisture content and composition upon the selective adsorption of
different gas components is investigated. Various models for equilibrium single and
multicomponent adsorption were also evaluated against experimental data. The results of
this study have important implications for gas content determination and reservoir
characterization, which in turn affect economic forecasting.

The effect of coal pore structure, moisture and adsorption upon non-equilibrium
gas adsorption ié also investigated. New numerical models, which properly account for
coal pore structure and adsorption characteristics, are described and applied to methane
and carbon dioxide adsorption rate data. This study has important implications for

understanding gas transport and for the determination of lost gas calculations for gas

content determination.

1.3 STRUCTURE OF THESIS

This thesis contains four research papers, divided into chapters, which address




the questions outlined above. Chapter 2 is concerned with the application of some
popular single-component adsorption isotherm equations to Australian coal isotherm
data. The validity of mono/multilayer and adsorption potential theories is tested, and
isotherm curve-fits for the models are compared. The results of this study are also used
in Chapter 5, which examines multicomponent gas adsorption.

Chapter 3 1s part one of a two-part study that examines the effect of composition,
pore structure, and adsorption characteristics upon the matrix transport properties of coal.
The purpose of Chapter 3 is to determine the (equilibrium) adsorption/desorption
properties and pore volume distributions of four coal lithotypes from the Cretaceous
Gates Formation of Northeast B.C. in order to assess the effect of these properties upon
adsorption rate behaviour (subject of Chapter 4).

Chapter 4 examines the effect of coal pore structure and adsorption characteristics
upon methane and carbon dioxide gas adsorption rate behaviour for the four Gates
Formation lithotypes. A new numerical model for matrix gas diffusion/adsorption is
developed and applied to adsorption rate data. The new model accounts for coal
properties such as non-linear adsorption in coal microporosity, and a bimodal pore
volume distribution.

Chapter 5 investigates the effect of coal moisture content and composition upon
methane/carbon dioxide mixed gas adsorption characteristics of Gates coals. Two
popular multicomponent adsorption models are evaluated against experimental data.

Some repetition of subject matter occurs due to the adoption of the current

dissertation format. While regrettable, the inclusion of some repetitious material is

required in each paper; your patience on this matter is appreciated.
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CHAPTER 2

APPLICATION OF THE MONO/MULTILAYER AND ADSORPTION
POTENTIAL THEORIES TO COAL METHANE ADSORPTION ISOTHERMS
AT ELEVATED TEMPERATURE AND PRESSURE

2.1 ABSTRACT

Accufate estimates of gas-in-place and prediction of gas production from coal
reservoirs require reasonable estimates of gas contents. Equations based on pore volume
filling/potential theory provide a better fit than the Langmuir equation to both high-
pressure (up to 10 MPa), high-temperature (> 1.5 Tc) methane isotherm data and low-
pressure (< .127 MPa) carbon dioxide isotherm data for 13 Australian coals. The
assﬁmption of an energetically homogeneous. surface as proposed by Langmuir theory is
not true for coal. Application of potential theory to the methane-coal system results in
temperature-invariant methane characteristic curves, obtained with the assumption of
liquid molar volume of the adsorbate and extrapolated vapour pressures. Temperature-
invariant characteristic curves are obtained for carbon dioxide, although further testing is
required. The application of isotherms equations based upon pore volume
filling/potential theory, in particular the Dubinin-Astakhov equation, have general

validity in their application to high-pressure supercritical methane-coal systems as well as

providing a better fit to isotherm data.




2.2 INTRODUCTION

Recent interest in both recovery of natural gas from coal seams and in outburst
hazards related to coal mining has led to extensive study of gas adsorption in coal. The
accurate prediction of coal gas capacities is important in gas reserve estimates and for
input to production simulators. To simulate reservoir conditions, laboratory adsorption
isotherm data are generally collected at elevated temperature, usually between 0 and
50°C, and elevated pressure (up to 100 MPa). Methane gas adsorption isotherms in coal,
commonly Type I' in nature, are most often modeled using the Langmuir isotherm® and
less frequently the Freundlich® or linear* isotherms. A study performed by Hall et al. °
compared the Langmuir model with various two-dimensional equations of state, the ideal
adsorbed solution model, and loading ratio correlations for the adsorption of various
gases and their mixtures on moisture-equilibrated coal. Only limited attention has been
focused upon the application of adsorption potential theories to the description of
methane adsorption isotherms collected for coals at.elevated temperature and pressure’.
Both the Dubinin-Radushkevich (D-R) and Dubinin-Astakhov (D-A) equations have
been used to model Type I isotherms'. These isotherm equations are based upon the
potential theory developed by Polanyi®.

Ruppel ef al.? applied the Langmuir and Polanyi adsorption models to methane
adsorption isotherms collected for coals at temperatures ranging from 0 to 50°C and
pressures from 10 to 150 atm (1 - 15 MPa). The Ruppel ef al. study is the first detailing
the application of adsorption-potential theory to methane adsorption on dry coal at

elevated temperature and pressure, although the model had previously been applied to
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other porous media under various conditions’'®. Ruppel et al.” found that the coal-
methane adsorption system was well described by the Langmuir model, but the Polanyi
theory did not accurately describe the system for all coals. It should be noted that
thermal expansion of the adsorbate was not accounted for by Ruppel ef al., which, as
shown in the case of activated carbons, may lead to the failure of éne of the fundamental
postulates of potential theory''.

More recent studies'"'? have applied Dubinin’s volume filling theory, an
adaptation of the original potential theory developed by Polanyi, Fo'the high-pressure
adsorption of various gases on activated carbon, in particular methane, above the critical

point. These studies'"'?

outline the difficulties of applying the Dubinin postulates to
supercritical fluids, such as the attainment of saturation vapour pressures and adsorbate
densities. Agarwal and Schwartz'' and Yang'® provide a summary of the different
approaches used to obtain these parameters. The desirability of using potential theory for
the description of supercritical gas adsorption is that a single characteristic curve may be
used to describe gas adsorption at a variety of temperatures.

The adsorption of methane in coal is generally believed to be due to physical
adsorption. This is demonstrated by the small heats of adsorption™'* and that methane
isotherms are reversible'>'°. It is therefore reasonable to apply theories based on physical
adsorption to the problem of methane adsorption in coal. In particular, Dubinin-Polanyi
potential theory may be applied to the current problem, if properly validated.

The purpose of the current study is to apply the Brunauer, Emmett and Teller

(BET), Dubinin-Radushkevich (D-R) and Dubinin-Astakhov (D-A) equations to

methane/moisture-equilibrated coal isotherm data at elevated temperature and pressure,
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“above the critical point for methane (T > 1.5Tc), and compare the results to isotherms

obtained by the more commonly applied Langmuir equation. The BET, D-R, and D-A
equations contain either two or three parameters that are easily determined from
experimental isotherm data. The goal of this research is to determine the optimum
equation to be applied to adsorption isotherm data. In addition, the general validity of the
monolayer and pore volume filling theories is tested for methane-coal systems. The
conceptual model of pore-filling is different for these theories, and therefore the current
study will have important implications for the modeling of equilibrium isotherm data in

coal.

2.2.1 Background

2.2.1.1 Langmuir (Monolayer) and BET (Multilayer) Theory

The most commonly applied adsorption isotherm model for coal at elevated

117

temperature and pressure is the Langmuir model ', from which the Langmuir equation is

obtained. The Langmuir equation is written in the following form for plotting purposes:

S (1)

where P is the equilibrium gas or vapour pressure; V' is the volume of gas adsorbed,
commonly reported at standard temperature and pressure (STP), per unit mass of coal, V,
is the Langmuir monolayer volume, and B is an empirical constant.

The Langmuir model is based upon the assumption that a state of dynamic

equilibrium exists (at constant T and P) between adsorbed and non-adsorbed species and
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that adsorption is restricted to a single monolayer'. In addition, the adsorbent surface is
assumed to be energetically homogeneous with respect to adsorption. In many cases, a
plot of P/V versus P yields a straight line whose slope yields V,,. The Langmuir model
has frequently been applied to the description of Type I isotherms obtained for
microporous solids such as activated carbons. Several studies of methane adsorption on
coal have shown that the Langmuir equation fits well over the range of temperatures and
pressures applied™'*'>'%,

The BET model is an extension of the Langmuir model that accounts for the
formation of multilayers'®. The model was developed for the interpretation of Type II

isotherms and the reversible part of Type IV isotherms. The BET equation has the

following form:

1 1 c-1p )
vie/p-1y v.c V,CP @

where P/ P, is the relative pressure, and C is a constant related to the net heat of
adsorption. A plot of the left-hand side of equation (2) versus relative pressure should

yield a straight line in the relative pressure range 0.05 < P/ Py < 0.35%

. The application
of the BET equation to supercritical fluid adsorption cannot be justified physically as

multilayer formation is considered unlikely'*.
2.2.1.2 Dubinin Theory of Adsorption of Vapours in Micropores

Dubinin theory has commonly been applied to the description of Type I

isotherms'. A fundamental difference between the Dubinin and Langmuir theories of
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adsorption is in the postulated mechanism of pore filling. In the Langmuir theory, the
sorbed phase is assumed to occupy a monolayer on the adsorbent surface, which is in turn
assumed to be homogeneous. Dubinin®"*? theory, however, assumes that, in micropores,
the adsorbate fills the adsorption space via the mechanism of volume filling and hence
does not form discrete monolayers in the pores. Dubinin®' showed that, for several
vapours, the ratio of limiting adsorption values on two varieties of zeolite crystals is
essentially constant and equal to the ratio of void volumes calculated from X-ray data.
The ratio was, however, not equal to the ratio of the geometric surface area of the
zeolites. This observation was given as proof of the volume filling mechanism of
micropores with radii less than .6 - .7 nm.

Two equations developed by Dubinin and his coworkers are the Dubinin-

Radushkevich (D-R) equation®>">%*;

RT P\’
W =W, expy— ﬂ—Eln7 3)
and the Dubinin-Astakhov (D-A) equation:
RT P)Y A
W =W expy-— ,B—Eln? . 4)

where W is the volume of adsorbate adsorbed at equilibrium, W is the micropore volume,

[ is a sorbate affinity coefficient, £ is the characteristic energy, R is the universal gas
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constant, 7' is temperature, P, is the saturation vapour pressure for the adsorbate, P is the

equilibrium vapour pressure, and » is a small integer (1-4) and is related to the
distribution of pore sizes. These equations have been applied to a variety of microporous
solid-adsorbate systems, including activated carbons. The D-A equation is a general
form of the D-R equation in which the coefficient » may be optimized. For plotting

purposes, equations (3) and (4) may be written in the following form:
log =logW, - D(log P, / P)’ ()

where n is equal to 2 for the D-R equation, and is optimized for the D-A equation. A plot
of logh versus (logPo / P)n should yield a straight line. P and P, may be replaced by f

and f,, the equilibrium and saturation fugacities, to account for non-ideality.
The Dubinin equations are valid for a particular adsorbate-adsorbent system only
if certain fundamental postulates of the Dubinin theory are adhered to. An important

postulate is that characteristic curves, which are plots of the degree of filling 8 (W/W,)

versus the parameter 4 = RTIn P, / P, defined as the differential molar work of

adsorption by Dubinin?!, are invariant with temperature for a particular adsorbate-

or

. : o4 ..
adsorbent system. This may be expressed analytically as (—j = 0. Dubinin
[
demonstrated this to be the case for a variety of systems®'. Bering ef al.** give the
thermodynamic limits for which temperature invariance holds. Dubinin®* states that

temperature invariance of the characteristic curve is not a necessary requirement for all

microporous systems, but simply that for many systems it appears to be true. Deviations
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of the characteristic curve from temperature independence reflect the temperature
dependence of the work of adsorption.

The Dubinin equations (3) and (4) were mainly developed for the adsorption of
vapours below the critical point but may also be modified for gases above the critical
point. Several authors™”'**>?® have extrapolated the Polanyi adsorption-potential theory,
upon which the Dubinin equations are based, to the supercritical region for methane in
various adsorption systems. Recent work has focused upon the application of this theory

to the adsorption of gases above their critical point'"-'

upon activated carbons. Two
important problems associated with the application of potential theories are: 1) the
determination of a suitable molar volume of the adsorbate at a given temperature and a
pseudo-saturation pressure (above critical temperature) value; and 2) the form of the
temperature-invariant characteristic curve to be utilized. Several approaches to these

problems have been used'"".

2.3 METHODS

2.3.1 Sample Collection and Preparation

Seven lithotypes of Upper Permian coal were collected from the Appin mine
(Bulli seam) and five from the Wongawilli mine (Wongawilli seam) in New South
Wales, Australia®”. In addition, one sample (GHA1-09) was obtained from the Bowen
Basin. Each sample was prepared for petrographic (maceral and mineral) analysis and
proximate analysis according to procedures discussed in Bustin et al.®®. High-pressure

methane isotherm analysis sample preparation was performed according to procedures
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described in Mavor ef al.>. A split of each sample was also taken for low-pressure

carbon dioxide analysis.

2.3.2 Isotherm Analysis

High-pressure methane adsorption isotherms at 30°C were collected using a
volumetric apparatus constructed by the CSIRO of Lucas Heights, Australia. In addition,
one sample (GHA1-09) was run at 25, 30, and 50°C on a similar apparatus at The
University of British Columbia, Earth and Ocean Sciences Department. The instrument
is described in Levy et al®’. Instrument design is based on the volumetric adsorption
apparatus described by Mavor e al.">. Samples were equilibrated with moisture (96-97
% relative humididty) prior to isotherm analysis using the following procedure: samples
were placed in a vacuum type desiccator containing a saturated solution of K;SQy; the
desiccator was evacuated and placed in an oven set at 30°C; at least 48 hours were
allowed for equilibrium prior to isotherm analysis. Ten or 11 pressure points were
coilected during isotherm analysis up to a pressure of about 10 MPa (absolute) for each
sample. Equilibrium at each point is assumed to have been achieved if the pressure
reading is constant (AP=0.000 MPa) over a 40 minute interval. Volumes of gas adsorbed
are calculated using the Real Gas Law, and the void volume of the system, determined
through helium expansion, is corrected for gas adsorbed at each pressure step, assuming
liquid density of the adsorbate. Precision of isotherm runs, determined by repeated
anayses, is about + 1%.

Low-pressure (< .127 MPa) carbon dioxide isotherms at 0°C were performed on

dry (evacuated) coal samples on a Micromeritics ASAP 2010° automated volumetric gas
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adsorption apparatus. In addition, the GHA1-09 sample was run at 25°C. Coal samples
were evacuated at 100°C overnight to a pressure of < .25 Pa prior to analysis. No non-
ideality correction was made for carbon dioxide at these low pressures. A saturation
vapour pressure of 3.48 MPa was used for carbon dioxide at 273 K and 6.42 MPa at 298
K. Precision of isotherm runs for coal is about + 1%. The instrument is periodically

calibrated against a zeolite standard to check for systematic error.

2.3.3 Langmuir, BET, D-R, and D-A Regression Analysis

The Langmuir isotherm was fit to the methane and carbon dioxide experimental
data through the following procedure:

1) A linear regression was performed for P/} versus P plots (referred to as Langmuir
plgts) and the Langmuir constants (B and Vm) were calculated from the slope and
intercept.

2) The calculated Langmuir sorbed volumes were obtained from the Langmuir equation

vV _BP
1+ BP

in the usual form: V =

3) The Langmuir isotherm, plotted for 0.1 MPa pressure increments, was superimposed
upon the experimental data.
4) A similar procedure was followed for the BET analysis except a linear regression
as performed upo ! elative pressure plots (BET plots)
was performed upon ————— versus relativ u :
1Y , p V(PP -1) p p p
The saturation vapour pressure (or pseudo-saturation pressure) for the high-

pressure/temperature methane analysis was obtained from the extrapolation of the log of

vapour pressure, obtained from the CRC handbook®, versus reciprocal of absolute
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temperature to the temperature of actual analysis. A similar procedure was use'd by Grant
et al’. This approach is compared against other methods in a later section. The values
obtained from this extrapolation method agree most closely with values obtained from the
use of the reduced Kirchoff equation as utilized by Kapoor et al.?.

Dubinin regression analysis was performed in the following fashion:

1) logV is plotted against (logPo / P)n (D-R or D-A transformed plots) and a least

squares fit performed. For the D-R equation, the value of » is equal to 2 but for the
D-A equation, the value of # is optimized by recalculating the linear regression until
the standard error of the Y-intercept is minimized. The value of # is optimized to
within 107

2) The micropore capacity (V,) is obtained from the Y-intercept.

3) The calculated volumes adsorbed are obtained from equation (4). The Dubinin
isotherms are then plotted for 0.1 MPa increments and superimposed upon the
experimental data.

Although conventional linearized unweighted regression models>'**'??

were used to obtain fit parameters for the four isotherm equations, more refined and

statistically rigorous regression models were also considered. Non-linear and non-linear

weighted ordinary least squares (OLS) V on P, a/md non-linear weighted OLS P on V'

regression models were also applied to representative samples. These regression models

more rigorously accommodate the proportional measurement error observed in pressure
and volume adsorbed measurements. They have unbiased V' residuals (see below), as
opposed to the linearized regression model, which biases the } residual plots during ’
transformation. Furthermore, comparison of the V on P and P on V non-linear weighted

3
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regression results allow determination of whether a regression model accommodating
errors in both P and V variables is required.

Results from the various regressions were insignificantly different. This is a
consequence of the relatively high degree of fit of all isotherm regression models. The
average relative error (see below) averaged over all samples is less than 4.2, 2.1, 1.6 and
0.4 % for the Langmuir, BET, D-R, and D-A equations, respectively, regardless of the
regression model applied. Results did not reorder the relative quality of fit for the four
isotherm models (discussed below) and demonstrate that an “error in botﬁ variables”
regression model is not required. Thus, although the non-linear weighted V-P regression
model is the most consistent with the nature of the data and their errors, the
conventionally applied linearized regression results are presented below in order to allow

comparison with previous isotherm results.

2.4 RESULTS

2.4.1 Petrographic and Proximate Analysis

The results of petrographic (maceral), presented on a mineral matter-free (mmpf)
basis, and proximate analysis are given in Table 2-1. Fixed carbon content of the Bulli
seam samples range from 71 to 77 % (dry, ash-free basis) whereas the Wongawilli seam
values range from 64 to 76 %>’. Samples are composed mainly of the vitrinite macerals
telocollinite and desmocollinite, and inertinite macerals fusinite and semifusinite as well

as mineral matter. Liptinite is rare.
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Table 2-1. Maceral composition (vol %, mmf) and proximate analysis of samples

studied.
Sample _ | Moisture  Volatiles  Fixed C Ash

Tc Dc St F Id (%) (%) (%) (%)
B1 9 24 34 33 - 0.9 20.3 68.6 10.2
B2 11 37 24 28 - 0.8 22.0 67.6 9.6
B3 10 39 37 14 - 0.7 21.8 68.9 8.6
B4 16 39 24 22 - 0.8 25.1 66.6 7.5
B5 30 36 20 15 - 0.7 254 64.1 9.8
B6 39 37 12 11 - 0.6 26.8 69.2 34
B7 90 0 1 9 - 0.7 21.8 67.7 9.8
w1 7 40 41 12 - 0.8 18.3 58.6 223
w2 13 54 18 15 - 0.6 24.6 59.4 15.4
w3 41 38 13 9 - 0.8 23.8 43.0 324
W4 62 31 4 3 - 1.0 21.7 580 19.3
W5 79 16 3 2 - 0.9 25.0 63.3 10.8
GHAI1- 13 48 24 1 14 14 241 67.0 7.5
09

Tc = Telocollinite
Dc = Desmocollinite
Sf = Semifusinite

F = Fusinite

Id = Inertodetrinite




2.4.2 Langmuir Correlations

Correlation coefficients (r°) calculated from linear regression analysis of the
Langmuir plots (P/V vs. P) are grea‘;er than 99% for all coals, and range from 99.06 %
(W1) to 99.85 % (B4).

The calculated Langmuir isotherms (solid line) for the coals with the worst (W1)
and best (B4) Langmuir correlations are shown in Figure 2-1 along with the experimental
high-pressure methane isotherms. The adsorbed volumes are presented on a dry, ash-free
basis (daf) and are corrected to standard temperature and pressure. The Langmuir
isotherm calculated for W1 and B4 underestimates the volumes adsorbed at low (< 2
MPa) and high pressure (> 7 MPa) and overestimates the volume adsorbed in the mid-
region of the isotherm (2-7 MPa). Although data for only two samples are shown here,
the Langmuir isotherm breaks down in the same pressure region for all samples analyzed.

Langmuir isotherms are plotted for the low-pressure carbon dioxide analyses at
273 K (Figure 2-2). The Langmuir plot * values (not shown) are around 99%, and the
correlation for B4 (99.17%) is better than for W1 (98.50%).

A plot of the residuals, the difference between experimentally-determined and
calculated adsorbed volumes of methane for the Langmuir fit, is shown in Figure 2-3 for
samples B4 and W1. The same trend is apparent for the low-pressure carbon dioxide
analyses (Figure 2-4), despite the difference in experimental conditions. It is important to
note, however, that these plots may not be compared directly with the methane results as
the isotherms for methane and carbon dioxide were run over much different relative

pressure ranges (~ .001 - .3 for methane, and .002 - 035 for carbon dioxide).

22




30 30

257 25

0 I} L L | | | | ’ 0 | | i i I\ L |
6 2 4 6 8 10 12 14 16 6 2 4 6 8 10 12 14 16

c) d)
30 30

Volume Adsorbed (cc/g@STP, daf)

0 | | | : L I ]
0 2 4 6 8 10 12 14 16

Equilibrium Cell Pressure (MPa, abs)

Figure 2-1. Langmuir (a,b) and BET (c,d) curve fits to methane isotherm
data for samples W1 (a,c) and B4 (b,d). Solid line is curve fit.
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24




| 1 1
0.5 051
0 oK
= (0.5) (0.5)
o]
-
Al
7
1 L L L 1 1 1 I} | L | |
@‘, ()o 2 4 6 8 10 12 ()o 2 4 6 8 10 12
3
= C) d)
T 1 1
]
N
2 L
=
<
g 05| 05}
=
(=]
>
0 0
(0.5) 09
(1) " A i 1 ] L (1) IR N SRR R TR S S T St
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Equilibrium Cell Pressure (MPa, abs)

Figure 2-3. Plots of residuals for Langmuir (a), BET (b), D-R (c) and D-A (d) curve fits.
Samples are W1 (open circles) and B4 (solid circles).
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In order to quantify the curve-fit for all samples, the average relative errors (r.e.)
between the calculated and experimental adsorbed volumes of methane were determined
(Table 2-2). In addition, the Langmuir monolayer volume is given. The mean average

relative errors for all samples tested is about 4.2% for the Langmuir correlation.

2.4.3 BET Correlations

BET isotherms for sample W1 and B4 are shown in Figure 2-1. BET plot (not
shown) r* values are greater than 99% (99.71 - 99.92%), and are on average greater than
the Langmuir values. The BET isotherm better fits the experimental data for sample W1
than the Langmuir isotherm (2.1% r.e. versus 5.0%), but not for B4 (3.8% versus 2.3%).
In general, however, the BET isotherm provides a better fit to the high-pressure methane
experimental data (Table 2-2).

A plot of the BET residuals for samples W1 and B4 is shown in Figure 2-3. The
opposite trend is observed than for the Langmuir residuals: the BET isotherm
underestimates the volumes adsorbed in the middle region of the isotherm and
overestimates at the low and high-pressure ends. This trend is obeyed for all samples
studied. The same plot for carbon dioxide analysés (Figure 2-4) illustrates that the BET

residual trend is very similar to the Langmuir trend.

2.4.4 D-R Correlations

D-R plots for the Australian coals are linear (not shown) and correlations are
greater than 99% (99.66 - 99.98%) for all samples. The mean average relative error for

the D-R fit for all samples is slightly lower than the BET fit (1.6 versus 2.1%). The D-R
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Table 2-2. Relative error calculations for isotherm fits

Average Relative Error Vo (Monolayer Vol. / Micropore Cap.)
Sample Langmuir BET D-R D-A Lang BET D-R D-A
% % % % cc/g. daf  cc/g, daf cc/g . daf  cc/g. daf
Bl 3.05 1.82 0.67 0.67 214 15.1 20.8 20.7
B2 3.99 1.65 1.01 0.15 21.7 15.5 21.1 222
B3 3.93 2.65 1.14 0.36 217 15.0 20.9 21.9
B4 2.32 3.83 1.29 0.86 223 15.3 219 20.8
B5 4.18 1.48 1.06 0.47 22.3 15.9 217 22.6
B6 4.01 2.57 1.10 0.25 22.7 15.8 22.0 23.1
B7 4.29 1.63 1.18 0.62 21.4 15.2 20.7 21.9
W1 5.44 2.12 2.65 041 23.1 16.2 21.6 25.0
W2 4.86 1.95 2.49 0.37 24.8 17.3 23.1 26.3
w3 5.02 2.21 2.71 0.25 22.1 15.4 20.5 23.9
W4 5.31 1.78 2.31 0.77 239 16.8 22.5 254
W5 4.82 1.94 2.28 0.30 247 17.3 23.2 26.2
GHA1-09 271 2.19 0.86 0.31 23.2 15.6 21.7 22.6
Avg % 4.15 2.14 1.60 0.45
Average Relative Error = (100/N)Sum(abs(Vcal-Vexp)/Vexp) %




isotherm fit (Figure 2-5) is better for sample B4 than for W1 and the residual plot trends
(Figure 2-3) for sample W1 is similar to that for the Langmuir fit. Residual plots are

also shown for the carbon dioxide analyses (Figure 2-4).

2.4.5 D-A Correlations

The D-A equation yielded the highest correlations for the experimental data
(99.96 - 100%), the mean average relative error for all samples is around 0.5%. Residual
plots for samples W1 and B4 show no distinct trend (Figure 2-3), which indicates an

excellent fit to the data.

2.5 DISCUSSION

- In general, for the coals studied, the isotherm equations based upon adsorption
potential theory (D-R, and D-A) yield a better curve-fit to the experimental data than
those based upon the mono/multi-layer pore filling models (Langmuir and BET). Three
equations are two-parameter models (Langmuir, BET, and D-R) while the fourth is a
three-parameter model (D-A). Both the BET and D-R equations yield better fits to the
data than the Langmuir equation for all coals, except sample B4. Although all the
isotherm equations applied yield a reasonable approximation to the experimental data, the

validity of the underlying theories requires testing.
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Figure 2-5. D-R (a,b) and D-A (c,d) curve fits to methane isotherm data for
samples W1 (a,c) and B4 (b,d). Solid line is curve fit.




2.5.1 Langmuir Theory

The basic assumptions of the Langmuir model are"*:

1) Adsorbed molecules are held at well-defined localized sites.

2) Only one adsorbed molecule can be held at each site.

3) All adsorption sites are energetically equivalent and there is no interaction between
adsorbates on neighbouring sites.

As outlined by Koresh*, the Langmuir model, as applied to physisorption on

microporous adsorbents, has been criticised for the following reasons:

1) The slope of the linearized Langmuir isotherm and the intercept are not constant in
various ranges of adsorption.

2) The monolayer amount varies with temperature.

Brunauer™ showed that the Langmuir plot may hot have a constant slope for the
complete range of relative pressures, but may be subdivided into linear subsegments.
This behaviour was attributed to surface heterogeneity. Several studies have shown that
the monolayer amounts vary with temperature, but, as stated by Koresh®, these
experiments were performed at the same pressure range at different temperatures, and
hence at higher temperatures, the isotherms represent less surface coverage. The
consequent lower determined monolayer amounts may therefore be attributed to surface
heterogeneity, as stated above. In this study, as with Koresh®, criticisms 1) and 2) will
be considered as one.

Figure 2-6 shows the Langmuir plot (303 K isotherm data) for sample W1, along
with a plot of the residuals. A line fit to the low-pressure data (< 3MPa) would yield a

larger slope of the Langmuir plot compared to that at higher pressures, résulting ina
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Figure 2-6. Langmuir plot (a) and plot of residuals (b) for W1.
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smaller predicted monolayer volume at the lower pressures. In addition, the B constant
would be larger. If the first three points of Langmuir plot are used to calculate the
monolayer volume, a value of 15.8 cc/g (daf) is obtained, which is about 32% smaller
than the value obtained from the entire range of pressure (23.1 cc/g). Note that although
sample W1 is an extreme case of the failure of the Langmuir model in this regard, all the
samples studied show a similar trend to varying degrees.

Ruppel et al.* found that correcting for the change in dead space volume with gas
adsorption actually introduced curvature into the Langmuir plot. In the current study,
Langmuir plots were generated for uncorrected (no dead space correction) adsorbed
volumes, and the curvature in the plots still existed (not shown). Correction for dead
space error is therefore not the cause of curvature in the Langmuir plots shown.

A plot of the parameter B versus temperature should be exponential in form® and
this was demonstrated for sample GHA1-09 (not shown). Langmuir isotherms were
recalculated by fitting a linear relationship between the (natural) logarithm of the
experimentally-derived B parameter and the reciprocal temperature. These isotherms are
shown in Figure 2-7 along with the original experimentally determined isotherms. The fit
to the original data is good with a relative error of around 2-3%. The Langmuir volumes
determined from the Langmuir fit to each of the three isotherms separately were used in

the recalculated Langmuir isotherms.

2.5.2 Dubinin Theory

The thermal equation for adsorption may be written in the following form®*:
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Figure 2-7. Recalculated Langmuir isotherms for GHA1-09.
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0=F(A/E,n)

where 6 is the degree of filling of the adsorption space, 4 is as defined previously (for
vapours),  is the characteristic energy, which is equal to 4 at a particular value of 6, and
n is a constant parameter. The function F is a distribution function of 8 with respect 4; in
the case of the D-A equation, the distribution adopted is that due to Weibull*®>. If £ and n
are temperature invariant parameters of this distribution, then the characteristic curve
defined by the relationship A=FE¢(6, n)‘ should also be temperature invariant.

Methane adsorption characteristic curves for sample GHA1-09 at 298, 303, and
323 K were calculated to determine the effect of using several techniques for the
determination of saturation pressure; adsorbed phase volume; differential molar work of
adsorption (A) as well as for the correction for gas non-ideality. Table 2-3 outlines the
various techniques utilized to obtain these parameters.

Figure 2-8 shows the characteristic plots for the case of no correction for gas non-
ideality (pressure instead of fugacity), the assumption of liquid molar volume of the
adsorbate at boiling point (2-8a), and the calculated adsorbate molar volume using
Dubinin’s technique (2-8b), which corrects for the thermal expansion of the adsorbate.
For plots 2-8a) and 2-8b), the pseudo-saturation pressure was calculated using the
extrapolation procedure discussed above. For the two plots, the maximum deviations
from the characteristic curve are around + 2%. Deviations are defined as the maximum
deviation of adsorbed volume at a particular value of A divided by the maximum
adsorption volume (x100)''. The correction for the thermal expansion of the adsorbate

does not appear to have a significant effect upon the characteristic curve.
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|
Table 2-3. Summary of the various methods used for the attainment of pseudo-
saturation pressure and molar volume of the adsorbate.

Pseudo-Saturation Pressure Molar Volume of Adsorbate
Ps = (T/Tc)’ Pc * V = Vs(Tb)
From reduced Kirchoff **V = Vs(Tb)exp(Q(T-Tb))

***Extrapolated Log vp versus 1/T plot

* Vs(Tb) = liquid molér volume of the adsorbate at normal boiling point.
** () = thermal expansion coefficient of the adsorbate'’, taken as .0016.
**%  vp = vapour pressure
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Figure 2-8. Methane characteristic curves for sample GHA1-09. Po was calculated
using extrapolated vapour pressures (a,b) and the Kirchoff equation (c,d).

Thermal expansion of the adsorbate is accounted for in (b) and (d).
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Characteristic curves calculated using the reduced Kirchoff equation to determine
pseudo (extrapolated) vapour pressures are shown in Figure 2-8 (c and d). The maximum
deviation for these plots is also about + 2%. The use of the Kirchoff extrapolation for
pseudo-vapour pressures in the calculation of the characteristic curves therefore yields
similar results to those calculated using the extrapolation described above.

Characteristic curves using the Dubinin technique for pseudo-vapour pressure
extrapolation however display larger deviations than the other two vapour pressure
extrapolation techniques (Figure 2-9). The maximum deviation is over 4%. Correction
for the thermal expansion of the adsorbate does appear to decrease the deviation from
temperature invariance of the characteristic curve, however.

Correcting for non-ideality of the adsorbate vapour does not have a significant
effect upon the characteristic curve. A characteristic curve calculated using the
extrapolated vapour pressure technique and the assumption of a constant liquid density is
shown in Figure é-lO. Fugacities of the free-gas in equilibrium with the adsorbate are
obtained by calculation of the fugacity coefficient using a virial series with Redlich-
Kwong constants. This procedure is outlined in Noggle®®.

A plot of the experimental isotherﬁs and the D-A fit calculated from the
characteristic curve are shown in Figure 2-11. The curve fit was performed by plotting
logW vs. A", where W is equal to the product of the number of moles of gas adsorbed and
the liquid molar volume of methane at normal boiling point, 4 is the calculated
differential molar work of adsorption, and # is the optimized Astakhov coefficient (1.9).

The curve fit appears to be reasonable, with an average relative error of less than 2%.
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The characteristic curve (Figure 2-12) for sample GHA1-09, plotted using the low
pressure carbon dioxide data at 298 K and 273 K and no correction for adsorbate density
variation with temperature shows a deviation of up to +/- 3%. These results are in
agreement with Toda et al.>” who found that carbon dioxide adsorption at a variety of
temperatures could be expressed by a single Dubinin-Polanyi plot.

There is some evidence that adsorption of carbon dioxide on coal may not be
strictly physical adsorption. A study by Greaves et al.>® demonstrated that high pressure
adsorption (up to about 7 MPa) of methane and carbon dioxide mixtures on dry coal
exhibited hysteresis between the adsorption and desorption branches of the isotherm
which became more pronounced with percentage of carbon dioxide used in the mix. The
hysteresis was interpreted by the authors to be due to the retention of carbon dioxide
preferentially over methane upon desorption. This experimental behaviour indicates that
adsorption of carbon dioxide in coal is not strictly due to physical adsorption. This
phenomenon is currently being investigated.

In summary, high-pressure methane and low-pressure carbon dioxide adsorption
characteristic curves are temperature-independent in the range of temperatures studied.
The assumption of liquid density of the adsorbate for methane is sound and temperature
dependence of this parameter need not be accounted for to attain temperature-invariant
characteristic curves in the range of temperatures utilized here. Of the several
methods used to obtain pseudo-saturation pressures for methane, the extrapolation of the
vapour pressure curve and the reduced Kirchoff equation are the best for calculating
characteristic curves. The Dubinin technique for obtaining saturation pressures does not

yield temperature-invariant characteristic curves regardless of the value used for
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adsorbate density. A recent study by Amankwah and Schwartz'? has shown that a
modified Dubinin equation for the attainment of pseudo-saturation fugacity yields better
results than the original Dubinin equation for high-pressure methane and hydrogen
adsorption. The equation, however, introduces yet another parameter into the D-A

equation that needs to be optimized.
2.6 CONCLUSIONS

A number of classical isotherm equations have been applied to model the
adsorption of supercritical methane on coals at high-pressures (up to 10 MPa) in an
attempt to determine which yield the best curve-fit to the experimental data and which are
the most physically realistic models. In addition carbon dioxide adsorption at low-
pressures on these same coals was analyzed by these equations.

The three-parameter Dubinin-Astakhov equation yields the best curve-fit to the
high-pressure (> .101 MPa) methane experimental data, but both the two-parameter
Dubinin-Radushkevich and BET equations are better than the Langmuir equation. The
same is true for the adsorption of carbon dioxide at low pressure (< .127 MPa).

The validity of the monolayer and adsorption potential theories was also tested.
The temperature dependence of the Langmuir B parameter is exponential in accordance
with theory, although only three estimates of the parameter were obtained. The
calculated isotherms from this relationship were in reasonable agreement with the

experimental data. The assumption of an energetically homogeneous surface of
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adsorption is not strictly true, thus one of the postulates of Langmuir theory is violated
for methane adsorption on coal.

In order to test the validity of potential theory, methane characteristic curves were
plotted for a coal run at several temperatures. The curves are coincident if either the
reduced Kirchoff equation or extrapolated vapour pressures are used to obtain the
pseudé-saturation pressure of the adsorbate. The adsorbate is assumed to have the same
density as the liquid adsorptive at the normal boiling point. Correction for thermal
expansion of the adsorbate in the limited range of temperatures used here does not appear
to be necessary, although the correction may be appropriate for a wider temperature
range.

In the pressure and temperature range studied here, the adsorption potential theory
for methane adsorption appears to be valid. For higher pressures, application of the BET
isotherm equation may be more appropriate, but this requires further testing.

Low-pressure characteristic curves were also plotted for carbon dioxide at two
different temperatures for the same coal. The characteristic curve for this adsorbate
appears to be temperature-invariant.

Future studies will involve testing the validity of potential theory for high-
pressure methane and carbon dioxide adsorption on a variety of coals at a wider range of
temperatures than those applied here. In addition mixed gas analyses will be performed

in order to test the validity of potential theory for these gases.
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CHAPTER 3

THE EFFECT OF PORE STRUCTURE AND GAS PRESSURE UPON THE
TRANSPORT PROPERTIES OF COAL: A LABORATORY AND MODELING
STUDY 1. ISOTHERMS AND PORE VOLUME DISTRIBUTIONS

3.1 ABSTRACT

The effect of coal cc;fi;position upon pore structure and adsorption characteristics
of four bituminous coals of the Cretaceous Gates Formation coal is investigated. All
coals have multi-modal pore volume distributions as determined from low-pressure (<
127 kPa) nitrogen adsorption at 77 K, carbon dioxide adsorption at 273 K, and high-
pressure (up to 200 MPa) mercury porosimetry. The individual lithotypes, however,
differ in their pore volume distributions and adsorption characteristics. The dull coals
(high inertinite, high ash content) have a greater percentage of mesoporosity and less
microporosity than bright or banded bright coals (high vitrinite, low ash content) of the
same rank. In addition, one banded bright coal has a greater amount of macroporosity
than the other coals.

High-pressure (up to™ 8 MPa) methane isotherms determined on dried and
moisture-equilibrated coals, and carbon dioxide isotherms (up to ~ 5 MPa) determined on
dried coal at 303 K, show that bright coals tend to sorb more gas than dull coals. The
Dubinin-Astakhov equation provides a better fit to coal gas isotherm data, particularly for
carbon dioxide, than the conventionally used Langmuir equation. There is a linear

correlation between high-pressure methane and carbon dioxide Langmuir volumes and
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Dubinin-Radushkevich micropore volumes, indicating that micropore volume is a

primary control upon high-pressure gas adsorption.
3.2 INTRODUCTION

Knowledge of coal adsorption characteristics and pore structure is useful for a
variety of different applications including the prediction of coal gas outbursts in coal
mines, the economic recovery of natural gas from coal seams, and characterization of
coals as a pre-cursor for activated carbons. Recent studies' ™ have shown that pore
structure has an important effect upon methane gas transport through the coal matrix.

Coal is a complex polymeric material with a complicated porous structure that is
difficult to classify. Previous studies’® have used traditional gas adsorption methods and
helium and mercury porosimetry in an attempt to determine the pore volume distribution
and total porosity of coal. Gan ef al.’ demonstrated that pore volume distribution is
dependent upon the rank of coal. Inthe Gan ef al. study, total pore volumes were divided
into: micropores (0.4 — 1.2 nm), transitional pores (1.2 —30 nm), and macropores (30 —
2960 nm). The current study utilizes the [UPAC classification’. Lower-rank coals
(carbon content < 75%) contain mainly macropores, coals in the 76 — 85% fixed carbon
content range contain mainly micro- and transitional pores, and high rank coals (carbon
content > 84%) contain mainly micropores.

Some studies have focussed upon determining fhe microporosity and micropore

10-13

distributions of coal using carbon dioxide gas adsorption  ~. The proportion of

microporosity in coal samples is believed to be an important controlling.factor upon the
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adsorption of methane. Carbon dioxide isotherms, usually ﬁeasured at 273 and 298 K,
are useful in determining coal micropore volumes and surface areas, because carbon
dioxide gas 1s able to access the finest porosity at these temperatures. Nitrogen gas at 77
K is generally not considered to have access to the finest microporosity of coal owing to
the activated diffusion effect and/or pore shrinkage'* at low temperatures. Possible
complications arising from the use of carbon dioxide include specific interaction between
coal and carbon dioxide due to the large quadrupole moment of carbon dioxide, and coal
swelling during adsorption.

Confusion still exists about the effect of coal type upon gas adsorption capacity of
coal. Lamberson and Bustin"’, who studied methane adsorption upon moisture-
equilibrated coals of varying petrographic composition, have shown that methane gas
adsorption, on a mineral matter-free basis, generally increases with an increase in vitrinite
content. Levine ef al.'®, have shown that the methane adsorption capacity of dry coal,
determined using the gravimetric method, is greater for vitrinite concentrates than for
intertinite concentrates. Bright coals of the Bowen Basin, Australia, were shown to have
a greater methane adsorption capacity than dull coals of the same rank'® and methane
capacity was positively correlated with vitrinite content for moisture-equilibrated coals of
the Sydney Basin'”. Ettinger et al.'®, however, reported that gas yields increase with
fusain content. Faiz ef aZ.8 noted that dry, ash-free Langmuir volumes show a slight
negative correlation with inertinite content, but stated that the correlation may be masked
by rank variations between samples. It is generally accepted that gas adsorption

decreases with an increase in ash content in coal samples.
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The purpose of the current study is to determine the (equilibrium)
adsorption/desorption properties and pore volume distributions of four lithotypes from
the Cretaceous Gates Formation of Northeast B.C. in order to assess the effect of these
properties upon adsorption rate behaviour (the subject of Part 2). The current study
utilizes an integrated approach to the characterization of pore volume distribution for
coals of varying (organic and mineral) composition, similar to the approach used by Gan
et al.’ and Unsworth and Fowler, to determine the effect of pore volume distribution
upon high-pressure adsorption methane and carbon dioxide isotherms. Ambiguities
regarding the effect of coal type and pore volume distribution upon high-pressure
methane and carbon dioxide will be addressed. The results of this study will be
incorporated into a new numerical matrix gas transport model, developed in Part 2.
Additionally, these results will lead to a better understanding of the factors controlling the
release of methane or coalbed gas from the coal matrix, and hence will be applicable to

the prediction of gas transport and outbursting phenomena.

3.3 METHODS

3.3.1 Sample Location and Preparation

Four medium-volatile bituminous coal lithotype samples from the Lower
Cretaceous Gates Formation of northeastern British Columbia were chosen for this study.
The samples were crushed by hand (stage crushed) to pass through a 4 mesh (4.75 mm)
sieve and four sub-samples were obtained. A -4 mesh fraction was retained and the other

sub-samples were crushed to pass through an 8 (2.38 mm), 20 (0.841 mm), and 60 (0.250
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mm) mesh sieve. Only the -4 and -60 mesh fractions were used for isotherm analysis.
The -60 mesh fraction was also utilized for proximate (ash and moisture) and
petrographic analysis. Petrogréphic analysis was performed usiﬁg manual point counts
on polished pellets'.

A seive analysis was performed on the —4 mesh coals in order to determine the
mean particle size to be used in adsorption rate analysis (Part 2). For all coals, greater
than 90 wt % was collected between seive size diameters 2.38 mm and 4.75 mm (Figure
3-1). Two estimates of mean particle size were used: the harmonic mean®®, and the
arithmetic average of the upper and lower limits of the most frequent fraction. Using the

latter estimate, the mean particle radius for all coals is 1.84 mm.

3.3.2 Low-pressure Isotherm Analysis

Low-pressure (< 0.127 MPa) isotherm analyses were performed on a
Micromeritics ASAP 2010 ® volumetric gas adsorption apparatus. Carbon dioxide
equilibrium isotherms were collected at 273 K (ice/water bath) for -4 and -60 mesh
fractions of the lithotype samples. Samples were evacuated at 100°C for at least 12 hours
on the apparatus until a pressure of < 0.25 Pa was reached. Other details of isotherm
analysis are given elsewhere'>. The Dubinin-Radushkevich (D-R) equation®' was used to
obtain micropore volumes. Coefficients of variation for D-R micropore volumes are less
than 5% based upon repeat analysis of —60 and —4 mesh splits of the coals.

Nitrogen (77 K) adsorption/desorption isotherms were collected on the — 60 mesh
splits. Difficulty in achieving equilibrium was encountered with the — 4 mesh splits,

likely due to the extremely slow diffusion rates of nitrogen gas at 77 K, therefore the
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coarser particles were not used for nitrogen adsorption work. The BET equation®® was
used to obtain surface areas frc;m the nitrogen isotherm data. BET surface areas were
calculated from data iﬁ the 0.06-0.2 relative pressure range. Barrett, Joyner, Halenda
(BJH) theory > was used to obtain mesopore (pore diameter 2-50 nm) distributions from
the desorption branch of the nitrogen isotherm. BJH cumulative and differential pore
volume distributions were determined for the desorption branch of the isotherm.
Coefficients of variation for mesopore volumes, determined from repeat runs of several

samples, were less than 9%.

3.3.3 High-Pressure Isotherm Analysis

High-pressure methane (up to ~ 8 MPa) and carbon dioxide (up to ~ 5 MPa) 303
K isotherms were obtained using a static volumetric adsorption apparatus similar to that
described by Mavor et al.**

"Samples were dried in an oven at 110°C overnight and then evacuated at isotherm
temperature for 24 hours. In addition, methane isotherms were determined on moisture-
equilibrated coals. Equilibrium moisture (at 96-97% relative humidity) was achieved
using a procedure similar to that described by Levy et al.>.

Equilibrium at each isotherm point is assumed to have been reached if the
pressure reading was stable (AP=0.000 MPa) for about 7 hours (400 minutes) for the — 4
mesh coals. Much less time was required for equilibrium for — 60 mesh coals. For the
adsorption isotherm, a program, as described in Levy ef al.*®, was used to automate data
collection. Volume adsorbed calculations are performed according to the procedure

described by Levy ef al.*.
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The isotherm equation used to model equilibrium high-pressure gas adsorption
data are that proposed by Langmuir®’. The equation may be expressed for plotting

purposes as:

E

A
V

)]

~

P
Z L

A linear regression is performed for P/} vs. P plots to obtain the Langmuir constants.
The Langmuir equation was used to model equilibrium isotherm data for adsorption rate
modeling (Part 2). The coefficient of variation of the Langmuir volume (V) and
Langmuir pressure (Pp), determiﬁed from repeat measurements of methane isotherms on
dried — 4 and — 60 mesh coals, were less than 6% and 17%, respectively.

Alternatively, the Dubinin-Astakhov equation may be used to model high-pressure

adsorption data®®. The D-A equation, written for plotting purposes, is:
logW = logW, — D(log P, / P)'

where W is the amount of gas adsorbed, Wyis tﬁe micropore volume, Py is the saturation
vapour pressure, and 7 is the Astakhov exponent. Procedures for determining pseudo-
saturation vapour pressure above critical temperature are described elsewhere®®. The
three parameters Wy, D, and n were optimized using a least squares routine coupled with

a multiparameter optimization algorithm in MATLAB ®.

3.3.4 He and Hg porosimetry
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Helium densities were determined using helium expansion at 30°C on the high -
pressure volumetric adsorption apparatus. A split of about 2 g was taken from the
isotherm samples (-4 mesh) and used for mercury porosimetry analysis, on a
Micromeritics Poresizer 9320 ®. Samples were evacuated at 110°C for at least 3 hours
prior to analysis and then evacuated on the instrument for 15 hours until a stable pressure
was reached.

As mentioned by Gan ef al.’, there is some uncertainty about what is the
minimum pressure required to fill interparticle voids when powders are used in mercury
density determination. For a — 20 mesh particle size, a pressure of about 0.41 MPa was
required to fill the interparticle void volume®. The pressure required to fill the
interparticle void space may be approximated by obtaining mercury intrusion volumes
with pressure for nonporous materials of the same particle size (such as glass beads)’. In
the current study, the —4 mesh coal particle density was determined using the following
procedure: a known mass of mercury was injected at near ambient pressures into a
penetrometer of known volume containing the coz;ll of known mass; the volume of
mercury injected was determined from its mass and the density of mercury at the analysis
temperature; the difference between the injected mercury volume and the calibrated
penetrometer volume was taken as the total particle volume of the coals; the coal
(particle) density was determined from the coal mass and tbtal ‘particle volume. In this
analysis, the volume of voids between particles is assumed to be filled at near ambient
pressures. Negligible amounts of mercury were intruded below 0.207 MPa (~30 psia) for

all samples therefore indicating that the interparticle void space had probably been filled
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at pressures < 0.207 MPa. The coefficient of variation for Hg density measurements is
less than 2% based upon repeated analysis of different (-4 mesh) sample splits.

Mercury intrusion data was collected up to a maximum pressure of about 200
MPa (30,000 psia). A contact angle of 130°° and surface tension of 485 dyn/cm was used

in the Washburn equation to determine pore size distributions®'.

3.4 RESULTS AND DISCUSSION

3.4.1 Coal Petrographic Data

The selected Gates coals vary markedly in their maceral and ash contents, and
therefore represent a wide range in composition (Table 3-1). The four coals represent
three different lithotypes: bright (C3-2); bénded bright (B2-11) and dull (B2-10 and D3-
3). Two coals (C3-2 and B2-11) have high vitrinite (> 50 volume %, mineral matter-free)
and low ash (< 20 weight %) contents, whereas samples B2-10 and D3-3 have low

vitrinite (< 50 %) and high ash (> 20 %) contents.

3.4.2 Low Pressure Carbon Dioxide Adsorption Isotherm Data

Low-pressure carbon dioxide isotherms (273 K) (Figure 3-2) demonstrate that the
high vitrinite, low ash coals (C3-2 and B2-11) have higher adsorbed carbon dioxide
volumes than the low vitrinite, high ash coals (D3-3 and B2-10) on a dry, mineral matter
containing (mmcb) basis. Carbon dioxide micropore volumes obtained for the — 60 mesh
coals, using the D-R equation, aré given in Table 3-2. D-R micropore volumes obtained

from —4 mesh splits of the coals are also given in Table 3-2. Close agreement between
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the values obtained for —60 and —4 mesh coals indicate that the splits are relatively
homogeneous and that particle size has a negligible effect upon micropore volumes. The
banded bright and bright coals B2-11 and C3-2 have a greater micropore volume (.057
cc/g, daf) than the dull coals D3-3 and B2-10 (.046 and .040 cc/g, respectively), which is

15,13

consistent with previous studies'>". Such results are attributed to a greater amount of

microporosity in vitrinite-rich samples.

3.4.3 Low Pressure Nitrogen Adsorption Isotherm Data

Low-pressure nitrogen (77 K) isotherms (Figure 3-3) are Type IV according to the
Brunauer, Deming, Deming and Teller classification’. The high ash, high inertinite
coals display a greater amount of hysteresis than do the high vitrinite, low ash coals.
Results are given here on a mineral-matter-containing basis (mrﬁcb) aé the contribution of
entrained mineral matter to nitrogen adsorption is unknown. The hysteresis loop that
terminates (desorption) at a relative pressure of ~ 0.45 is a Type H3, indicating slit-
shaped pores®'. The lack of closure of the hysteresis loop below a relative pressure of
0.45 may be due to swelling of the coal during adsorption®".

Nitrogen BET surface areas (Table 3-2) are larger for the dull coals (> 2 m*/g)
than for the bright and banded bright coals (< 1 m*/g). Gan et al.’ similarly obtained
nitrogen surface areas that were less than 1 m%/g for some coals. Those authors’ stated
that nitrogen is probably not accessible to particulate minerals in the organic matrix of

coal at the low temperatures.
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Th‘e dull coals have a greater amount of mesoporosity than the bright and banded
bright coals, as evidenced by the cumulative pore volume plots (Figure 3-4a) and BJH
mesopore volumes (Table 3-2). All samples have a pore volume distribution peak at
around 4 nm (Figure 3-4b). A peak in this size range may only indicate that finer pores
are present and hence may be an artifact’”’. Sample B2-10 has an additional (minor)

peak at about 13 nm.

3.4.4 He and Hg Porosimetry

Mercury and helium densities, and total pore volumes for all coals are given in
Table 3-3. The total pore volumes of all coals are actually less than the D-R micropore
volumes. This finding is not unusual; the data of Walker ef al.* demonstrates that CO,
micropore volumes (Vcoz) are greater than the total pore volume for some coals
Unsworth et al.” found that Vo, for inertinite-rich (> 50%) coals are larger than the

“volume in pores < 30 nm. Unsworth et al.” suggested that the discrepancy is due to
preferential adsorption of CO, (perhaps on oxygen functionalities) causing some swelling
to occur.

Due to the highly compressible nature of coal, and the possibility of opening
otherwise closed porosity at high pressure, pore volume distributions obtained from
mércury porosimetry must be viewed with caution®®. This is especially true for pressures
greater than 68 MPa (10,000 psi). Qualitative information may be obtained about the

pore structure, however.
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All Gates samples are multimodal with respect to pore volume distribution
(Figure 3-5). Samples B2-11 and C3-2 have large peaks at around 1000 nm. Sample B2-
11 bappears to contain the greatest amount of macroporosity, possibly due to the large
amounts of semifusinite in the sample.

The suite of coals chosen for the current study represents a broad range in pore
structural characteristics. In particular, the high vitrinite, low ash coals have a greater
percentage of microporosity than the low vitrinite, high ash coals. Conversely, the low

vitrinite, high ash coals have a greater percentage of mesoporosity.

3.4.5 High Pressure Adsorption Isotherm Data

High-pressure methane isotherms collected for dried (Figure 3-6) and moisture
equilibrated (Figure 3-7) — 4 mesh coals are essentially identical with the — 60 mesh coal
isotherms, indicating equilibrium had been reached in the allotted time. The moisture-
equilibrated —4 mesh C3-2 coal did not reach equilibrium in the alotted /time and therefore
this data is not used.

Considerably more carbon dioxide than methane is adsorbed on to the dry coals
(Figure 3-6), which is consistent with previous studies’>>®. Carbon dioxide isotherms
have a slight inflection at high pressure, possibly a result of multilayer adsorption®®,
Significant enhancement of carbon dioxide adsorption at high pressures would have
important implications for the injection of carbon dioxide into coal gas reservoirs at high
pressures’’.

Although the Langmuir equation (1) was fit to the data in Figure 3-6, a better fit

to the data was obtained by using the D-A equation (2) (Figure 3-8). This is particularly
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Figure 3-5. Incremental intrusion vs. diameter curves for -4 mesh splits. Note the
scale change for sample B2-11.
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Figure 3-6. High pressure 303 K a) methane and b) carbon dioxide isotherms
for dry -4 mesh splits. Lines are Langmuir fit to data.
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Figure 3-7. High pressure 303 K methane isotherms for moisture-
equilibrated -4 mesh splits. Lines are Langmuir fit to data.
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Figure 3-8. High pressure 303 K a) methane and b) carbon dioxide isotherms
for dry -4 mesh splits. Lines are D-A fit to data.




true for the carbon dioxide data, where the average relative error™ may be as large as
13 % for the Langmuir equation but is generally less than 2% for the D-A equation.

The high vitrinite/low ash coals have a higher adsorption capacity than the low
vitrinite/high ash coals for both methane and carbon dioxide (Table 3-4, Figure 3-6). If
the results are plotted on a dry, ash-free basis (Figure 3-9), the high vitrinite coals still
sorb more methane and carbon dioxide, but there is less separation than for isotherms
plotted without correcting for ash content. Previous studies' have shown that, although
gas adsorption tends to increase with an increase in vitrinite content, the highest sorbing
coals do not have the highest vitrinite content but have a mixture of vitrinite and
inertinite. This appears to be the case for the current suite of samples; sample B2-11 has
the highest adsorption capacity, but does not have the highest vitrinite content. As
suggested by Lamberson and Bustin'’, semifusinite may also contribute substantially to

the adsorption capacity of some coals.

3.4.6 Towards a Pore Structural Model for Adsorption Rate Analysis

Some general observations may be made regarding the pore structure of different
lithotypes despite the difficulties of obtaining a quantitative evaluation of the pore
volume distribution of coals from gas adsorption/mercury porosimetfy. All the studied
coals are multimodal with respect to pore volume distribution, but have varying
proportions of micro-, meso-, and macroporosity. In particular, bright and banded bright
coals have a greater micropore volume than dull coals of equivalent rank, whereas dull

coals have a greater proportion of mesopores, as evidenced by nitrogen isotherm
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Figure 3-9. High pressure 303 K a) methane and b) carbon dioxide isotherms
for dry -4 mesh splits. Lines are D-A fit to data.
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hysteresis loops, and an estimation of mesopore volume from BJH theory. Mercury
porosimetry indicates that although all coals have large pore volume distribution peaks in
the macropore range, one coal, B2-11, has a mﬁch greater amount of macroporosity.

Although the findings of the current study are, in part, consistent with the
Unsworth ez al.” study for low rank bituminous coals who found that inertinite-rich coals
generally have a higher mesoporosity than vitrinite-rich coals, it is probably not sufficient
to state that vitrinite-rich coals have less macroporosity than inertinite-rich coal. Sample
B2-11, which has > 50 % vitrinite (mmf), contradicts this trend. A number of factors
including maceral and mineral composition and abundance affect pore volume
distribution and the pore structure has been shown to be a function of rank’.

The pore volume distributions may be used to predict the gas adsorption capacity
of coal. Langmuir volumes for high-pressure methane adsorption on dry and moisture-
equilibrated coal as well as carbon dioxide on dry coal are plotted against micropore
volume (mmcb) in Figure 3-10. For each system, a linear increase in Langmuir volume,
which is an estimate of total gas capacity, with micropore volume is observed, suggesting
that micropore volume is the main control upon gas adsorption. Previous studies’®*
have shown a similar trend for methane-coal systems, but it is obvious that micropore
volume is also a control upon high-pressure carbon dioxide adsorption. Mesoporosity
does not appear to have an important effect upon methane total gas capacity, although
dull coals have a greater proportion of mesoporosity than bright and banded bright coals
in this coal suite. The occurrence of an inflection in the high-pressure carbon dioxide

isotherms, which could be attributed to the formation of multilayers in larger (meso)

pores, may indicate that adsorption in mesoporosity is significant for carbon dioxide.
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Figure 3-10. Langmuir volume versus D-R micropore volume (mmcb).
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A comprehensive coal matrix gas transport model must account for many of the
observations described above. Coal pore volume distribution, which varies with
composition and rank; is typically multimodal, and therefore matrix transport models
must describe transport in several pore systems. Equilibrium gas adsorption isotherms
are non-linear, and must be accounted for in modeling gas adsorption rates. Micropore
volume is the primary control upon high-pressure gas adsorption, and so most of the gas
in coal may be assumed to be stored in the adsorbed form in microporosity. Meso- and
macropores likely serve only as gas transport pathways, and little gas is stored in these
pores in the adsorbed state, at least for methane. A new numerical model for describing
matrix gas transport, which accounts for the above observations and is an extension of

previous models, is developed in Part 2.
3.5 CONCLUSIONS

A variety of conventional adsorption/porosimetry analyses have been applied to
four bituminous coal samples in order to determine the coal pore volume distribution and
gas adsorption capacities. Pore volume distributions and gas adsorption capacities may
reasonably be assumed to have an important effect upon gas transport properties of coal.
Each analytical technique has some limitation in terms of either the accessibility of the
adsorbate to the internal coal structﬁre, complex interactiqn of the adsorbate with the
coal, range of application, or physical distortion of the coal structure during analysis. In
addition, problems with data interpretation exist’®. The combination of gas

adsorption/porosimetry, however, is useful in characterizing the properties of coal which
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affect the gas adsorption and adsorption rate properties of coal, and hence the ultimate
gas capacity and transport properties. The usefulness of combined analyses in terms of
explaining the adsorption rate behaviour of coals of varying lithotype composition and
hence pore structure, will become clear in the paper that follows. |

The following conclusions have been made regarding the pore volume

distributions and adsorption properties of the four coal lithotypes utilized in this study:

1) Bright and banded bright (high-vitrinite, low ash) coals have a greater micropore
volume than dull (low vitrinite-high ash) bituminous coals of equivalent rank, as
determined from low-pressure carbon dioxide adsorption. This finding is consistent

with previous laboratory investigations.

2) Dull coals have a greater amount of mesoporosity than bright coals as assessed from
nitrogen adsorption/desorption analysis. Nitrogen adsorption/desorption isotherms

indicate a slit-shaped mesopore shape.

3) Mercury porosimetry shows that the coals have a multimodal pore volume
distribution. The banded bright coal (B2-11) has a relatively large peak in the

macropore range, possibly due to high amounts of semifusinite in the sample.

4) High-pressure methane and carbon dioxide isotherms illustrate that bright and banded
bright coals adsorb more gas than dull coals. Correction of the isotherms to a dry-ash

free basis yields the same general relationship, indicating that maceral type is a
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5)

control upon gas adsorption, but there is less of a discrepancy between coals. The
Dubinin-Astakhov equation provides a better fit to the isotherm data than the

conventionally used Langmuir equation.

High-pressure methane and carbon dioxide Langmuir volumes, used a‘s an estimate of
total gas capacity, are linearly correlated with Dubinin-Radushkevich micropore
volumes, obtained from low-pressure carbon dioxide adsorption. This finding
illustrates that micropore volume is the primary control upon gas adsorption in the

Gates coals.
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CHAPTER 4
THE EFFECT OF PORE STRUCTURE AND GAS PRESSURE UPON THE

TRANSPORT PROPERTIES OF COAL: A LABORATORY AND MODELING
STUDY 2. ADSORPTION RATE MODELING

4.1 ABSTRACT

‘The effect of coal composition, pore structure, and gas pressure upon methane and
carbon dioxide gas transport in Cretaceous Gates Formation coal is investigated. Coal
matrix gas transport models, which assume a homogeneous unimodal pore structure and
linear adsorption isotherms, are not appropriate for modeling methane or carbon dioxide
adsorption rates in all coal lithotypes.

A new numerical model for matrix gas diffusion/adsorption is developed and
applied to methane and carbon dioxide volumetric adsorption rate data. The model
accounts for non-linear adsorption in microporosity, a bimodal pore volume distribution,
and time-varying gas pressure external to coal particles. Methane and carbon dioxide
adsorption rate behaviour of bituminous coals with a multimodal pore volume
distribution, such as dull or banded coals, are accurately captured with the current
numerical model and an analytical solution which assumes a bimodal pore structure.
Single parameter (diffusivity) models may be adequate for some bright coals. Careful
consideration of coal pore structure is therefore required for accurate modeling of gas
transport through the coal matrix.

Carbon dioxide numerical and analytical model diffusivities are larger than
methane diffusivities obtained for dry coal. In addition, methane diffusivities obtained

using the models for wet coal are smaller than model diffusivites obtained from dry coal.
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The numerical model diffusivities, which are corrected for the effects of nonlinear
adsorption, are larger than diffusivities obtained for analytical models for pore diffusion.
Methane and carbon dioxide gas analytical and numerical model effective

diffusivities are sensitive to the starting pressure in a adsorption step. The pressure-
dependence of the analytical solution diffusivities is likely due to the non-linearity of the
adsorption isotherm. The effect of gas pressure upon diffusivities, obtained from the
numerical model, indicate that the mechanism of gaseous diffusion is bulk diffusion.
Results of the current study have important implications for coalbed methane
reservoir characterization, the determination of gas contents for gas resource calculations,

gas production simulations, and the prediction of outbursting in coal seams.
4.2 INTRODUCTION

Knowledge of the transport properties of coal is important for the accurate
prediction of gas and water production rates from coal seams. The mechanisms of
storage and transport of gas and water in coal seams differ significantly from
conventional gas reservoirs. It is commonly assumed that gas transport in coal may be
analyzed at two scales: laminar flow through the macroscopic cleat, the natural fracture
system of coal, and diffusion through the coal matrix bounded by cleat'?. The flow
through cleat is pressure-driven and may be modeled using Darcy’s Law, whereas flow
through the matrix is assumed to be concentration-driven andl is modeled using Fick’s
Law. Significant gas storage, through the mechanism of physical adsorption, occurs

mainly in the coal matrix, which acts as a source for gas production.
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Recent modeling studies®* have shown that adsorption time, which is dependent
upon the coal matrix diffusion constant, has little effect upon long term gas production
from coal seams, but has a marked effect upon short term production®. Gas transport
through the coal seam fracture system, which is dependent upon relative permeability, is
therefore considered to be a greater control upon long-term production. Production of
gas from coal mine gob zones, on the other hand, may be more strongly controlled by the
diffusional characteristics of the coal matrix’.

Gas content determinations from conventional coal core often rely upon coal
matrix gas transport modeling in order to obtain estimates of gas lost during core
recovery®. For example, the Direct Method involves the solution of a partial differential
equation describing isothermal diffusion following a step change in boundary
concentration®. One of the main sources of error in detefmining diffusion coefficients
and lost gas volumes is performing desorption at non-reservoir temperatures’. Further,
the more gas that is lost during core recovery, the more difficult it is to accurately
determine lost gas volumes and diffusivity.

The current study presents an experimental method and new numerical models for
determining diffusivities from high-pressure methane and carbon dioxide
adsorption/desorption volumetric isotherm data. The proposed method offers the
advantage of simultaneous determination of the adsorption isotherm, from which the coal
gas capacity can be determined, as well as adsorption rate data. These data may be
obtained relatively rapidly as the experiments are performed on crushed coal particles.
The isotherm data were used as input to new numerical models, which are developed and

tested for coals of varying pore volume distribution and adsorption characteristics. Coals
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of varying lithotype composition were chosen for this study as it is known that coal
composition has an important control upon pore volume distributions®® and gas
adsorption characteristics'* 2. Although Mavor et al."® obtained diffusion coefficients
from adsorption isotherm data, the model proposed was not adequate for use at all
pressure steps of the isotherm, or for coals with heterogenous pore structure.

Few studies'*'> have reported experimentally-determined carbon dioxide
diffusion parameters in coal even though carbon dioxide may be a significant component
in coalbed gas'®. In the current study, carbon dioxide adsorption rate data are reported
and modeled under a variety of temperature and pressure conditions for Gates Formation
coals in order to assess the factors controlling carbon dioxide coal matrix transport. This
information will be important for the accurate evaluation of carbon dioxide injection
strategies for the enhanced recovery of coalbed methane'”.

The method proposed here provides an alternative to gas canister desorption data

for the determination of matrix transport parameters if these data are not available.

4.3 BACKGROUND

The conventional approach to modeling matrix gas transport is the application of
the unipore diffusion model to transient volumetric'®*?® or gravimetric*' adsorption or
desorption data. The unipore model is based upon the solution to Fick’s second law for

spherically symmetric flow:
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where r is radius, C is the adsorbate concentration , D is the diffusion coefficient and

t is time. This form of the equation assumes that the diffusion coefficient is independent
of concentration and location. Additional assumptions are:
1) isothermal conditions
2) homogenous pore structure
The solution to (1) for a constant surface concentration of the diffusing species

may be expressed as follows??:

- zz—exp( Lk J G

nln p

Where M, is the total mass of the diffusing species, at time 7, that has left the particle
(i.e. desorption), and M, is the total desorbed mass, andr, is the diffusion path length.

This relationship may be written for the case of gas desorbing from coal particles after a

step change in surface concentration as:

V. 6 Dn?
A Z "’ exp( w2 ] : 3)
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Where V, is the total volume of gas desorbed at time ¢, and V is the total adsorbed or
desorbed volume. Equation (3) is commonly referred to as the “unipore” model solution.

A typical approach for obtaining the diffusion parameter D or D/ r;, referred to

as the effective diffusivity™, is to pressure up a leak-proof chamber containing dry or wet
(crushed) coal sample with methane gas, allow the system to come to equilibrium, and
then open the sample cell to atmospheric pressure. Both volumetric and gravimetric
adsorption methods have been used to monitor the fraction of gas desorbed with time.
Mayor etal”  using a volumgtric method, obtained adsorption rate data between
pressure steps of an adsorption isotherm.

The experimentally determined fraction of gas desorbed or adsorbed is usually

plotted versus the square root of time and equation (3) may be curve-fit to the

experimental data to obtain an estimate of D/r; .

For V, /V_<0.5, equation (3) may be approximated as:

;2"

where D, is D/ rp2 . Smith and Williams*® and Mavor et al."* have used equation (4) to

obtain estimates of the effective diffusivity and the diffusion coefficient respectively.
Mavor et al."® estimated the diffusion coefficient from the assumption of an average

particle radius.
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4.3.1 Problems with the Unipore Model

The concentration dependence of D/r, was investigated by Nandi and Walker®*

for three American coals. The diffusion parameter was shown to increase with average
concentration of methane at high methane concentrations for two coals. Nandi and
Walker™ suggest that the concentration(dependence of the diffusion coefficients is due to
the non-linearity of the isotherm. Bielicki ez al.> also were able to demonstrate a
pressure-dependence of methane diffusivities measured using a volumetric apparatus.
The conservation statement (equation 1) as written may be invalid for coal as it is
assumed that the diffusion parameter is independent of concentration.

A more general form of the conservation equation that accounts for a

concentration-dependent diffusivity is*:
|7 oac) oC
———(rzD—J =— (5

where D is a function of concentration.

The effect of nonlinear adsorption upon the determination of diffusion/adsorption
parameters has been investigated using a single parameter (effective diffusivity) diffusion
/adsorption model®® for single porous particles of various geometric shapes. Smith and
Keller® noted that for spherical and slab geometries, the magnitude of the calculated
kinetic parameters is different for the cases of nonlinear and linear adsorption, even
though the adsorption rate curve shape may be similar. Further, the effects of nonlinear

adsorption may become particularly pronounced when large step changes in gas
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concentration are used during analysis, as is often the case in gravimetric adsorption rate
experiments.

An additional problem with the unipore model is that it is not clear whether 7,,

the diffusion path length, should be set equal to the equivalent (spherical) particle
radius'®, although it is often assumed to be in the determination of micropore diffusion
coefficients®.

The unipore model has also been shown to be inadequate for coals with a

heterogeneous pore structure™.

4.3.2 Bidisperse Diffusion Model

Because some coals have a bimodal pore size distribution®’, Smith and Williams*°
adapted the bidisperse diffusion model developed by Ruckenstein et al.**. The model
was formulated by considering the adsorbent to be a spherical particle (macrosphere)
containing an assemblage of microspheres of uniform size. The model equations and
analytical solution are provided elsewhere?®. Linear isotherms and a step change in
concentration of the adsorptive external to the particle are assumed in the Ruckenstein
model. Solutions for a dual intraparticle resistance model with time varying boundary
concentration are presented in Ma and Lee® and Lee™.

Smith and Williams® found that the bidisperse diffusion model better described
the entire desorption rate curve than the unipore model for some coals. The bidisperse
model has also been successfully applied to Australian coal gravimetric transient
adsorption data®’. In particular, dull coal adsorption rate data are better fit with the

bidisperse model than with the unipore model.
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In a study by Bhatia®?, several transport models based on different interpretations
of coal pore structure were compared. One such model compared was that of
Ruckenstein ez al.*®, neglecting concentration gradients in the macropores. The model
was found to fit well the adsorption data of Nandi and Walker', however Bhatia>> noted
that some deviation of the model from the experimental data may be due to the

assumption of linear isotherms.

4.3.3 Problems with the Bidisperse Model

The Ruckenstein model may be inadequate for application to high-pressure
volumetric adsorption/desorption experiments. Firstly, the model assumes a step change
in external (to sorbent particles) concentration of the diffusing species at time zero, and
that this concentration remains unchanged with time. This assumption is not true for
constant volume, variable pressure adsorption rate experiments as described by Mavor et
al.®, or as utilized here. Secondly, methane and carbon dioxide adsorption isotherms for
bituminous coal are known to be nonlinear, and the application of linear adsorption

models, is inadequate for most coals.

4.4 METHODS

4.4.1 Adsorption Rate Analysis

Adsorption rate data were collected during high-pressure methane and carbon
dioxide adsorption isotherm analysis. During an adsorption step, gas is dosed into the

reference cell, and three minutes are allowed for thermal equilibration. The gas is then
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dosed into the sample cell for a few seconds and then dosing is stopped. The pressure in
the sample cell is monitored until equilibrium is reached. For computer-controlled
adsorption analysis, pressure data in the sample cell were collected at one second
intervals for the first 300 seconds and then at increasing intervals (10, 60, and finally
3000 seconds) until equilibrium was achieved. Pressures were then converted to real gas
densities using the Real Gas Law. Desorption analyses were performed manually
following the same procedure as adsorpfion analysis. Pressure data were collected every
100 seconds.

One of the main problems with the variable pressure, constant volume adsorption
technique is that time is required to attain thermal equilibrium in the cell after the gas has
been adiabatically compressed into the cell. Thus, the first few seconds of adsorption data
are unusable. To determine the length of time required to cool back to water bath
temperature, an empty sample cell was filled with steel balls having a similar total solid
volume as the coals used. An isotherm analysis at the same pressure steps as the coal
samples was then performed to determine the length of time required for the pressure to
drop due to re-equilibration with bath temperature. For the low-pressure steps, this time
was less than 10 seconds, but became longer as the pressure was increased. This
translates into an initial short time period where negative values of volume adsorbed are
calculated. The “clock” was therefore started where the volume adsorbed passed through

a value of zero.
Volume adsorbed and time data were also collected using an ASAP 2010 ®

volumetric gas apparatus during low-pressure (273 K) carbon dioxide isotherm
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collection. In this case, data were collected in 5 second increments for a total of 5000

seconds.

4.4.2 Isotherm and Adsorption Rate Model

The Langmuir isotherm equation was used to model equilibrium high-pressure
gas adsorption data for the dry and wet coals. The equation may be expressed for

plotting purposes as:

V|~g

T ©
vV,

A linear regression is performed for P/V vs P plots to obtain the Langmuir
constants.

The adsorption rate model used in the current study assumes a bidisperse pore
structure for coal (Figure 4-1), similar to the Ruckenstein®® model. The Ruckenstein
model assumes that the pore structure is bimodal and that the sorbent particle contains
uniform radius (non-overlapping) microporous microspheres with the space between
microspheres making up the macroporosity. The Ruckenstein model®® also assumes linear
isotherms in both macroporosity and microporosity and a step change in boundary
concentration at the start of an adsorption/desorption step. Unlike the Ruckenstein model,
the current numerical model assumes that no adsorption is occurring in the macroporosity

(Part 1), nonlinear adsorption in microporosity, and a time-varying boundary pressure.
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The assumptions for the current model may be summarized as follows:

1) Isothermal system.

2) Applicable transport equation is Fick’s first law: F=-D V(@p), where F=mass flux
(kg/m-s), D=diffusion coefficient (m*/s), ¢ is porosity, and p is the gas phase density.

3) Gas phase densities can be expressed using the Real Gas Law: p=MP/zRT, where M
is the molecular weight of the gas (kg/mole), P is gas pressure (Pascals), z is the
compressibility factor, R is the universal gas constant (J/mole-K)

4) Transport mechanism is diffusion in both macro- and micropores.

5) Significant adsorption occurs only in the microporosity and adsorption isotherm can
be described by the Langmuir equation.

6) Pores are incompressible.

7) Void volume is constant with time. No correction is made for void volﬁme shrinkage
during adsorption of gas.

8) The gas phase is mobile whereas the sbrbed phase is immobile.

9) Coal particles are spherical in shape and uniform in size.

The macropore (7) and micropore (8) transport equations used in the current study are

thus:

D, 2(,9d % —¢)¢ (%P

e (rf—a <¢apa>j:5;(¢apa>+3(lzggam Di( ;’f In=&j @
D é(,d J .

r—zé—r[r —91'(42/%)) :g(fépi +C,) ®

H
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with initial conditions:

P00, 7)=p,=p 0, 1) ®
G0, r)=C, (10)
and boundary conditions:
5 «
é,—n(céapa) =0at (7,0 (11
2
a—ri(cé-p,-)= 0 at(7,0) (12)
Vv 5;; — _N4zR’D. ¢, i—f: r, (R0 (13)
p,R)=p,tr,) (14)

At t=0, the gas density is assumed to be equal in the macro- and microspheres (equation
9) and the adsorbed phase concentration in microporosity is uniform for ali microspheres
(equation 10). A no (free gas) -flow internal boundary condition is used for the
macrospheres and microspheres (equations 11 and 12). Equation (13) is a mass balance
statement which expresses that the change in mass of gas stored in the interparticle void
space is equal to the mass flux of gas across all (assumed spherical) particle (equal
radius) boundaries for t>0. Equation (14) states that the gas density at the microsphere

boundary is equal to the gas density in the macroporosity at 7,.
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Introducing the dimensionless variables and parameters:

P o ot _Dat
pD po > }/_&) 77—Ra’ z-_R2
R*D, 31-¢)é¢ R*D,  3(1-¢)é
oo BB 5 30-4)4 RD,_30-4)4

D,R ¢, DR g,

with initial conditions:

050, 1)= pp, =0, (0, ¥)
C0,7)=C,

and boundary conditions:

P
“=0at(7,0
on 0at(7,0)

Ppi
—=0at(7,0
Py (7,0)
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(15)

(16)

7
(18)

(19)

(20)



OpPp, s, OPp, _
Vv7: —N4nRa¢aﬁ—n - at(g, n=1) (21)
05 (T,1) = pp, (7.1) (22)

The equations were discretized using the Integrated Finite Difference method** following
a procedure similar to Kolesar ef al.>®. Numerical details are provided in Appendix VIL

For the bidisperse numerical model, a micropore volume must be provided as
input. Micropore volumes were determined from the difference between the total pore
volume, as determined from helium and mercury densities, and the macro/mesopore
volume, as determined from nitrogen.isotherms (see Part 1).

A simplified version of the bidiperse model, which assumes a unimodal pore
volume distribution, was also applied to the adsorption rate data. The model equation

and boundary conditions are expressed as follows:

1 7 Py, 7 C,
—2—(72 = j = —[pp,- + j (23)
Yooy oy ot £,
with initial conditions:
Pro =Ppi (0, ¥) (24)
C0,y)=0C, (25)

and boundary conditions:
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Po;

r=0at(r,0) | (26)

P

P = —NamR g %Por| w1 27)
T

r=1

" Dt d K
were1'~R2 and y = R

For the numerical models, the Langmuir equation is cast in the following

dimensionless form:

Po_Po, Po
CS CS CSL

where pp 1s tﬁe dimensionless external gas density, pp; is the Langmuir dimensionless
gas density, analogous to the Langmuir pressure, and Cg; is the mass sorbed at infinite
pressure. As with the Langmuir equation (6), a linear regression is performed for plots of
oo/Cs vs. pp.

The unipore numerical solution, programmed in FORTRAN, was verified against
analytical solutions for spherical diffusion presented in Crank**. The bidisperse
numerical solution, also programmed in FORTRAN, was verified against the analytical -
solution (equation 11) presented in Ruckenstein ez al.*®.

A least squares criterion was used to fit the model to the experimental gas density
data. For the unipore model, the effective diffusivity (D/R,?) was adjusted to minimize

the least squares function, using the Golden Section Search algorithm®®. The bidisperse
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numerical model parameters (D./R,’, a, B) were optimized using the Downhill Simplex

Method algorithm®®. The least squares function utilized is:

L= Zg(pexp,i - ,Ocazc,,-)z

Where 0, and pear are the experimentally-determined and calculated gas densitities,
respectively, external to the coal particles. Typically 3,000-10,000 timesteps were taken
with the numerical model, and the model densities at each experimental real time step

-

were determined from interpolation.

4.5 RESULTS AND DISCUSSION

4.5.1 High-Pressure Methane and Carbon Dioxide Adsorption Rate Data: Application
of Unipore Models

High-pressure methane and carbon dioxide adsorption rate data (adsorption
isotherm pressure step 2) on dry and moisture-equilibrated coal has been modeled using
the unipore analytical model (equation 3) (Figures 4-2:4-4) and the current numerical
model (equations 23-27) (Figures 4-5:4-7).

The best-fit effective diffusivities (D) (Table 4-1) for the analytical solution are
apparent diffusivities that do not include nonlinear isotherm effects. The apparent
diffusivity for the unipore pore diffusion analytical solution, which assume linear

adsorption on the pore walls, may be expressed as:
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o =2l

Sample C3-2 (high vitrinite/low ash) has a smaller effective diffusivity value than
all other coals. In addition, the unipore model provides a reasonable fit to methane
adsorption rate data over the entire time range only C3-2, whereas for all the other coals
the unipore model significantly underestimates the time required to reach equilibrium.
The unipore model also fails to adequately model the carbon dioxide adsorption rate data
for sample C3-2.

Carbon dioxide diffusivities for dry coals obtained in this study are significantly
larger than for the methane diffusivities (up to ~ 28 times), although direct comparison is
difficult, due to the difference in final equilibrium pressure for methane and carbon
dioxide isotherms. In a study by Marecka'”, a similar ratio of carbon dioxide to methane
effective diffusivities was found using the unipore analytical model for constant pressure
adsorption (~ 2.5 kPa, 303 K).

Analytical model diffusivities for the wet coal data (Table 4-1) are smaller than
for the dry coals. As with the dry coal data, the unipore analytical model does not
provide an adequate fit to adsorption rate data over the entire time scale (Figure 4-4).
The possible exception, however, is sample D3-3. It is possible that water is occupying
some of the larger pores of this sample, denying methane access to these pores, and hence
the coal would be effectively unimodal with respect to pore volume distribution.

Results of the numerical model fit to the adsorption rate data are shown in

Figures- 4-5:4-7, best-fit diffusivities are provided in Table 4-2 and numerical model

' input parameters are provided in Table 4-3. The numerical model diffusivities (D / R?)
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are relatively insensitive to the value used for the estimate of the mean particle radius
(Part I). The unipore numerical model provides a reasonable fit only for sample C3-2.
The poor fit for other samples may be due to the assumption of a unimodal pore volume
distribution, error in the Langmuir equation fit to the adsorption isotherm data (as
mentioned in Part 1) or errors in the porosity estimates. In addition, some curve fitting
error results from the fact that time intervals for data collection were not evenly spaced,
resulting in more pressure points taken at early time (see methods) than for later time.
The greater number of data points at early time biases the curve fits toward the early time
data.

The discrepancy in the magnitude of best-fit diffusivities between the analytical
and numerical models (Tables 4-1, 4-2) is likely due to two factors. Firstly, the (external)
boundary conditions for the models are different in that the analytical model was
developed for a step change in boundary concentration at t=0, whereas a variable flux
boundary condition was employed for the numerical model (equation 27). Secondly, the
numerical model accounts for nonlinear adsorption during gas transport.

The adsorption rate behaviour of the Gates coals may be explained in terms of the
relative proportions of micro, meso, and macroporosity determined in Part 1. The slowly
sorbing sample C3-2 has a relatively large micropore volume (.049 cm’/g) compared to
D3-3 (.025 cm’/g) and B2-10 (.025 cm®/g). In addition, C3-2 has very little
meso/macroporosity. The sample is homogenous with respect to pore volume
distribution and therefore adsorption rate models based upon a unimodal pore structure
are adequate. The dull (B2-10 and D3-3) samples contain an appreciable proportion of

meso/macropores, and therefore dual resistance diffusion models are more appropriate
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for describing adsorption rate behaviour. Sample B2-11 has a large micropore volume,
small mesopore volume, and a large macropore volume, as indicated by mercury
porosimetry data, and therefore dual resistance diffusion models are more appropriate for
describing this sample’s adsorption rate behaviour. The discrepancy in methane
adsorption rate behaviour between bright and dull (dry) coals has been previously
documented for Australian coals’’. In the Gamson and Beamish study®’, the difference in
dull and bright coal behaviour was explained with the aid of SEM imaging of the coal

microstructure.

4.5.2 High-Pressure Methane and Carbon Dioxide Adsorption Rate Data: Application
of Bidisperse Models

The bidisperse Ruckenstein®® model equation (19) as well as the new bidisperse
numerical model developed here were also apblied to the high-pressure data (Figures 4-8:
4-13). Input to the numerical model is provided in Table 4-3. Macropore and micropore
diffusivities are given in Tables 4-4, 4-5.

Both the analytical and numerical bidisperse models adequately describe the
adsorption rate behaviour of the multimodal pore volume coals (B2-10, D3-3, and B2-11)
(Figures 4-8:4-13). A transition occurs from macropore-dominated transport at early
time, to micropore-dominated transport at later time. This finding is consistent with the
findings of Gamson et al.*’ for Australian Bowen Basin coals. The Ruckenstein model®
methane (macro- and micropore) diffusivities (Table 4-4) determined from methane

adsorption on dry coal are comparable in magnitude (D, : 3x10* to 2x10° s* | D;": 2x10°

% to 4x107) to those found by Beamish®! but the macropore diffusivities are somewhat

larger than those obtained by Smith and Williams®®. Ruckenstein macro- and micropore
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effective diffusivities for methane adsorption on wet coal are generally only slightly
smaller than for the dry coals, probably reflecting the small equilibrium moisture content
of the Gates coals. The diffusivities for carbon dioxide on dry coal (Table 4-4) are larger
than for methane, which is consistent with the unipore model diffusivities.

The numerical model, like the bidsiperse analytical solution, generally captures
the adsorption rate behaviour of the multimodel pore volume distribution coals (Figures
4-11:4-13) better than the unipore models. Carbon dioxide diffusivities are much larger
than the methane diffusivities. The micropore diffusivities (Table 4-5) are generally much
smaller than the macropore diffusivities, with the exception of the diffusivities obtained
for sample D3-3 carbon dioxide data. The anomalous values for sample D3-3 méy be the
result of a poor fit of the model to the data.

A problem with the bidisperse analytical model is that it is difficult to calculate
some physical parameters of the coal from the model parameters. For example, the
parameter S is defined in the same way as for the numerical model described above, but
the ratio of the diffusivities, a, is unobtainable because the diffusivities obtained in the
analytical model solution are not corrected for the effects of (assumed linear) adsorption.
Asa resm‘llt, the values of micro- or macroporosity, or their ratios, are unobtainable.
However, macroporosity may be obtained from the optimized value of S, «, and the input
value of microporosity for the numerical model. For some samples, the estimated
macroporosity is much greater (> 1 order of magnitude) than the experimentally-
determined value obtained from nitrogen isotherms and He/Hg pycnometry. This
discrepancy may be due to a number of factors including: 1) misfit of the experimental

data by the Langmuir model; 2) the assumption of adsorption occurring only in the
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microporosity of the coal; 3) inaccurate determination of pore volume distributions or
porosifies; 4) or the assumption of a single average particle size. Bhatia®?, using a
random pore model, also found that unrealistically high macroporosities were required to
obtain a reasonable fit to the adsorption rate data of Nandi and Walker'®. Bhatia [opt.
cit.] interpreted the unrealistic calculated macroporosities to be (possibly) due to a non-

random distribution of macropores throughout the solid.

4.5.3 Low-Pressure Carbon Dioxide Adsorption Rate Data: Application of Bidisperse
Models

Carbon dioxide adsorption rate data collected for the —4 mesh coals at low
pressure (< 127 kPa) (Figure 4-14) showed .similar trends to the high-pressure methane
and carbon dioxide data described above. The unipore model was inadequate for
modeling adsorption rate data for the banded bright or dull coals.

The carbon dioxide macropore and micropore effective diffusivities (Table 4-6)
are smaller than for the high-pressure data, which is anticipated because the high-pressure
analyses were performed at a higher temperature (303 K) than the low-pressure analyses

(273 K).

4.5.4 Methane and Carbon Dioxide Adsorption Rate Data: Effect of Gas Pressure

To determine the effect of pressure upon calculated diffusivities, model
(numerical and analytical) diffusivities were determined from several pressure steps of
the adsorption isotherm. Methane diffusivities determined from the unipore analytical
and numerical model are plotted against equilibrium adsorption pressure in Figure 4-15.

One set of diffusivity values, obtained from desorption, is also plotted and is consistent
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Figure 4-15. Methane effective diffusivities vs. pressure for sample C3-2.
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with the trend of adsorption step diffusivities with pressure. The unipore diffusivities
exhibit a strong dependence upon adsorption pressure. Although some scatter in the data
exists, the numerical model diffusivities decrease with pressure, whereas the analytical
model diffusivities increase with pressure. The increase in analytical model diffusivities
with pressure may be due to the non-linearity of the isotherm as suggested by previous
authors®®, but the decrease in numerical diffusivities, which have been corrected for the
effects of non-linear adsorption, with pressure may be due the mechanism of gaseous
diffusion.

The mechanism of methane gas diffusion in the Gates coals appears to be bulk
diffusion. 1In an earlier study, Smith and Williams?® have shown that the mechanisms of
gaseous methane diffusion in bituminous coal vary with pressure. In particular, they (opt.
cit.) note that the mechanism of diffusion changes from Knudsen type diffusion below a
pressure of about 0.2 MPa to bulk diffusion at higher pressures, which they interpret to be
due to the decrease in mean free path of the methane molecule with gas pressure. The
decrease in the numerical model diffusivities, which are corrected for the effects of
adsorption, with gas pressure is therefore consistent with a mechanism of bulk diffusion
in the Gates coals. /

The Ruckenstein (analytical) model diffusivities for low-pressure 273 K carbon
dioxide adsorption obtained for sample B2-10 are plotted versus pressure in Figure 4-16.
For this sample, both the macropore and the micropore diffusivities increase with
pressure, although the micropore diffusivities are more strongly dependent upon pressure.
The increase in diffusivity may (again) be due to the non-linearity of the isotherm. If so,

the results suggest that some adsorption is occurring in both the meso/macroporosity and
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the microporosity, which contradicts the assumptions used in the bidisperse numerical

model. Further work is required to resolve this issue.

4.5.5 Implications for Reservoir Characterization and Modeling

The above results have demonstrated that two factors have a strong effect upon
the transport of methane and carbon dioxide gas through the matrix of coals: pore volume
distribution and gas pressure. Some current techniques for determining lost gas for
canister desorption tests® assume that a single diffusion coefficient, independent of gas
concentration or pressure, is adequate for the description of coal matrix gas transport.
The current study shows that, because the coal pore volume distribution is a function of
coal composition, a single parameter (diffusion coefficient or diffusivity) matrix gas
diffusion model may be inadequate for describing adsorption rate behaviour for all coal
sampled from a reservoir. Reservoirs are not entirely homogeneous with respect to
organic and mineral composition, or organic and mineral content. Thus, a single
parameter diffusivity model may lead to error (underestimate) in lost gas determination,
and hence total in-situ gas content for a coal reservoir. Thié study shows that the
diffusivity errors may be up to an order of magnitude if a single parameter model is used
instead of dual resistance models. In a study by Mavor and Pratt*’, the Ruckenstein
bidisperse model and the Direct Method®, which uses an estimate of a single diffusivity
value, were applied to gas canister desorption data. For most samples (4 out of 5) the two
models gave similar estimates of lost gas, and hence total gas content, but the differences
between the two estimates became greater as the lost gas content increased®. Tt is

anticipated, based on the adsorption rate data given above, that dull coals, or coals with a
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significant fraction of meso- and macroporosity, would have a greater percentage of lost
gas than coals with less macro/mesoporosity. Lost gas determinations obtained using
single diffusivity models may therefore have a greater error for coals of particular
composition, which would create error in total gas content estimates for heterogeneous
reservoirs. Additionally, because the pore volume distribution of coals is known to be a
function of rank?’, or thermal maturity of the coal, models utilizing single diffusivity
values may be adequate in the determination of lost gas only for certain rank ranges.

The pressure-dependence exhibited by the numerical and analytical model
diffusivities has important implications for the determination bf diffusion parameters
during adsorption isotherm collection (as shown above), but also for the use of
diffusivittes in reservoir production modeling. The pressure-dependence of diffusivities
is particularly important if adsorption rate data are obtained over a large pressure step
which is often the case in desorption measurements. The assumption of a linear isotherm,
as with the Ruckenstein model*®, may lead to erroneous values of diffusivity for coal. We
suggest that the pressure-dependence of diffusivities should be ascertained prior to the
application of diffusion models for the determination of lost gas calculations®, as well as
for reservoir simulators, where coal clgat and matrix fluid pressure varies with time
during production. The diffusivity would be expected to vary during production and
production models based upon constant diffusivity values may be in error. The impact of

pressure and concentration upon diffusivities upon production forecasting requires study.
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4.5 CONCLUSIONS

1) Carbon dioxide diffusivities are generally larger than methane diffusivities obtained
for dry coal. Wet coal methane diffusivities are generally smaller than methane

diffusivities determined for dry coals.

2) Bright coals have a uniform micropore structure and their adsorption rate data are
adequately modeled using the classic unipore analytical solution or the proposed
numerical model. Dull or banded coals have a more complicated pore structure, and
are adequately modeled with diffusion modéls that incorporate a bisdisperse pore
volume distribution. Close examination of numerical model optimized parameters

suggest that some of the assumptions of the bidisperse model may be invalid.

3) Methane effective diffusivities obtained using the unipore analytical and numerical
solutions are dependent upon adsorption pressure. The pressure dependence of the
numerical model diffusivities is consistent with a bulk gaseous diffusion mechanism.
Carbon dioxide diffusivities obtained using low-pressure (< 127 kPa) 273 K isotherm
and the Ruckenstein model also exhibit a pressure dependence. These findings may
have important implications for gas content determination and reservoir simulations,

although further study is required.

Nomenclature

C = sorbate concentration [kg/m’]
D = diffusion coefficient [m*/s] -
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¢ j e
D —D( 5+ SH , apparent diffusivity [s” |

g = micropore/macropore mass transfer term [kg/m’]
H = Henry’s Law constant [m>/m’]
M = mass content [kg/m’]

N = number of coal particles (macrospheres) in system

r = radius [m]

r, = diffusion path length [m]

S = pore surface area per unit bulk volume of coal [m’*/m’]
t = timefs]

V = volume [n’], or volume adsorbed [ cm’/g@STP]

Subscripts

a = macropore
D=dimensionless
i = micropore

L= Langmuir
s = sorbate
v = voids
Greek Symbols
2
a= D Rz , dimensionless parameter
B = 31-4¢.)¢ Rj D; = 3A-4.)4, a , dimensionless parameter
¢, DR ¢,
V.
y = E’ dimensionless microsphere radial position
y
n= —lé‘—, dimensionless macrosphere radial position
¢ = porosity
p = gas density [kg/m’]
1
T= ? dimensionless time
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CHAPTER §

BINARY GAS ADSORPTION/DESORPTION ISOTHERMS: EFFECT OF
MOISTURE AND COAL COMPOSITION UPON COMPONENT SELECTIVITY

5.1 ABSTRACT

The effect of coal moisture content and composition upon methane/carbon
dioxide mixed gas adsorption characteristics is investigated. Experimental data indicate
that carbon dioxide separation factors vary slightly between coal lithotypes, but the effect
of variable coal composition and moisture upon selective adsorption are difficult to
isolate. Model predictions based upon single component isotherms show that coal
composition has an insignificant effect upon carbon dioxide separation factors. Model
predictions also indicate that coal moisture decreases carbon dioxide selectivity. 1AS
theory and the extended Langmuir model differ substantially in their ability to predict
binary gas adsorption behaviour, particularly for dry coals. Comparison of model
predictions to experimental data demonstrate that IAS theory, in conjunction with the
Dubinin-Astakhov single component isotherm equations are more accurate for the
pfediction of mixed gas desorption isotherms collected in this study than the extended
Langmuir. TAS predictions, however, are strongly dependent upon the choice of pure gas

isotherm equation.
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5.2 INTRODUCTION

Coalbed gas generally consists of mixtures of methane, carbon dioxide, nitrogen
and heavier hydrocarbons (>C,), although methane is often the primary component.
Because gas adsorption is the primary mechanism of gas storage in most economic
coalbed gas reservoirs, accurate modeling of adsorption behaviour is necessary for
economic forecasting of coalbed gas production. Further, the effect of coal properties,
such as composition and moisture content, upon adsorbent selectivity for component
gases is important for the economic evaluation of heterogeneous coal reservoirs. Of
considerable theoretical and practical interest is the study of mixed gas
adsorption/desorption in coal.

The composition of coalbed gas, and hence the commercial value of the gas,
changes during production. For example, coalbed gas from the San Juan Basin has
increased in carbon dioxide concentration' during gas well production. Accurate
economic forecasts must account for evolving gas compositions through time during the
production life of a coalbed gas reservoir.

Coalbed gas adsorption isotherms, measured in the laboratory, are commonly
used to predict desorbed gas volumes as reservoir pressure decreases during prbductionz.
Adsorption isotherms are usually determined using pure methane as an analysis gas and
are inaccurate for predicting multicomponent gas desorption volumes. The composition
of adsorbate gas significantly affects the total and single component adsorbed gas
volumes in coal systems®”. Multicomponent desorption isotherms, determined using
realistic initial reservoir gas compositions, are required for accurate predictions of

adsorbed gas content during production.
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N, or CO; gas injection may be used to increase methane gas recovery during
production, either by lowering the methane partial pressure in the free-gas, or by
competitive adsorption®. Reznik et al.’ demonstrated that carbon dioxide injection
increases the recovery of in-situ methane in coalbeds. Puri and Yee'® showed that
nitrogen flooding also increases methane recovery. Enhanced recovery principles may
also be used to reduce greenhouse gas emissions through the disposal of anthropogenic
carbon dioxide into coalseams''. Knowledge of multicomponent adsorption
characteristics of coal is therefore necessary for the accurate assessment of enhanced
recovery operations.

Most studies of multicomponent adsorption on coal have focused on the accurate
modeling of equilibrium gas adsorption with little consideration of coal compositional
effects. To the authors’ knowledge, no systematic study has been performed to assess the
effect of coal properties such as moisture content and composition (organic and mineral)
upon the selective adsorption of carbon dioxide in carbon dioxide-methane-water-coal
adsorption systems. Because pure gas adsorption has been shown to be a function of

1214 and coal composition'’, it is reasonable to anticipate that binary gas

water content
adsorption is also a function of these properties. The current study examines the effect of
coal moisture and composition upon binary gas adsorption using experimental data as
well as model predictions from pure component isotherm data. The commonly applied

1617 as well as IAS theory'®, are used to predict binary gas

extended Langmuir equation
adsorption. First, to examine differences in the performance of the models, predictions of

binary gas equilibrium, over a broad range of pressures and gas compositions, are made.

A variety of commonly used pure gas isotherm models are used in conjunction with IAS
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theory in order to assess the effect of isotherm curve-fit error upon ‘IAS theory
pfedictions. The effect of gas pressure and composition upon predicted carbon dioxide
selectivities over methane is examined. Model predictions using dry and moisture-
equilibrated coal pure gas isotherm data are also used to determine the effect of moisture
and coal composition upon binary gas adsorption. Binary gas experimental data are
examined to determine the effect of gas composition, and pressure and coal lithotype
upon the desorption characteristics of moisture-equilibrated coals. Finally, the results of
model predictions are used to interpret binary gas experimental data, and the model fits

are assessed using the current experimental data, as well as that of Hall e al.”

5.2.1 Previous Studies

Few experimental studies have examined the adsorption/desorption behaviour of
mixed gases in coal under reservoir conditions. Stevenson et al.®> measured and examined
adsorption of binary and ternary mixtures of CHs, CO,, and N, on dry Australian
Westcliff Bulli seam coals at 30°C and pressures up to 5.2 MPa. Greaves ef al.” studied
mixed gas (CHy, CO,) adsorption/desorption isotherms on dry Sewickley seam coal at
23°C. The Greaves et al.” study demonstrates the importance of adsorption/desorption
isotherm hysteresis in predicting adsorbed phase compositions.

The presence of moisture in the coal matrix significantly changes the adsorption
equilibrium characteristics of mixed gases. Arri ef al.® collected binary (methane-
nitrogen and methane-carbon dioxide) gas isotherm (46°C) data at various pressures for a
moisture-equilibrated coal system. Arri ef al. showed that each component gas does not

sorb independently, but competes for adsorption space. The extended Langmuir

134




isotherm'®!”

provided a reasonable fit to the Arri ez al. data. Harpalani and Pariti®
obtained ternary gas (methane-carbon dioxide-nitrogen) adsorption/desorption data for a
moisture-equilibrated coal system at 44°C. The methane concentration in the free-gas
(non-sorbed) phase was shown to decrease with pressure during desorption. A
reasonable fit to the Harpalani and Pariti® data was also obtained using the extended
Langmuir isotherm.

There have been several attempts to apply thermodynamically rigorous mixed gas
adsorption models to moisture-equilibrated and dry coal/mixed gas adsorption
systems™'>” Hall et al.” applied a variety of models to pure and mixed gas Fruitland coal
isotherm data and quarititatively assessed model predictions using an extensive data set.

‘Hall et al” found that although all models used for pure gas adsorption performed
comparably, the ideal adsorbed solution (IAS) theory of Myers and Prausnitz'® and 2-D
equation-of-state (EOS) models were more accurate than the extended Langmuir model

for mixed gas adsorption. In the Stevenson ef al.’ study, IAS theory was found to be

adequate for predicting binary and ternary mixed gas adsorption on dry coal.
5.2.2 Theory

1'*'7 and IAS theory'® are most commonly used for

The extended Langmuir mode
the prediction of mixed gas adsorption on coal. Both the extended Langmuir model and
IAS theory require pure component isotherm data for multicomponent predictions.

The simplest model used for prediction of multicomponent adsorption isotherms is the

extended Langmuir equation:
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(v.) 5P
. = : 1
" 1+2.5,P, W
J
where (V, ); and b; are the pure gas isotherm Langmuir constants. Partial pressures of the

component gases in the free gas phase are determined using the following equation:
P =Py, @)

Langmuir parameters for pure component isotherms are used to predict
component adsorbed volumes for gas mixtures at any total gas pressure and free-gas
composition.

A convenient method for expressing the relative adsorption of components in an
adsorption system is through the calculation of a separation factor. The separation factor,

or selectivity ratio, for a multicomponent gas adsorption system may be defined as'®:

)

For the extended Langmuir isotherm, the separation factor is simply the ratio of the
adsorption equilibrium constants for the pure component isotherms'® and is independent
of concentration and total pressure. The assumption of a constant separation factor is
not, however, necessarily accurate for all systems'®. An increasing selectivity for the
most strongly adsorbed component with decreasing concentration of that component is

generally observed®.
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The ideal adsorbed solution (IAS) theory'® is based upon the assumption that the
adsorbed mixture behaves like an ideal, adsorbed solution, and hence is analogous to
Raoult’s law for bulk solutions. Activity coefficients of the adsorbed solution are
therefore assumed to be unity and the equilibrium between the gas phase mole fraction of

a component and the adsorbed phase mole fraction is given by:

Py, = Px‘o(ﬂ-)xi 4)

where P,” is the gas (vapour) pressure of the pure component adsorbed at the same
temperature and spreading pressure as the solution. Fugacities may be substituted for
pressures in equation (4) to account for gas phase non-idealities. The spreading pressure
for the pure components are determined through integration of the Gibbs adsorption

isotherm to the vapour pressure of the pure component, P;

. A 7 n(P)
BERT AP

dP (%)

where 7", 7, A, and n(P) are the component reduced spreading pressure, spreading
pressure, adsorbent surface area, and pure component adsorption isotherm, respectively.
The spreading pressure may be defined as the reduction in surface tension of a surface
due to the spreading of the adsorbate over the surface'®. Any pure component isotherm
equation may be used to evaluate equation (5).

Mole fraction constraints include:
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in =1; yi=1 ©)
i=1

i=1
where nc is the number of components. The total amount of adsorbed gas in the mixture

(for an ideal solution) is given by:
=2 @

where 7 is the total amount adsorbed, and »,° is the amount of pure component adsorbed
from pure gas at the same temperature and spreading pressure as the adsorbed mixture.

The actual amount of each component adsorbed in the mixture is given by:
n, =nx, ®)

Equation (5) may be evaluated for each component using an isotherm equation,
such as the Langmuir single component isotherm equation, or may be determined
graphically. Richter et al.* demonstrated the effect of fitting pure component isotherm
data with different isotherm equations upon the prediction of multicomponent adsorption
equilibria using the IAS method. The calculations of mixed gas equilibria were shown to
be very sensitive to curve-fit error of the pure gas isotherm equation.

Although the Dubinin-Radushkevich (D-R) and Dubinin-Astakhov (D-A)

equations have been shown to be more accurate for the modeling of coal/pure gas
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isotherms®”, the incorrect low-pressure limit of these isotherm equations may affect
spreading pressure calculations for IAS theory. The correct low-pressure limit of any

adsorption isotherm equation should be?":

lim %, = # . ©)

where H is the Henry’s Law coefficient. Although the Langmuir equation has the correct
low-pressure limit, the D-R/D-A equation low-pressure limit is zero®. The effect of the
incorrect low-pressure limits of the D-R and D-A equations upon spreading pressure

calculations are examined in a later section.

5.3 METHODS

5.3.1 Sample Preparation

Four medium-volatile bituminous coal lithotype samples from thé Lower
Cretaceous Gates Formation of northeastern British Columbia were used in this study.
The coals were chosen for their variable organic contents and compositions. The samples
were crushed by hand (stage crushed) to pass through a 4 mesh (4.75 mm) sieve and four
sub-samples were obtained. A -4 mesh fraction was retained and the other sub-samples
were crushed to pass through an 8 (2.38 mm), 20 (0.841 mm), and 60 (0.250 mm) mesh
sieve. Only the -4 and -60 mesh fractions were used for isotherm analysis. Proximate
(ash and moisture) was performed for each of the subsamples used for isotherm analysis.
Petrographic analysis wa‘s performed on — 60 mesh splits using manual point counts on

polished pellets®*. Coals were stored in vacuum dessicators or refrigerated sealed
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containers between isotherm runs to prevent oxidation. Periodic free-swelling index
tests® of bright coals demonstrated that the coals were not oxidized.

Minus 4 mesh coal samples were dried in an oven at 110°C overnight and then
evacuated at isotherm temperature for 24 hours prior to “dry” isotherm analysis. The —
60 mesh coals were equilibrated with moisture (at 96-96% relative humidity) at 30°C
prior to desorption isotherm analysis. Equilibrium moisture was achieved using a

procedure similar to that described by Levy et al.'*.

5.3.2 Experimental Procedure

High-pressure (up to ~ 8 MPa) 303.15 K isotherms were obtained using a
volumetric adsorption apparatus similar to that described by Mavor ef al.” and Levy et
al®. Sample void volume calibrations were performed using helium expansion as
described elsewhere?. Pure gas adsorption isotherm data collection for the —4 mesh coals
is also described elsewhere®’.

Methane and carbon dioxide desorption isotherms were collected for the — 60
mesh, moisture-equilibrated coal using the following procedure. The reference cell was
charged with gas to a pressure greater than the anticipated sample cell starting pressure
and allowed to thermally equilibrate with the thermostated water bath. Gas was then
dosed from the reference cell to the sample cell for a few seconds and then the valve
between the two cells closed. Pressure in the sample cell dropped as gas was adsorbed to
the equilibrium value. Equilibrium was considered reached when the pressure in the
sample cell remain constant (AP = 0.000 MPa) over a period of 2 hours. Twelve hours

total was generally sufficient. Desorption isotherm steps were then collected by
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reversing the adsorption step procedure: gas was dosed from the (evacuated) reference
cell and the sample cell was isolated from the reference cell until equilibrium was
achieved. The following mass balance calculation was used in conjunction with the real-
gas law to calculate pure gas adsorbed volumes isotherms at STP (T =273.15K, P =

0.101325 MPa) at each isotherm step:

T P1-1 PI P1 P1»1
| __ 8T e T | V . V)| =< 10
ads {:TPSTD mc :I X l:Vref( z z ( void s) z z ( )

The sample void volume (V,,4), which is the volume in the sample cell not occupied by
solid coal, may be corrected for the volume occupied by the adsorbate (V) if a molar
density of the adsorbate is assumed. In the current study, the adsorbate density was taken
as that at normal boiling for methane (0.423 g/cm’) and at the triple point for carbon
dioxide (1.18 g/cm®). If the adsorbate volume is neglected, the Gibbs isotherm is
obtained.

For mixed gas studies, a similar procedure to the pure gas isotherms was used,
except that small gas samples were taken during a desorption step for gas
chromatographic (GC) analysis. Sample cells were used to extract small (~ 3 ml) gas
samples with a syringe following pressure stabilization in the sample cell during a
adsorption step. The pressure drop after extraction was usually small (<< .01 MPa), and
the pressure was again allowed to stabilize for several hours prior to the next desorption
step. As with the Greaves ef al.” study, the pressure drop accompanying extraction was

assumed to have a negligible effect on adsorbed gas composition. The reference cell was
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then dosed with a small amount of mixed gas from the sample cell to initiate the next
desorption step. A gas sample was extracted from the reference cell for GC analysis to
determine the composition of the gas in the reference cell.

Compositional (mole fraction) equilibrium as well as mechanical (pressure) is
required for an equilibrium multicomponent isotherm. Compositional equilibrium was
tested for periodically during desorption steps by gas compositional analyses.

Equilibrium times for mixed gas adsorption were generally much longer than for pure gas
adsorption. For example, for the 75%CH4/25%CO, binary gas desorption isotherm, 5 — 7 |
days were allowed for equilibration at each step.

For binary gas isotherms, mass balance was performed for each component using

the following equation:

: T vrber) ™ UrgBy)' Py (LP)"
Va';s — STD % I/’ef ef ~ ref _ of * ref _(Vvad_l/;) sC sc) _(ysc sc) (11)
TP,m, z z z z

where V7, is the volume of component j adsorbed from the mixture at each adsorption
step, and y” is the free gas (unadsorbed) mole fraction of component j. The volume of

the sorbed phase, assuming the sorbed gas behaves like an ideal solution, was calculated

using the following equation:

V,=2xV, (12)
i=1
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where V,; 1s the molar volume of the liquid adsorbate. Equations (10) and (11) must be
solved iteratively at each adsorption step, with the Gibbs adsorption volumes used as the
initial guess for equation (10). Gas compressibility factors for pure and mixed gases
were determined using the Peng-Robinson equation-of-state®.

Replicate runs performed for methane adsorption isotherms on the dried — 4 mesh
coals and methane desorption isotherms for moisture-equilibrated — 60 mesh coals were
within 6% and 10% relative, respectively. The estimated uncertainties determined from
replicate analysis vary with coal type. For example, for the dry, -4 mesh coals the
methane adsorption isotherm the relative errors are around 2% for the two bright coals
(B2-11 and C3-2), but around 4 and 6% for the two dull coals (B2-10 and D3-3,
respectively). Similarly, for the moist —60 mesh coals, the desorption isotherm errors are
around 5% for the bright coals, but about 10% for the dull coals. The dull coals have a
higher ash content, and sorb much less gas and thus have greater measurement errors than
the bright coals. The moist coal desorption isotherms have a greater uncertainty than the
dry adsorption isotherms possibly due to slight variations in moisture content between
replicate analyses. The estimated uncertainty in methane adsorption isotherms on moist
coals, however, is generally fess than 3%, for a variety of coals analyzed by the authors.

Gas mixture compositions are known within 0.002 mole fraction based upon

replicate analysis of calibration standards and analysis gas.

5.3.3 Isotherm Regression Analysis

The Langmuir, D-R and D-A isotherm equations were fit to single component

isotherm data. The relevant equations, written in linearized form, are:
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Langmuir®: : 7 Z + b7, (13)
Dubinin-Radushkevich (D-R)'”: logl’ = logV, - D(log P/ P)2 (14)
Dubinin-Astakhov (D-A)*": logV =logV, - D(logP, / P)’ (15)

Application of the Langmuir, D-R, and D-A equations to adsorption
isotherm data has been discussed previously*®. The parameters b and ¥, in the Langmuir
equétion, and V, , D, and n were optimized using a least squares routine coupled with a
multiparameter optimization algorithm in MATLAB®.

Application of IAS theory for multicémponent adsorption isotherm predictions
requires integration of the pure component isotherms in the spreading pressure equation
(equation 5). For the Langmuir isotherm, the spreading pressure equation was calculated
using an analytical equation, whereas for the D-A and D-R equations, the spreading
pressure was calculated by numerical integration. A diagram summarizing the analytical

protocol is given in Figure 5-1.

5.4 RESULTS AND DISCUSSION

5.4.1 Coal Petrographic Data

The selected Gates coals represent a wide range in maceral and ash contents
(Table 5-1). Two coals (C3-2 and B2-11) have high vitrinite (> 50 volume %, mineral
matter-free) and low ash (< 20 weight %) contents, whereas B2-10 and D3-3 have low

vitrinite (< 50 volume %) and high ash (> 20 weight %) contents.

144




Pure Component Isotherms

: g

Pure Component Isotherm Equations

Langmuir Dubinin-Radushkevich Dubinin-Astakhov

L

Extended Langmuir

IAS/Lang IAS/D-R IAS/D-A

IAS Theory

Binary Gas Predictions l

Spreading Pressure Calculations

Figure 5-1. Diagram illustrating protocol for binary gas adsorption predictions.
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5.4.2 Pure Gas Isotherms

High-pressure methane and carbon dioxide isotherms (303 K;Figure 5-2) exhibit
the expected trend of increasing gas adsorption with a decrease in ash content. If the
results are plotted on an ash-free basis (Figure 5-3), which assumes that mineral matter
adsorbs negligible amounts of gas, there is still a significant difference in the amount
adsorbed between the coals. Maceral composition thus exhibits some control upon gas
adsorption. The trend of increasing gas adsorption with total vitrinite content, as
demonstrated in previous studies'”, is not strictly obeyed here, however. The highest
sorbing coal (B2-11) does not have the highest vitrinite content. Lamberson and Bustin'’
also found that although methane gas adsorption generally increased with vitrinite
content, the highest sorbing coals did not have the highest yitrinite content, but had a
mixture of vitrinite and inertinite.

As observed in previous studies'*"*

, moisture has the effect of decreasing the
amount adsorbed for all cdals studied (Figure 5-4). For example, at 3 MPa, the ratio of
the volume adsorbed on the dry coal (B2-11) to the volume adsorbed on‘the moisture-
equilibrated coal (Var/ Vyer) is ~ 1.28 for methane adsorption and ~ 1.25 for carbon
dioxide adsorption for sample B2-11.

The D-R, D-A and Langmuir equations were applied to pure gas isotherm data
and an estimate of curve-fit error is given in Table 5-2. The D-A equation fits the
moisture-equilibrated and dry coal isotherm data within experimental error, whereas the
Langmuir fits are poorer. The D-R equation, which is a 2-parameter equation like the

Langmuir equation, provides a fit intermediate to the D-A and Langmuir equations. The

curve-fits for all equations are generally better for methane isotherms than for carbon
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Figure 5-2. Methane (a) and carbon dioxide (b) adsorption isotherm data
for dry -4 mesh coals. Results are presented on a dry, mineral
matter-containing coal basis (mmcb). Lines are D-A fit to data
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Figure 5-3. Methane (a) and carbon dioxide (b) desorption isotherm data for
dry -4 mesh coals. Results presented on a dry, ash-free (daf) coal
basis. Lines are D-A fit to data.
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dioxide. The Langmuir curve-fits are much better for the moisture-equilibrated coal data.
than for the dry coal. This is possibly due to water occupying some of the higher energy
adsorption sites, thereby making the remaining coal surface energetically homogeneous,
which is consistant with the assumptions of the Langmuir model. The effect of curve-fit
error upon IAS predictions will be examined in the following section.

The D-R, D-A and Langmuir equations were also applied to the pure gas
adsorption isotherm data of Hall ez al.”, to facilitate comparison with their 2-D equation-
of-state (EOS) models. The pressure ranges and objective functions for least squares
fitting specified by Hall ez al.” were used for comparison. The D-A isotherm equation
provided as good a fit to the data as the 2-D EOS models used by Hall ez al.”. The
average relative error or, average percent deviation, for the D-A equation is about 0.7 for
methane and 1.8 for carbon dioxide compared to about 0.7 and 1.7 for the EOS models,
respectively. Both the D-A and 2-D EOS equations have 3 adjustable parameters. The D-
R equation generally provides better fits than the Langmuir equation for pure component

isotherm correlation, despite having the same number of adjustable parameters.

5.4.3 Binary Gas Isotherm Predictions: Effect of Pure Gas Isotherm Equation

The extended Langmuir (equation 1) and IAS theory (equations 4-7), using the
Langmuir, D-R, and D-A equations for spreading pressure calculation, were applied to
the pure gas isotherm data for prediction of binary gas adsorption behaviour. Prior to
assessing the results of the model predictions, however, the issue of the incorrect zero-
pressure limit of #/P for the D-R and D-A isotherms, and hence the suitability of these

equations for spreading pressure calculation, is addressed.
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The function /P, calculated using the Langmuir, D-R, and D-A equations, is
plotted versus pressure for dry sample B2-11 in Figure 5-5. The zero-pressure
assymptote for the D-A/D-R equations does not show up in the pressure range of the
experimental data, whereas the low pressure-limit is clearly approached for the Langmuir
model. All models provide excellent fits to the data for pressures greater than > 0.5 MPa
for methane and carbon dioxide, but the Langmuir model deviates substantially from the
D-A/D-R at P < 0.5 MPa. Because significant deviation occurs only at very low ;
pressures, the incorrect limit of the D-A/D-R isotherm is unlikely to substantially affect
spreading pressure calculations in the range of pressures used in the current study. A
similar conclusion was reached by Richter e al.?/, who used the D-R equation for
spreading pressure calculations for methane and ethane adsorption on activated carbon.
Reduced spreading pressure plots (Figure 5-5) show that all models predict similar
spreading pressures for methane, but are substantially different for carbon dioxide. The
difference in spreading pressure plots likely reflects the difference in the curve fits for the
isotherm equations.

Calculated equilibrium adsorption data plots (Figures 5-6, 5-7) for the
methane/carbon dioxide binary system illustrate the differences in predictions of the
extended Langmuir model and IAS theory (with different pure gas adsorption isotherm
fits). At a constant pressure of 2.5 MPa and a given gas concentration, the extended
Langmuir model consistently predicts a greater adsorbed methane mole fraction than the
IAS predictions using the Langmuir (IAS/Lang), D-R (IAS/D-R) and D-A equations

(IAS/D-A). The IAS/D-R and IAS/Lang yield comparable predictions, whereas the
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IAS/D-A predicts lower adsorbed methane mole fractions. Model predictions are in
better agreement for the moisture-equilibrated coal desorption data than for the dry
adsorption data, which is likely due to smaller difference between isotherm cur;/e fits for
the moisture-equilibrated coal isotherm data than for the dry coal data.

The effect of total gas pressure, moisture content, and coal composition upon
binary gas adsorption, as predicted from single component isotherms, can be illustrated
using separation factor (equation 3) plots (Figures 5-8, 5-9). For purposes of clarity, only
three model predictions are shown: the extended Langmuir, IAS/Lang and IAS/D-A. For
dry coal, the carbon dioxide separation factor, as determined from IAS theory, is a
function of pressure (Figure 5-8). The IAS/D-A theory predicts a decrease in carbon
dioxide separation factor with an increase in pressure and with carbon dioxide
concentration, with the exception of sample D3-3. The trend of decreasing selectivity
wi_th an increase in concentration of the more strongly sorbed component is consistent
with previous findings®’. The IAS/Langmuir theory predicts the opposite: carbon dioxide
selectivity increases with pfessure and gas phase concentration. The extended Langmuir
equation gives a constant separation factor, which is independent of total gas pressure and
concentration. For moisture-equilibrated coal data, IAS/D-A aﬁd IAS/Langmuir |
predictions are similar and separation factors increase with an increase in total pressure,
and with an increase in carbon dioxide gas concentration. The carbon dioxide separation
factors for moisture-equilibrated coal data are generally smaller than for dry coal data.

Model predictions indicate that the presence of moisture in coal decreases the

selectivity for carbon dioxide. Water competes with both gases for adsorption sites on
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the coal surface, and apparently occupies the higher energy sites that would otherwise be
occupied by carbon dioxide if the coal were dry.

The effect of coal composition upon carbon dioxide selectivity, as determined
from model predictions, is not obvious. Although some variablity between coals exists,
there is no obvious relationship between coal composition and carbon dioxide selectivity,
particularly for dry coal (Figure 5-8). For the wet coals, the bright (C3-2) and banded
bright (B2-11) coals have higher carbon dioxide selectivities than the dull coals (B2-10
and D3-3), despite having a higher moisture content (Table 5-1). The difference in

selectivities is minor, however.

5.4.4 Experimental Binary Gas Isotherms

Binary gas desorption (303 K) isotherms for two feed gas compositions (90%
CH4/10% CO; and 75% CH4/25% CQOy) illustrate similar trends with coal composition as
found with pure gas isotherms (Figure 5-10). The total adsorbed gas volumes are greater
for the banded bright and bright coals than for the two dull coals. If the results are
plotted on a dry, ash- free (daf) basis (Figure 5-11), there is less of a discrepancy between
isotherms (as was observed for pure component isotherm data). Although a relationship
between coal maceral composition and gas adsorption appears to exist, this relationship is
not simply one of increasing gas adsorption with increasing total vitrinite content.
Inertinite macerals such as semifusinite may also contribute greatly to the adsorption
capacity of coals'’; the highest sorbing coal in this study contains a mixture of vitrinite

and semifusinite macerals.
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Figure 5-10. (a) 90% methane/10% carbon dioxide and (b) 75% methane
/25% carbon dioxide total desorption isotherm data for moisture
-equilibrated -60 mesh coals. Results presented on a moisture
-equilibrated, mineral matter-cbntaining (mmcb) coal basis.
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Component adsorption isotherms (Figure 5-12) demonstrate that the methane is
preferentially released at higher pressures during desorption; thus, the methane adsorbed
phase mole fraction decreases with a decrease in total gas pressure. For the 90%
CH4/10% CO; (feedgas) isotherm, significant carbon dioxide desorption occurs only at

/
relatively low'pressure. Greaves ef al.”, who studied binary gas adsorption/desorption on
dry coal, observed a similar retention of carbon dioxide until low pressures. As
suggested by those authors, economic assessments must take into consideration the
relative adsorption of component gases for the accurate prediction of economic gas
(methane) reserves. |

CO; separation factors for the 75% CH4/25% CO, (feedgas) desorption isotherm
are plotted against gas composition in Figure 5-13. The separation factors decrease with
the CO, gas phase mole fraction. Separation factors determined from 90% CH4/10%
CO;, (feedgas) desorption isotherm also generally decrease with CO, gas phase mole
fraction (not shown). Although there is some variability between coals, the difference in
carbon dioxide selectivities is probably not significant based upon a 10% experimental
error in each component. Model predictions from pure component data suggest that coal
moisture content is a control upon carbon dioxide selectivity. Because the coals studied
vary in moisture content as well as organic composition and mineral content, the control
of these factors upon gas selectivity is difficult to isolate with the current binary gas data
set. It appears, however, that although coal bulk composition and organic matter

composition are important controls upon the adsorbed volume of each component, the

selectivity of carbon dioxide over methane is not significantly affected.
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5.4.5 Binary Gas Model Fits to Experimental Data

The extended Langmuir model and IAS theory were used to predict the binary gas
adéorjption data of sample B2-11, the purest (lowest ash) coal in the current data set. In
addition, the data of Hall et al.” were used for model comparison, as the Hall et al.” data
spans a much greater range of gas compositions than the current data set. Only Hall et
al.” binary gas data at total pressures less than ~ 5.5 MPa were used to facilitate
comparison with the current data set.

Table 5-3 contains the relative error estimates of each model for sample B2-11
total gas, methane and carbon dioxide adsorption. For total gas adsorption, the IAS
models are slightly more accurate than the extended Langmuir equation. The IAS models
are also generally superior for component adsorption, particularly for the 75% CH,
isotherm. Of the IAS models, the IAS/D-A provides a better fit than all other models for
the 75% isotherm.

Relative error estimates for the binary gas data of Hall et al.” (Table 5-4) are quite
variable, and depend upon the feed gas composition. Relative errors for total gas
adsorption are compérable for the extended Langmuir and IAS models, but are variable
for the single component adsorption. Surprisingly, the extended Langmuir and the
IAS/Lang models provide, on average, a better fit to component data than the IAS/D-R
and TAS/D-A models. This is despite the fact that the D-A and D-R equations fit the pure
component isotherms better than the Langmuir equation. A possible cause of the poorer
curve fits of the IAS/D-A and IAS/D-R for component adsorption is the error introduced
in the spreading pressure calculation do to the incorrect limit expressed by equation (9).

This potential source of error could be tested by applying modified Dubinin equations, as
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proposed by Kapoor ef al.*', which have the correct Henry’s law limit. The modification
suggested by Kapoor et al.*!, however, involves the addition of two extra parameters for
each Dubinin equation, giving a total of 4 and 5 adjustable parameters for the D-R and D-
A equations, respectively.

Model predictions for the variation of carbon dioxide selectivity with gas
concentration also differ (Figure 5-14). The experimental results of Hall e al.” show that
the carbon dioxide selectivity for each isotherm slightly decreases with an increase in
carbon dioxide gas phase mole fraction or partial pressure. The IAS/D-A model is the
only model to at least qualitatively predict the experimental trend in carbon dioxide
selectivity, Aespite predicting a higher selectivity than the other models. The extended
Langmuir model predicts a constant carbon dioxide separation factor, which is not
consistent with the experimental data. The IAS/D-R and IAS/Langmuir models both
predict an increase in CO; selectivity with an increase in partial pressure, which is also in
disagreement with the experimental data. The variablility of carbon dioxide selectivity
with gas composition and pressure for the Hall e al.” data set is quite small, but in
systems where the selectivity varies greatly, the incé)rrect selectivity predictions by the
IAS and extended Langmuir models could lead to serious errors in predictions of binary

gas adsorption/desorption.

5.4.6 Implications for Carbon Dioxide Sequestering and Reservoir Characterization

Mixed gas desorption isotherms collected using realistic initial feedgas
compositions and pressures are an important tool for the accurate prediction of gas

storage capacities, which are in turn used for economic assessment of gas reservoirs.
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Experimental results for moisture-equilibrated coal in the current study have
demonstrated that the adsorbed phase methane mole fraction generally decreases with
total gas pressure, which is consistent with previous studies of dry coal/binary gas
systems”. |

Carbon dioxide selective adsorption over methane is an important coal
characteristic that will have important implications for the success of any enhanced
recovery project involving carbon dioxide injection. The relative insensitivity of CO,
selectivity to coal composition should simplify recovery predictions in regions where
coal seams are highly heterogeneous with respect to organic and mineral content.
Complicating predictions, however, is the fact that selectivity, particularly in the case of
dry coals, is a function of carbon dioxide concentration and total gas pressure. In
addition, selectivity is a function of coal moisture content, and therefore an accurate
estimate of in-situ coal matrix water content is required for the accurate prediction of
binary gaé adsorption.

Models used for Binary gas adsorption differ in their ability to predict carbon
dioxide selectivity trends with reservoir pressure. For moisture-equilibrated coals used in
this study, the experimentally determined carbon dioxide selectivities vary only slightly
with pressure, and hence the extended Langmuir model, which predicts a constant
selectivity, is relatively accurate for binary gas predictions. If the selectivity varies
strongly with pressure for a particular coal compositon or rank, the extended Langmuir
model may not be adequate for binary gas adsorption predictions. The poor fit of the

Langmuir isotherm to pure gas adsorption isotherms for some coal/gas systems, such as
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for dry coals used in the current study, could lead to inaccurate extended Langmuir

predictions for binary gas adsorption.

5.5 CONCLUSIONS

The effect of coal composition and moisture content upon binary gas adsorption,
as well as the effect of various single component isotherm equations upon binary gas

predictions was investigated. The following conclusions are drawn:

1) The Dubinin-Astakhov and Dubinin-Radushkevich equations are clearly superior to
the Langmuir equation for fitting methane and carbon dioxide pure component
isotherm data on dry and moisture-equilibrated coals. This conclusion is based on
curve-fitting of dry and moisture-equilibrated Gates Formation coal isotherm data, as
well as for moisture-equilibrated coal data of Hall et al.”. The Langmuir curve-fit
errors are much larger for dry coal than for moisture-equilibrated coal data. This is
possibly due to water occupying some of the higher energy adsorption sites, thereby
making the remaining coal surface energetically homogeneous, which is consistant

with the assumptions of the Langmuir model.

2) IAS and extended Langmuir predictions using pure component isotherm data show

no significant difference between carbon dioxide selectivities of different coal types.
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3) IAS and extended Langmuir predictions using pure component dry coal adsorption
isotherm data and moisture-equilibrated coal desorption isotherm data suggest that

carbon dioxide selectivity is greater for dry coals than for moisture-equilibrated coals.

4) Predicted equilibrium compositional diagrams illustrate a large discrepancy between
the IAS models and the extended Langmuir model. The IAS models typically predict
lower methane sorbed phase concentrations at a given pressure than the extended
Langmuir model, particularly for dry coals. Only the IAS/D-A predicts a decrease in
carbon dioxide selectivity With increasing carbon dioxide concentration for dry coal
data, which is in agreement with experimental findings. The IAS/D-R and
IAS/Langmuir models both predict an increase in carbon dioxide selectivity with
carbon dioxide concentration. The discrepancy between IAS models, particularly for
dry coal data, is likely a result of pure component isotherm curve-fit errors. The
extended Langmuir model predicts a constant selectivity. All models are in better
agreement for moisture-equilibrated coal data, but the TAS models all predict a slight

increase in carbon dioxide selectivity with concentration.

5) Experimental binary gas adsorption data demonstrates that total gas adsorption is
affected by coal composition, but the selectivity of carbon dioxide over methane is
not. A slight variation in selectivity exists between coal types, but the variation is not

large and is difficult to separate from the effect of varying coal moisture content.

6) Methane adsorbed phase concentration decreases with pressure for the moisture-
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equilibrated coal/binary gas desorption isotherms in agreement with previous studies

of dry coal.

7) IAS models are generally more accurate for both total gas adsorption and component
adsorption than the extended-Langmuir model for the current experimental binary gas
adsorption data set. IAS predictions for the Hall ez al.” binary gas adsorption data,

however, are generally not superior to the extended Langmuir model.

8) Carbon dioxide selectivities, obtained from the data of Hall ef al.” , decrease with an
increase in carbon dioxide concentration. All model predictions, with the exception

of the IAS/D-A model, fail to qualitatively predict this behaviour.
Nomenclature

A = adsorbent surface area
b = Langmuir model constant
D = constant of D-A or D-R equation
m = mass of coal
n = amount adsorbed [mol/g or mmol/g] or D-A equation exponent
n;’ = is the amount of pure component adsorbed from pure gas at the same temperature
and spreading pressure as the adsorbed mixture
P = total pressure
P; = Partial pressure of component i
P = gas (vapour) pressure of the pure component adsorbed at the same temperature and
spreading pressure as the solution
P, = adsorbate saturation vapour pressure
R = gas constant. 8.3145 [J/mol K]
T = temperature
V = volume or volume adsorbed @STP
V1. = Langmuir isotherm adsorption constant
Vo= D-A or D-R micropore capacity
x; = adsorbed phase mole fraction of component i
y; = gas phase mole fraction of component i
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Subscripts

ads = adsorbed

I = component i

J = component j

L= Langmuir

m = molar quantity

ref = reference cell

s = sorbate

sc = sample cell

STD = standard conditions
v = voids

z = gas compressibility factor

Superscripts

I = current pressure step
I-1 = previous pressure step

Greek Symbols

a = separation factor or selectivity ratio, Eqn. (3)
7 = spreading pressure
7" = reduced spreading pressure, Eqn. (5)
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CHAPTER 6
CONCLUSIONS

6.1 INTRODUCTION

Accurate gas content determination is critical for the economic assessment of coal
gas reservoirs and gas production forecasts. Gas content estimates are typically obtained
from sub-samples of the reservoir, and therefore it is necessary to understand how
variability in coal properties affects such estimates. The use of accurate equilibrium and
non-equilibrium adsorption models is also required to obtain reasonable gas-in-place
values.

Coal is a compositionally complex material containing both organic and inorganic
components. The compositional heterogeneity of coal is expressed at all scales, from the
molecular to the seam scale'. Of particular interest to coalbed methane exploration and
development programs is the heterogeneity at the seam scale. Compositional
heterogeneity imparts heterogeneity in other coal physical properties, such as gas
adsorption and pore structure, which significantly affect gas contents and transport.
Failure to properly characterize this heterogeneity could lead to inaccurate economic
assessments of gas reserves. An understanding of how coal property variations affect gas
transport at the seam scale could aid in short and long term gas production forecasting.
This thesis has addressed the effects of compositional heterogeneity, moisture content,
and pore structure upon multicomponent equilibrium adsorption and matrix transport at
the laboratory scale. The goal of this research has been to understand and quantify these

effects for coals at the laboratory scale in order to aid in the characterization of a coal gas
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resource at the seam scale. The “scaling up” of laboratory results to the seam or multiple
seam level is a difficult task, but laboratory investigations of this nature will eventually
lead to a greater understanding of the factors affecting coalbed methane exploitation.
Coals of the Gates Formation of Northeastern B.C. Canada, and coals from Australia
were used for the current investigation.

Models commonly used for correlating and predicting equilibri\um and non-
equilibrium adsorption were tested against experimental data in this thesis. Some success
has been met with the application of simplistic single and multicomponent equilibrium
and non-equilibrium adsorption models, but these models are not necessarily accurate for
all coal types. The systematic evaluation of commonly used equilibrium and non-
equilibrium models has been undertaken, and in the caée of non-equilibrium adsorption

models, new models have been developed and tested.

6.2 EFFECT OF COAL COMPOSITION UPON PORE STRUCTURE AND GAS

STORAGE

Coal lithotype composition, which is a function of organic content and

composition, has a marked effect upon coal pore volume distributions of Gates Formation
coals. Low-pressure volumetric adsorption analyses indicate that bright and banded
bright coals (low ash, high vitrinite content) have greater micropore volumes than dull
coals (high ash, low vitrinite content) of the same rank whereas dull coals have greater
mesoporosities. Mercury porosimetry results show that all coals have multimodal pore
volume distributions; one banded-bright coal has a large peak in the macropore range,

which may be due high amounts of semifusinite in the sample.
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Composition of the Gates Formation coals affect pure gas adsorption capacity.
High-pressure methane and carbon dioxide adsorption isotherms illustrate that bright and
banded bright coals, which have a large micropore volume, adsorb more gas than dull
coals. Although maceral composition has some effect upon gas adsorption, there is no
clear relationship between adsorption and the quantity of any particular maceral group.
There is, however, a clear (linear) relationship between micropore volume and gas
adsorption for the Gates coals.

Coal composition also affects total gas adsorption for binary gas/moisture-
equilibrated coal systems, but does not appear to significantly alter component
selectivity. Experimental data indicate that carbon dioxide selectivity varies sfightly
between coal lithotypes, but the effect of variable coal composition and moisture upon
selective adsorption are difficult to isolate. Model predictions based upon pure \(
component, moisture-equilibrated isotherm data show that coal composition has an
insignificant effect upon carbon dioxide selectivity. Carbon dioxide selectivities are
dependent upon coal moisture content, however. A comparison of predicted carbon

dioxide selectivity from dry and moisture-equilibrated coal pure gas isotherm data reveals

that carbon dioxide selectivity decreases with moisture content.

6.3 APPLICATION OF PURE AND MULTICOMPONENT ADSORPTION
MODELS
The traditionally used Langmuir isotherm equation, which assumes monolayer
adsorption, is not as accurate as the Dubinin-Radushkevich (D-R) and Dubinin-Astakhov

(D-A) equations, which are based upon pore volume filling/potential theory, for fitting
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coal adsorption isotherm data. These models were applied to high-pressure (up to 10
MPa) methane adsorption isotherms (303 K) and low-pressure (< 0.127 MPa) carbon
dioxide isotherms obtained for 13 Australian coals. In all cases, the Dubinin equations,
particularly the D-A equation, provide a better fit to adsorption data. This result was also
demonstrated for high-pressure methane and carbon dioxide isotherm data collected using
dried and moisture-equilibrated coals of the Gates Formation. The Langmuir isotherm
fits are particularly poor for dried coal data.

The validity of the Langmuir and Dubinin modelsbwas checked by testing model
assumptions. The assumption of an energetically homogeneous surface, as proposed by
Langmuir theory, is not true for coal. Application of potential theory to the methane-coal
system resulted in temperature-invariant methane characteristic curves, which is an
assumption of the Dubinin models. The application of isotherms based on pore volume
filling/potential theory therefore have general validity in their application to high-
pressure supercritical methane-coal systems as well as providing a better fit to isotherm
data.

Discrepancies exist between extended Langmuir model and IAS theory
predictions for binary (CH4/CO,) gas adsorption. IAS theory, used in conjunction with
the Langmuir, D-R, and D-A equations, consistently predicts lower methane sorbed phase
concentrations, at a given gas phase composition and pressure, than the extended
Langmuir model. Only the IAS/D-A predicts a decrease in carbon dioxide selectivity
with increasing carbon dioxide concentration. The discrepancy between IAS predictions,
particularly for dry coal data, is likely due to pure component isotherm curve-fit errors.

IAS model fits to experimental data are generally better than the extended Langmuir

-
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model for binary gas data collected in this thesis, but this is not true for the data collected

by Hall et al.®

6.4 EFFECT OF PORE STRUCTURE AND GAS ADSORPTION UPON MATRIX
TRANSPORT

Pore volume distributions have a significant effect upon adsorption rate or matrix
gas transport behaviour of coal. Bright coals, which have a unimodal, microporous
structure tend to sorb methane and carbon dioxide gas more slowly than dull or banded
coals, which have a multimodal pore structure. Diffusion models which assume a
unimodal pore volume distribution are adequate only for bright coals; banded and dull
coals require models that must account for a multimodal pore structure.

Methane effective diffusivities, obtained using the commonly applied unipore
diffusion analytical solution, increase with an increase in methane gas pressure. This

pressure dependence is likely due to the failure of the unipore analytical model to account

. for nonlinear adsorption.

To account for the bimodal pore volume distribution and non-linear adsorption
characteristics of some coals, ﬁew numerical models were developed for application to
adsorption rate data. The new bidisperse numerical model performs adequately for dull
and banded coals, but close examination of optimized parameters suggest that some of
the assumptions of the model may be invalid. The optimized numerical model methane
diffusivities decrease with an increase in gas pressure, which is consistent with a bulk

gaseous diffusion mechanism.
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6.4 POSSIBILITIES FOR FUTURE RESEARCH

The research presented in this thesis could be expanded upon by the systematic
investigation of coals of different ranks and compositions from localities within and
outside of the Western Canadian Sedimentary Basin. A recent study by Bustin and
Clarkson® has demonstrated that “provincialism” may exist with respect to coal
adsorption characteristics of different coal basins. For example, a relationship between
coal composition and adsorption capacity may be readily demonstrated for a particular
iso-rank coal deposit, but this relationship may not stand up for different coal deposits of
similar rank. This suggests that the relationship between coal properties and gas content
is still incompletely understood, and further investigation is required to obtain a “global”
relationship.

Much more work is required to understand multicomponent gas adsorption
characteristi;:s of coals of all ranks and compositions. A systematic investjgation of
many more coal lithotypes is required to test the conclusions arrived at in this thesis; to
date, no other studies of this kind have been undertaken. Currently, only a handful of
mixed gas studies exist for coal, and most of these have focused upon the accurate
prediction of equilbrium adsorption. Improved models are still needed to predict mixed
gas adsorption within experimental accuracy.

To date, the effect of improved adsorption rate/matrix transport models upon lost
gas calculations has not been fully investigated. Mavor et al * investigated the effect of
.mproved diffusion models upon core desorption for a limited number of coals and found

that more sophisticated models do not necessarily result in more accurate estimates of
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lost and total gas contents. Investigations of this kind, however, are required for a greater

variety of coals than those used in the Mavor ef al.* study.
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APPENDIX I - Description of high-pressure volumetric gas adsorption apparatus
and adsorption isotherm collection procedures

Equipment

The volumetric apparatus used for experimental determination of equilibrium gas
adsorption/desorption isotherms and adsorption rate analysis is based upon the design
described by Levy ez al.' which is in turn based upon the design described by Mavor et
al.’ . A schematic diagram of the apparatus is provided in Figure 1. The apparatus is
capable of collecting adsorption isotherm data for four samples simultaneously.
Continuous unmanned operation (system calibration, helium and sample gas dosing and
venting, and data acquisition) are achieved via computer control. A program, written in
Turbo Pascal, V 6.0 by CSIRO, Lucas Heights, Australia, was purchased for system
operation.

A brief description of instrument components is provided below:

Pressure T ransducers — high precision variable capacitance SETRA ® C280E (0-
3000 PSI) pressure transducers with 2-wire, 4-20 mA output
Quoted full-scale accuracy is 0.11%.

Sample Cells — 150 cc internal volume WHITEY ® 316L stainless steel rated at 5000 PSI
(34.4 MPa). 1/4" female NPT ends

Reference Cell —300 cc internal volume WHITEY ® 316L stainless steel rated at
5000 PSI (34.4 MPa). 1/4" female NPT ends.

Ball Valves — air-actuated, 2-position, 2-way WHITEY ® 316 stainless steel ball

valves, pressure- rated to 3000 PSIG (20.6 MPa). 1/4" SWAGELOK ®
connections.

Air Actuators - WHITEY ® spring return pneumatic actuator.

Metering Valves — 21 series WHITEY ® 316 stainless steel Micro-metering
valves, pressure-rated to 3000 PSI (20.6 MPa). 1/4” SWAGELOK ®
connections.

Tubing— 1/4" outer diameter, thick walled seamless stainless steel.

Water Bath — ~100 litre insulated water bath thermostatted at 30.0 £ 0.1°C.

The transducer 4-20 mA current output is to controllers which display pressure
and transmit data to a serial converter. All five transducer outputs are accessed from a

single computer serial port. Pneumatic valve switching is achieved via solenoid valves,
which direct air pressure to the pneumatic actuators. The solenoid valves are tripped via
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Figure 1. Diagram illustrating high-pressure volumetric apparatus.
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solid state relays, which are interfaced with the computer through a commercial interface
card. Solenoid valves are equipped with a manual override. The pneumatic valves are in
the “normally closed” position in the event of a power failure.

The apparatus is equipped with a safety relief valve, which will vent the system
above a setpoint pressure of about 17 MPa.

Pressure Transducer Cross-Correlation

The high-pressure volumetric adsorption apparatus is equipped with four separate
sample cells and one reference cell for the simultaneous (automatic) determination of
four adsorption isotherms. Each cell has a corresponding pressure transducer. In order
that each pressure transducer effectively reads the same gas pressure, the transducer
readings are corrected for pressure offset. This procedure is performed using the
following steps:

1) All cells are first evacuated simultaneously and then charged with helium gas to the
same pressure. Cells are allowed to thermally equilibrate for several minutes, and
pressure readings are obtained from each transducer. The cells are then charged to a
higher gas pressure, and pressure readings re-taken. Typically, about 16 pressure
steps are taken at pressure increments of 0.2 — 1 MPa.

2) The zero-offset pressure is subtracted from each transducer pressure reading, and the
pressure reading for each transducer is averaged for each pressure step.

3) The offsets from the average pressures were calculated and graphed.

4) A second order polynomial (ax+bx*+c) was fitted to the offset data regression as in
some cases the offset curves were slightly parabolic. Good fits were obtained in all
cases. The zero offset was added back on to the ¢ parameter in the polynomial.

5) The second order polynomial coefficients were then tabulated in spreadsheets used
for isotherm determination, and raw pressure readings on transducers were corrected
for offset. '

Sample and Reference Cell Calibration

A series of helium expansions from the reference cell to each sample cell are
performed with the sample cell empty and filled with a known reference volume to
determine the volumes of the reference and sample cells. The expansions are carried out
in 12 steps from an initial pressure of about 1 MPa to about 6 MPa.’
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Empty Sample Cell

The equation relating the volume of the sample cell (V) to the volume of the
reference cell (Vr) is:

_5-h)

= xV,
P -P)

Where P; is the pressure in the reference and sample cells prior to expansion, P; is the
pressure in the reference cell after charging with helium, and P; is the pressure in the
sample and reference cell after expansion. The bar symbol above the pressure ratio term
indicates that this ratio is averaged over all twelve pressure steps. Helium gas pressures
are corrected for non-ideality.

Sample Cell filled with Reference Volume

The sample cell is filled with a known volume of steel balls, and the above
procedure is repeated. The equation relating the volume of the sample cell and to the
volume of the reference cell is:

(P, -P)
VS:VSB+——(IZ_P13) XV,

where Vg is the total volume of the standard steel balls.

In order to determine the sample and reference cell volumes, equations 1) and 2)
are equated. The reference cell volume is actually calculated four times during this
procedure, and the average value of the reference cell volume is used in the calculation of
the sample cell volume. The coefficient of variation for the reference cell volume is less
than 0.15 % based upon repeated calibrations.

Pure Gas Isotherm Collection

The pre-weighed, moisture-equilibrated (Appendix II) or dried coal samples are
placed in a sample cell, equipped with an inlet metal frit filters to prevent coal loss from
the sample cell during venting or evacuation. Sample masses used are usually between
70 — 100 g. The following procedures are then followed for an isotherm run:
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1) Leak Testing

Prior to analysis, the system manifold and cells are leak tested with helium. The
system is tested for isolated cell leaks and through-valve leaks. Typically, the system is
briefly evacuated and pressured up to > 7 MPa. Several minutes are allowed for thermal
equilibration, and pressure readings are taken at approximately 20 minute intervals for 1-
2 hours. In addition, the high-pressure fittings are periodically leak tested with SNOOP
®.

2) Void Volume Determination

A series of helium expansions from the calibrated volume of the reference cell to
the sample cell are performed in order to determine the sample cell void volume (volume
not occupied by solid coal). This procedure is similar to the volume calibration
procedure described above.

3) Isotherm Collection

After the leak tests and sample void volume calibrations have been performed, the
system is depressurized and briefly evacuated. The following procedure is then used for
(adsorption) isotherm collection:

1) The sample cells are isolated (sample valve shut) and the initial pressure in the
sample cell is recorded.

2) The reference cell is charged with a pressure 1-1.5 MPa greater than the pressure of
the sample cell with pure gas (methane or carbon dioxide) and isolated. About 3
minutes is allowed for thermal equilibration of the reference cell.

3) The sample cell is dosed with pure gas from the reference cell for approximately 3
seconds and then the sample valve is closed.

4) Pressure in the sample cell is allowed to stabilize. A typical equilibrium requirement
for — 60 mesh (250 um) powdered coal is that the pressure in the sample cell remain
constant (AP = 0.000 MPa) for a 2 hour period. A much more stringent requirement
is used for coarser particle sizes.

5) Steps 2) —4) are repeated over a cycle of 8 —10 pressure points.

Calculation of the volume of gas adsorbed STP (T =273.15K, P =0.101325
MPa) at each pressure step is determined using real gas densities and mass balance:

T Pl_l PI PI P]—l
V. =|—232 1% rf  _Zr | V V) = _= 1
ads |:TPSTD mc:| X [ ref[ z z ( void s) z z ( )
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The sample void volume (V,,:4), which is the volume in the sample cell not
occupied by solid coal, may be corrected for the volume occupied by the adsorbate (V) if
a molar density of the adsorbate is assumed. Gas compressibilities, unless otherwise
specified, are determined from values tabulated in the Gas Encyclopedia’.

Desorption isotherms are collected (manually) using the reverse of the procedure
outlined above.

Isotherm reproducibility for moisture-equilibrated coals, determined from
replicate analyses in different cells, is typically < 2-3%. To determine the inter-
laboratory reproducibility of isotherms, a methane adsorption isotherm was collected, for
a moisture-equilibrated coal sample, by the CSIRO Division of Coal and Energy in NSW,
Australia, using a similar volumetric apparatus. The same coal sample, re-equilibrated
with moisture, was also run using the above-described apparatus. The resulting isotherms
were within 5%.

Binary Gas Desorption Isotherm Collection

Binary gas (methane and carbon dioxide) desorption isotherms were collected in a
similar manner to the pure gas isotherms, except that small gas samples were taken at two
stages during a desorption step for GC analysis. Sample cells were used to extract small
(~ 3 ml) gas with a syringe after the pressure had stabilized in the sample cell during a
adsorption step. The pressure drop after extraction was usually small (<< .01 MPa)
(check), and the pressure was again allowed to stabilize for several hours prior to the next
desorption step. As with the Greaves et al.* study, the pressure drop accompanying
extraction was found to have a negligible effect on adsorbed gases. The reference cell
was then dosed with a small amount of mixed gas from the sample cell to initiate the next
desorption step. A gas sample was extracted from the vent for GC analysis (Appendix
IIT) to determine the composition of the gas in the reference cell.

For binary gas isotherms, a mass balance was performed for each component
using the following equation (2):

- T i Ps) ™ Wiy Py) Py (Lp)"
Vaiis — [i__} X |:Vref((y ef f) _ (y ef f) _(vad _Vs) (ysczsc) _ (ysc sc)

T Pypm, z z z

where ¥/, is the volume of component j adsorbed from the mixture at each adsorption
step, and y’is the free gas (unadsorbed) mole fraction of component j. The volume of

the sorbed phase was calculated using the following equation, which assumes the sorbed
gas behaves like an ideal solution:
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V,=2xV, 3)

where V,,; is the molar volume of the liquid adsorbate. Equations (2) and (3) must be
solved iteratively at each adsorption step, with the Gibbs adsorption volumes as the initial
guess for equation (2). Gas compressibility factors for pure and mixed gases were
determined using the Peng-Robinson equation-of-state’.

Nomenclature

m = mass of coal [g]
P = total pressure [MPa]

T’ = temperature [K]

V = volume [cm’] or volume adsorbed [en’/g@STP]
x; = adsorbed phase mole fraction of component i
;i = gas phase mole fraction of component i

Subscripts

ads = adsorbed

1 = component i

m = molar quantity

ref = reference cell

s = sorbate

sc = sample cell

STD = standard conditions

v = voids

z = gas compressibility factor

Superscripts

I = current pressure step
I-1 = previous pressure step
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APPENDIX 1I - Determination of equilibrium moisture

The procedure used to determine equilibrium moisture of coal samples for
isotherm analysis is similar to that described in Mavor ef al.' and follows exactly the
procedure described by Levy et al.®>. This procedure is summarized below:

1) Samples to be used for isotherm analysis are crushed to pass through a 60 mesh sieve
(<250 pum particle diameter). Approximately 100 grams of sample are required for
isotherm analysis.

2) The weighed isotherm samples are placed in a vacuum-type desiccator containing
water vapour in equilibrium with a saturated solution of K,SOj4 at 30°C. The
desiccator is evacuated with a water venturi pump.

3) The sample is periodically reweighed (every 24 hours) until the sample weight is
constant (to within 0.02 g). Equilibrium is usually achieved within 60 hours.

4) The moisture of a 1g representative split of the isotherm sample is determined using

 ASTM procedure D 3173 — 73 (Reapproved 1979)°.
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APPENDIX III - Gas Chromatography

Gas samples for binary gas desorption isotherm experiments were analyzed using
a Varian 3600 CX gas chromatograph equipped with a thermal conductivity detector .
(TCD) and a flame ionization detector (FID). A 1/8”x12’ 60/80 mesh Hayesep R column
was used. The TCD was used for quantitative analysis of carbon dioxide and methane
mole fractions. Helium was used as a carrier gas, with a column flow rate of 30 ml/min
in the column. Oven temperatures for either detector were programmed to vary from
70°C to 200°C at 10°C/min followed by a 5 minute hold. Each analysis was completed
in 22 minutes. Quantitative analysis was achieved via calibration with primary standard
grade (guaranteed 0.02 % absolute accuracy) methane/carbon dioxide mixtures with
known mole fractions, obtained from Praxair Inc. Calibration standards were chosen to
span the range of expected analyzed gas concentrations. TCD counts for each component
in a standard mixture, determined from chromatogram peak integration, were ratioed and
plotted against methane mole fraction to obtain calibration curves. Precision of analyzed
mixtures were estimated to be within 0.002 mole fraction based upon replicate analysis of
calibration standards and analysis gas.
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APPENDIX IV - Isotherm Data used in Chapter 2

* Gas compressibility factors determined from tabulated values in the Gas
Encyclopedia’

HIGH PRESSURE (> .101 MPa) METHANE ISOTHERMS-moisture —equilibrated coal

Sample Description: Bulli Seam Coal Bl
Sample Number: Bl
Reference Number:  c¢cbm222

Experiment Date: 20/5/94 Reference Volume (cm®): 310.79 Moisture(%): 0.9

Sample Cell No: 5 Void Volume (cm®): 71.85 Ash(%): 10.2
Temp (°C): 30.0 - Coal Volume (cm?): 86.64
Mass of Coal (g): 119.47 Coal Density (g/ cm®): 1.412
Step Number Equilibrium Cell Pressure Yolume CH, Adsorbed
(MPa) (cm3/e@STP, raw coal)
1 0.249 228
2 0.707 5.04
3 1.656 8.33
4 2.756 10.50
5 3.871 12.00
6 4951 12.98
7 6.090 13.99
8 7.002 14.72
9 7.995 15.21
10 8.961 15.76

Sample Description: Bulli Seam Coal B2
Sample Number: B2
Reference Number: cbm230

Experiment Date: 14/6/94 Reference Volume (cm’): 310.79 Moisture(%): 0.8

Sample Cell No: 5 Void Volume (cm’): 95.00 Ash(%): 9.6
Temp (°C): 30.0 Coal Volume (cm®): 61.48
Mass of Coal (g):  85.7 Coal Density (g/ cm’): 1.394
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/9(@STP, raw coal)
1 0.295 3.30
2 0.844 6.34
3 1.828 9.37
4 2.868 ' 11.35
5 3.896 12.75
6 4934 13.85
7 5921 14.65
8 6.910 15.31
9 7.895 15.91
10 8.862 16.47
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HIGH PRESSURE (>.101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-

equilibrated coal

Sample Description:
Sample Number:
Reference Number:

B3

Experiment Date: 20/5/94

Bulli Seam Coal B3

cbm224

Reference Volume (cm’): 310.79

Moisture(%);: 0.7

Sample Cell No: 7 Void Volume (cm’): 82.43 Ash(%): 8.6
Temp (°C): 30.0 Coal Volume (cm®): 69.96
Mass of Coal (g): 96.35 Coal Density (g/ cm?): 1.377
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.266 2.98
2 0.788 5.99
3 1.750 9.16
4 2.858 11.22
5 3.893 12.75
6 4.940 13.79
7 5.947 14.56
8 6.932 15.47
9 7.942 15.93
10 8.943 16.35
11 9.905 16.82

Sample Description;
Sample Number:

Reference Number:

B4
cbm225

Experiment Date: 20/5/94

Bulli Seam Coal B4

Reference Volume gcm3): 310.79

Moisture(%): 0.8

Sample Cell No: 8 Void Volume (cm?): 75.14 Ash(%): 7.5
Temp (°C): 30.0 Coal Volume (cm®): 80.19
Mass of Coal (g): 108.46 Coal Density (g/ cm®): 1.352
Step Number Equilibrium Cell Pressure Volume CH,Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.267 2.55
2 0.704 5.64
3 1.669 918
4 2.813 11.52
5 3913 13.14
6 4,974 14.21
7 5.969 15.09
8 6.998 15.77
9 7.987 16.28
10 8.972 16.80
11 9.961 17.23
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HIGH PRESSURE (> .101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-equilbrated
coal ’ :

Sample Description: Bulli Seam Coal BS
Sample Number: B5
Reference Number: cbm232

Experiment Date: 14/6/94 Reference Volume (cm®): 310.79 Moisture(%): 0.7

Sample Cell No: 7 Void Volume (cm’): 84.30 Ash(%): 98
Temp (°C): 30.0 Coal Volume (cm®): 68.09
Mass of Coal (g): 92.24 Coal Density (g/ cm’): 1.355
Step Number Equilibrium Cell Pressure Volume CH,;Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.278 3.12
2 0.795 6.20
3 1.809 9.45
4 2.886 11.55
5 3.946 13.11
6 4.979 14.09
7 6.020 14.89
8 6.951 15.75
9 7.941 16.36
10 8.908 16.83

Sample Description; Bulli Seam Coal B6

Sample Number: B6
Reference Number: c¢bm223

Experiment Date: 20/5/94  Reference Volume (cm®): 310.79 Moisture(%): 0.6

Sample Cell No: 6 Void Volume (cm®): 100.96 Ash(%): 34
Temp (°C): 30.0 Coal Volume (cm’): 54.02
Mass of Coal (g): 70.50 Coal Density (g/ cm’): 1.305
Step Number Equilibrium Cell Pressure - Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.342 4.38
2 0.907 7.72
3 1.906 10.86
4 2.931 13.02
5 3.969 14.51
6 4966 15.62
7 5.936 ‘ 16.54
8 6.922 17.26
9 7.903 17.89
10 8.880 18.41
11 9.863 18.75
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HIGH PRESSURE (> .101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-

equilibrated coal

Sample Description:
Sample Number: B7

Reference Number:

Experiment Date: 14/6/94

cbm231

Bulli Seam Coal B7

Reference Volume (cm®): 310.79

Moisture(%): 0.7

Sample Cell No: 6 Void Volume (cm’): 87.12 Ash(%): 9.8
Temp (°C): 30.0 Coal Volume (cm’): 67.86
Mass of Coal (g): 94.07 Coal Density (g/ cm®): 1.386
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.296 3.15
2 0.825 6.09
3 1.852 9.02
4 2.959 11.30
5 3.976 12.43
6 4.969 13.53
7 6.012 14.30
3 6.959 15.12
9 7.940 15.63
10 8.934 16.12
Sample Description: Wongawilli Seam Coal W1

Sample Number: Wl
Reference Number:

Experiment Date: 14/6/94

cbm?227

Reference Volume (cm®): 310.79

Moisture(%): 0.8

Sample Cell No: 6 Void Volume (cm’): 77.29 Ash(%): 223
Temp (°C): 30.0 Coal Volume (cm’): 77.69
Mass of Coal (g): 116.02 Coal Density (g/ cm’): 1.493
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.277 2.64
2 0.811 5.17
3 1.829 ) 7.81
4 2.928 9.65
5 3.966 10.96
6 4,968 12.02
7 5.999 12.88
8 6.993 13.57
9 7.968 14.23
10 8.973 14.77
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HIGH PRESSURE (> .101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-

equilibrated coal

Sample Description:
Sample Number: w2

Reference Number:

Experiment Date: 14/6/94

Wongawilli Seam Coal W2

cbm229

Reference Volume (cm’): 310.79

Moisture(%): 0.6

Sample Cell No: 8 Void Volume (cm®): 78.28 Ash(%): 154
Temp (°C): 30.0 Coal Volume (cm?): 77.05
Mass of Coal (g): 108.56 Coal Density (g/ cm’): 1.409
Step Number Equilibrium Cell Pressure Volume CH,Adsorbed
(MPa) {cm3/g@STP, raw coal)
1 0.273 2.74
2 0.789 558
3 1.757 8.58
4 2.841 10.83
5 3.893 12.50
6 < 4.929 13.72
7 ! 5.948 14.79
8 6.971 15.67
9 7.973 16.32
10 8.954 17.00

Sample Description:
Sample Number: W3
Reference Number:

Experiment Date: 14/6/94

cbm228

Wongawilli Seam Coal W3

Reference Volume (cm’): 310.79

Moisture(%): 0.8

Sample Cell No: 7 Void Volume (cm°): 71.43 Ash(%): 324
Temp (°C): 30.0 Coal Volume (cm’): 80.96
Mass of Coal (g): 132.61 Coal Density (g/ em’): 1.683
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.291 2.12
2 0.818 4.06
3 1.803 6.22
4 2.912 7.79
5 3.943 8.94
6 4985 9.82
7 5.990 10.46
8 6.975 11.12
9 7.976 11.68
10 8.998 12.06
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HIGH PRESSURE (>.101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-

equilibrated coal

Sample Description:
Sample Number: W4

Wongawilli Seam Coal W4

Reference Number:  c¢bm233
Experiment Date: 14/6/94 Reference Volume (cm®): 310.79 Moisture(%e): 1.0
Sample Cell No: 8 Void Volume (cm?): 86.57 Ash(%): 19.3
Temp (°C): 30.0 Coal Volume (cm’): 68.76
Mass of Coal (g): 100.31 Coal Density (g/ cm’): 1.459
Step Number Equilibrium Cell Pressure Volume CH,Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.302 3.03
2 0.841 5.81
3 1.839 8.56
4 2.907 10.39
5 3.932 11.80
6 4,948 12.89
7 5.951 13.82
8 6.951 14.67
9 7.932 15.32
10 8.933 15.84

Sample Description:
Sample Number: W5

Reference Number:

Experiment Date: 14/6/94

cbm226

Wongawilli Seam Coal W5

Reference Volume (cm’): 310.79

Moisture(%): 0.9

Sample Cell No: 5 Void Volume (cm?): 81.07 Ash(%): 10.8
Temp (°C): 30.0 Coal Volume (cm’): 75.41
Mass of Coal (g): 103.26 Coal Density (g/ cm’): 1.369
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g(@STP, raw coal)
1 0.268 2.90
2 0.761 5.80
3 1.758 9.11
4 2.841 11.56
5 3.875 13.26
6 4927 14.59
7 5.953 15.61
8 6.942 16.43
9 7.918 17.23
10 8.923 17.93
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HIGH PRESSURE (>.101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-equilbrated
coal

Sample Description: Bowen Basin Coal
Sample Number: GHA1-09
Reference Number: cbmo052

Experiment Date: 29/10/95  Reference Volume (cm®): 313.68 Moisture(%); 1.8

Sample Cell No: 1 Void Volume (cm’): 92.96 Ash(%): 7.5
Temp (°C): 50.0 Coal Volume (cm’): 61.95
Mass of Coal (g): 82.64 Coal Density (g/ cm’): 1.334
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.489 2.71
2 1.111 5.16
3 2.007 7.50
4 2.982 935
5 4.007 10.76
6 5.028 11.91
7 6.019 12.89
8 6.985 , , 13.64
9 7.966 ' 14.28
10 8.946 15.05

Sample Description; Bowen Basin Coal
Sample Number: GHA1-09
Reference Number: c¢bm061

Experiment Date: 11/12/95  Reference Volume (em’): 313.68 Moisture(%): 1.8

Sample Cell No: 3 Void Volume (cm®): 94.50 Ash(%): 75
Temp (°C): 30.0 Coal Volume (cm’): 60.66
Mass of Coal (g): 82.28 Coal Density (g/ cm’): 1.356
Step Number ' Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0471 3.82
2 1.056 6.51
3 1985 . 925
4 2.991 11.25
5 3.999 12.70
6 4.977 13.75
7 5.935 14.60
8 6.967 1541
9 7.968 16.09
10 8.902 16.71
11 9.862 17.18
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HIGH PRESSURE (> .101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-equilbrated
coal

Sample Description; Bowen Basin Coal
Sample Number: GHA1-09
Reference Number: c¢cbm065

Experiment Date: 23/01/96 Reference Volume (cm’): 313.68 Moisture(%): 1.7

Sample Cell No: 4 Void Volume (cm’): 97.73 Ash(%): 7.5
Temp (°C): 25.0 Coal Volume (cm®): 55.31
Mass of Coal (g): 75.62 Coal Density (g/ cm’): 1.367
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.454 4.19
2 0.993 6.97
3 2.045 10.17
4 3.078 12.12
5 4114 13.59
6 5.123 14.85
7 6.109 15.79
8 7.136 16.45
9 8.045 17.19
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LOW PRESSURE (<.127 MPa) CARBON DIOXIDE ISOTHERMS

Sample Description: Bulli Seam Coal
Sample Number: B4
Reference Number: N/A

Experiment Date: N/A Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 7.5

Temp (°C): 0.0

Mass of Coal (g):

Step Number Relative Pressure Yolume CO, Adsorbed

(P/Po) (cm3/g@STP, raw coal)

1 0.0016 1.69
2 0.0034 3.07
3 0.0053 418
4 0.0073 5.13
5 0.0094 6.08
6 0.0114 6.84
7 0.0136 7.59
8 0.0158 8.27
9 0.0179 8.83
10 0.0202 9.37
11 0.0225 9.90
12 0.0247 10.36
13 0.0268 10.81
14 0.0291 11.24
15 0.0314 11.71
16 0.0337 12.07
17 0.0346 12.28
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LOW PRESSURE (<.127 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)

Sample Description: Wongawilli Seam Coal
Sample Number: Wl '
Reference Number: N/A

Experiment Date: Moisture(%): 0.0
Sample Cell No: N/A Ash(%):. 223
Temp (°C): 0.0
Mass of Coal (g):
Step Number Relative Pressure Volume CO, Adsorbed
(P/Po) (cm3/g@STP, raw coal)
1 0.0017 1.94
2 0.0039 3.38
3 0.0062 4.55
4 0.0087 5.57
5 0.0113 6.43
6 10.0140 7.22
7 0.0167 7.91
8 0.0196 8.57
9 0.0223 9.17
10 0.0251 9.74
11 0.0280 10.26
12 0.0310 10.75
13 0.0339 11.21
14 -0.0348 11.38
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LOW PRESSURE (<.127 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)

Sample Description: Bowen Basin Coal

Sample Number: GHA1-09
Reference Number: N/A

Experiment Date: 13/03/96

Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 7.5

Temp (°C): 25.0

Mass of Coal (g): 0.4461

Step Number Relative Pressure Volume CO, Adsorbed

(P/Po) (cm3/g@STP, raw coal)

1 0.0008 0.92
2 0.0017 1.68
3 0.0026 2.36
4 0.0035 2.99
5 0.0045 3.58
6 0.0054 4.12
7 0.0064 4.63
8 0.0073 5.12
9 0.0083 5.59
10 0.0093 6.04
11 0.0103 6.46
12 0.0113 6.86
13 0.0123 7.24
14 0.0133 7.61
15 0.0143 7.96
16 0.0153 8.31
17 0.0164 8.67
18 0.0174 9.00
19 0.0185 9.32
20 0.0189 9.47
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LOW PRESSURE (<.127 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)

Sample Description: Bowen Basin Coal
Sample Number: GHA1-09
Reference Number: N/A

Experiment Date: 13/03/96 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 75

Temp (°C): 0.0 :

Mass of Coal (g): 0.4920

Step Number Relative Pressure Volume CO, Adsorbed

(P/Po) (cm3/g@STP, raw coal)

1 0.0012 1.71
2 0.0027 3.08
3 0.0042 4.24
4 0.0059 5.28
5 0.0077 6.21
6 0.0095 7.07
7 0.0114 7.86
8 0.0132 8.59
9 0.0152 9.27
10 0.0171 9.91
11 0.0191 10.51
12 0.0212 11.08
13 0.0232 11.62
14 0.0253 12.14
15 0.0274 12.63
16 0.0295 13.10
17 0.0316 13.56
18 0.0337 14.00
19 0.0346 14.20
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APPENDIX V - Isotherm Data and Mercury Intrusion Data used in Chapter 3

* Gas compressibility factors determined from tabulated values in the Gas

Encyclopedia’

HIGH PRESSURE (>.101 MPa) METHANE ISOTHERMS - dried coal

Analysis Gas:
Sample Description:

Sample Number:
Reference Number:

Methane

Gates Formation Coal, -4 mesh, dried
B2-11

cbml118

Experiment Date: 7/9/96 Reference Volume (cm?®): 312.89

Moisture(%): 0.0

Sample Cell No: 1 Void Volume (cm?): 85.96 Ash(%): 3.7
Temp (°C): 30.0 Coal Volume (cm’): 68.53
Mass of Coal (g): 92.89 Coal Density (g/ cm®): 1.355
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.218 439
2 0.784 8.66
3 1.723 12.09
4 2.889 14.61
5 3.922 16.10
6 4.941 17.27

Analysis Gas:
Sample Description:

Sample Number:
Reference Number:

Methane

Gates Formation Coal, -4 mesh, dried
B2-10

cbml19

Experiment Date: 7/9/96 Reference Volume (cm®): 312.89

Moisture(%): 0.0

Sample Cell No: 2 Void Volume (cm’): 113.07 Ash(%): 303
Temp (°C): 30.0 Coal Volume (cm®): 40.47
Mass of Coal (g):  73.53 Coal Density (g/ cm®): 1.817
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.388 3.02
2 1.074 5.12
3 2.043 6.59
4 3.030 7.59
5 4.001 8.34
6 4.936 8.95
7 5.897 - 9.35
8 6.846 9.84
9 7.843 10.10
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HIGH PRESSURE (>.101 MPa) METHANE ISOTHERMS (Cont’d)-dried coal

Analysis Gas: Methane
Sample Description: Gates Formation coal, -4 mesh, dried
Sample Number: C3-2

Reference Number: c¢bml20

Experiment Date: 7/9/96 Reference Volume (cm®): 312.89 Moisture(%): 0.0

Sample Cell No: 3 Void Volume (cm’): 112.33 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm’): 55.31
Mass of Coal (g): 77.24 Coal Density (g/ cm’): 1.397
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.388 385
2 1.033 6.86
3 1.895 9.86
4 2.978 11.56
5 3.979 13.26
6 4981 14.16
7 5.928 15.10
Analysis Gas: Methane

Sample Description: Gates Formation coal, -4 mesh, dried

Sample Number: D3-3
Reference Number: cbml09

Experiment Date: 19/6/96 Reference Volume (cm®): 312.89 Moisture(%): 0.0

Sample Cell No: 4 Void Volume (cm?): 102.74 Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm®): 50.27
Mass of Coal (g): 90.74 Coal Density (g/ cm’): 1.805
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.387 2.81
2 0.987 4.52
3 2.055 6.24
4 3.053 7.22
5 4.160 8.00
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HIGH PRESSURE (>.101 MPa) CARBON DIOXIDE ISOTHERMS - dried coal

Analy;is Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -4 mesh, dried
Sample Number: B2-11

Reference Number: cbml26

. Experiment Date: 12/11/96 Reference Volume (cm’): 312.89 Moisture(%): 0.0

Sample Cell No: 1 Void Volume (cm’): 86.79 Ash(%): 37
Temp (°C): 30.0 Coal Volume (cm’): 67.69
Mass of Coal (g): 91.64 Coal Density (g/ cm’): 1.354
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.032 4.44
2 0.187 10.30
3 0.591 16.56
4 1.254 21.43
5 2.281 25.83
6 3432 28.64
7 4.429 30.40
8 5.064 32.22
Analysis Gas: Carbon Dioxide
Sample Description; Gates Formation Coal, -4 mesh, dried
Sample Number: B2-10

Reference Number: cbml27

Experiment Date: 12/11/96 Reference Volume (¢cm?): 312.89 Moisture(%): 0.0

Sample Cell No: 2 Void Volume (cm’): 112.74 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm’): 40.80
Mass of Coal (g): 73.51 Coal Density (g/ cm’): 1.802
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/s@STP, raw coal)
1 0.155 5.02
2 0.556 8.69
3 1.117 11.19
4 1.650 12.64
5 2.503 14.27
6 3.433 15.48
7 4367 16.27
8 4,999 17.95
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HIGH PRESSURE (> .101 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)-dried coal

Analysis Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -4 mesh, dried
; Sample Number: C3-2

Reference Number: c¢bml28

Experiment Date: 12/11/96 Reference Volume (cm’): 312.89 Moisture(%): 0.0

Sample Cell No: 3 Void Volume (cm®): 112.38 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm’): 55.26
Mass of Coal (g): 77.23 Coal Density (g/ cm’): 1.398
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.078 471
| 2 0.320 10.42
| 3 0.854 15.59
} 4 1.474 18.83
| 5 2.339 21.69
6 3.342 2391
7 4328 25.52
8 4.998 2721
Analysis Gas: Carbon Dioxide

Sample Description: Gates Formation Coal, -4 mesh, dried

Sample Number: D3-3
Reference Number: cbml29

Experiment Date: 12/9/96 Reference Volume (cm®): 312.89 Moisture(%): 0.0

Sample Cell No: 4 Void Volume (cm’): 107.41 Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm®): 45.60
Mass of Coal (g): 82.26 Coal Density (g/ cm’): 1.804
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.107 3.70
2 0.503 7.59
3 1.097 10.10
4 1.700 ' 11.43
5 2.597 12.90
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HIGH PRESSURE (> .101 MPa) METHANE ISOTHERMS - moisture-equilibrated coal

Analysis Gas: Methane
Sample Description: Gates Formation Coal, -4 mesh, moisture-equilibrated
Sample Number: B2-11
Reference Number: cbm090
Experiment Date: 3/12/96 Reference Volume (cm®): 312.89 Moisture(%): N/A
Sample Cell No: | Void Volume (cm?): 81.83 Ash(%): 3.7
Temp (°C): 30.0 Coal Volume (cm’): 72.65
Mass of Coal (g): 97.77 Coal Density (g/ cm’): 1.346
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (em3/g@STP, raw coal)
1 0.387 2.66
2 1.545 6.99
3 4.141 1142
4 7.775 14 .86
Analysis Gas: Methane
Sample Description: Gates Formation Coal, -4 mesh, moisture-equilibrated
Sample Number: B2-10
Reference Number:  c¢bm093

Experiment Date: 3/12/96 Reference Volume (¢cm’): 312.89

Moisture(%): N/A

Sample Cell No: 4 Void Volume (cm®): 103.14 Ash(%): 303
Temp (°C): 30.0 Coal Volume (cm’): 49 .86
Mass of Coal (g): 89.59  Coal Density (g/ cm): 1.797
Step Number Equilibrium Cell Pressure Volume CH,Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.478 2.17
2 1.833 471
3 4293 6.68
4 8.008 7.96
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HIGH PRESSURE (> .10

1 MPa) METHANE ISOTHERMS (Cont’d) — moisture-

equilibrated coal

Analysis Gas:
Sample Description:

Sample Number:
Reference Number:

Methane

Gates Formation Coal, -4 mesh, moisture-equilibrated

D3-3
cbm093

Experiment Date: 4/24/96 Reference Volume (cm®): 312.89

Moisture(%): N/A

Sample Cell No: 1 Void Volume (cm’): 102.19 Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm?): 52.30
Mass of Coal (g):  93.42 Coal Density (g/ cm’): 1.786
Step Number Equilibrium Cell Pressure Volume CH,Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.523 1.30
2 1.897 2.86
3 4288 442
4 7.716 5.65
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LOW PRESSURE (< .127 MPa) CARBON DIOXIDE ISOTHERMS

Sample Description: Gates Formation Coal, -60 mesh

Sample Number: B2-11
Reference Number: N/A

Experiment Date: 08/02/96 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 37

Temp (°C): 0.0

Mass of Coal (g): 0.5662

Step Number Relative Pressure Volume CO, Adsorbed

(P/Po) . (cm3/g@STP, raw coal)

1 0.0012 2.13
2 0.0026 3.85
3 0.0041 532
4 0.0058 6.60
5 0.0076 7.70
6 0.0095 8.64
7 0.0114 9.50
8 0.0134 10.27
9 0.0154 ‘ 10.98
10 0.0175 11.65
11 0.0196 12.25
12 0.0217 12.82
13 0.0238 13.35
14 0.0259 13.88
15 0.0281 14.39
16 0.0303 14.86
17 0.0325 15.31
18 0.0345 15.71
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LOW PRESSURE (<.127 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)

Sample Description: Gates Formation Coal, -60 mesh
Sample Number: B2-10 i
Reference Number: N/A

Experiment Date: 26/02/96 Moisture(%): 0.0
Sample Cell No: N/A Ash(%): 30.3
Temp (°C): 0.0
Mass of Coal (g): 0.9693
Step Number Relative Pressure Volume CO, Adsorbed
(P/Po) (cm3/g@STP, raw coal)
1 0.0020 191
2 0.0047 3.22
3 0.0078 4.25
4 0.0112 5.07
5 0.0148 5.78
6 0.0184 6.41
7 0.0222 6.96
8 0.0261 7.47
9 0.0300 7.92
10 0.0340 8.35

Sample Description: Gates Formation Coal, -60 mesh

Sample Number: C3-2
Reference Number: N/A

Experiment Date: 07/02/96 Moisture(%): 0.0
Sample Cell No: N/A Ash(%): 13.0
Temp (°C): 0.0
Mass of Coal (g): 0.7111
Step Number Relative Pressure Volume CO, Adsorbed
(P/Po) (cm3/g@STP, raw coal)
1 0.0017 1.99
2 0.0037 3.64
3 0.0059 5.06
4 0.0082 6.31
5 0.0106 7.41
6 0.0132 8.35
7 0.0158 9.13
8 0.0185 9.84
9 0.0213 10.49
10 0.0240 11.08
11 0.0268 11.61
12 0.0296 12.11
13 0.0325 12.60
14 0.0348 12.99
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LOW PRESSURE (< .127 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)

Sample Description: Gates Formation Coal, -60 mesh
Sample Number; D3-3
Reference Number: N/A

Experiment Date: 26/02/97 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 46.1
Temp (°C): 0.0
Mass of Coal (g): 8.3541
Step Number Relative Pressure Volume CO, Adsorbed
‘ (P/Po) (cm3/g@STP, raw coal)
1 0.0010 1.09
2 0.0028 2.17
3 0.0052 3.19
4 0.0087 4.14
5 0.0131 5.02
6 0.0185 5.81
7 0.0249 6.51
8 0.0323 7.15
9 0.0344 7.32
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LOW PRESSURE (<.127 MPa) NITROGEN ISOTHERMS

Sample Description: Gates Formation Coal, -60 mesh
Sample Number: B2-11
Reference Number: N/A

Experiment Date: 18/07/96 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 3.7

Temp (°C): 0.0

Mass of Coal (g): 5.3487

Step Number Relative Pressure Volume N, Adsorbed

(P/Po) (cm3/g@STP, raw coal) -

1 0.0097 0.13
2 0.0326 0.17
3 0.0676 0.20
4 0.0803 0.20
5 0.1006 0.21
6 0.1206 0.22
7 0.1407 0.23
8 0.1606 0.24
9 0.1807 0.24
10 0.2009 0.25
11 0.2504 0.26
12 0.3009 0.27
13 0.3509 0.29
14 0.4004 0.30
15 0.4505 0.31
16 0.5004 0.32
17 0.5505 0.34
18 0.6005 0.35
19 0.6502 0.37
20 0.7004 0.39
21 0.7502 0.42
22 0.8000 0.46
23 0.8207 0.49
24 0.8505 0.53
25 0.8752 0.57
26 0.9001 0.62
27 0.9247 - 0.70
28 0.9490 0.83
29 0.9722 1.06
30 0.9816 1.23
31 0.9897 1.46
32 0.9949 1.71
33 0.9879 1.46
34 0.9775 1.22
35 0.9667 1.07
36 0.9530 0.94
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37 0.9269 0.79
38 0.9023 0.71
39 0.8771 0.65
40 0.8510 0.60
41 0.8259 0.57
42 0.8005 0.54
43 0.7502 0.49
44 0.7008 0.46
45 0.6508 0.44
46 0.6005 0.42
47 : 0.5507 0.40
48 0.5016 0.37
49 0.4500 0.34
50 0.3908 0.33
51 0.3317 0.31
52 0.3008 0.31
53 . 0.2506 0.30
54 0.2006 0.28
55 0.1405 0.27

Sample Description: Gates Formation Coal, -60 mesh
Sample Number: B2-10
Reference Number: N/A

Experiment Date: 14/07/96
Sample Cell No: N/A
Temp (°C): 0.0
Mass of Coal (g);: 6.2189

Moisture(%): 0.0
Ash(%): 30.3

Step Number Relative Pressure Volume N; Adsorbed
(P/Po) (cm3/g@STP, raw coal)
1 0.0110 0.30
2 0.0294 0.37
3 0.0638 0.44
4 0.0787 0.47
5 0.1014 0.50
6 0.1207 0.52
7 0.1406 0.54
8 0.1604 0.56
9 0.1807 0.58
10 0.2007 0.59
11 0.2497 0.63
12 0.3015 0.67
13 0.3522 0.70
14 0.4002 0.74
15 0.4502 0.78
16 0.5003 0.82
17 0.5502 0.86
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18 0.6002 0.91
19 0.6502 0.97
20 0.7000 1.04
21 0.7498 1.13
22 0.7994 1.25
| 23 0.8211 1.32
| 24 0.8505 1.44
25 0.8747 1.56
26 0.8994 1.73
27 , 0.9239 1.97
28 0.9473 235
29 0.9688 2.98
30 0.9778 3.43
31 0.9839 3.88
32 0.9909 4.62
33 0.9879 4.41
34 0.9837 4.13
35 0.9788 3.85
36 0.9513 2.90
37 0.9203 2.40
38 0.8989 2.18
39 0.8788 2.02
40 0.8513 1.84
41 0.8259 1.72
42 0.8013 1.62
43 —_ 0.7504 1.45
44 0.7011 1.33
45 0.6513 1.24
46 0.6012 1.16
47 0.5509 1.09
48 0.5038 1.00
49 0.4486 0.89
| 50 0.3957 0.85
51 0.3343 0.81
52 0.3009 0.78
53 0.2505 0.75
54 0.2005 0.72
55 0.1410 0.67

Sample Description: Gates Formation Coal, -60 mesh

Sample Number: C3-2
Reference Number: N/A

Experiment Date: 21/07/96

Sample Cell No: N/A
Temp (°C): 0.0
Mass of Coal (g): 5.1456
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Step Number Relative Pressure Volume N; Adsorbed
(P/Po) (cm3/g@STP, raw coal)
1 0.0106 0.10
2 0.0331 0.13
3 0.0681 0.15
4 0.0803 0.16
5 0.1006 ' 0.17
6 0.1206 0.18
7 0.1406 0.18
8 0.1606 0.19
9 0.1807 0.19
10 0.2009 0.20
11 0.2505 0.21
12 0.3010 0.22
13 0.3509 0.23
14 0.4006 0.24
15 0.4505 0.25
16 0.5005 0.26
17 0.5504 0.27
18 0.6004 0.28
19 0.6504 , 0.30
20 0.7003 0.32
21 0.7503 0.35
22 0.8002 ' 0.38
23 0.8209 0.40
24 0.8504 0.44
25 0.8752 0.48
26 0.9000 0.54
27 0.9248 0.63
28 0.9490 0.76
29 0.9756 1.07
30 0.9831 1.25
31 0.9897 1.51
32 0.9948 1.82
33 0.9892 1.55
34 0.9804 1.25
35 0.9695 1.05
36 0.9553 0.89
37 0.9286 0.72
38 0.9037 0.62
39 0.8775 0.56
40 0.8514 0.51
41 0.8255 0.47
42 0.8008 0.44
43 0.7505 0.40
44 0.7006 0.37
45 0.6508 0.34
46 0.6005 0.32
47 0.5507 031
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48 0.5008 0.29
49 04504 0.27
50 0.3997 0.26
51 0.3317 0.25
52 0.3007 0.24
53 0.2505 0.23
54 0.2004 0.22
55 0.1408 0.21

Sample Description: Gates Formation Coal, -60 mesh
Sample Number: D3-3
Reference Number: N/A

Experiment Date: 25/07/96 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 46.1

Temp (°C): 0.0

Mass of Coal (g): 5.4596

Step Number Relative Pressure Volume N, Adsorbed

(P/Po) {(cm3/g@STP, raw coal)

1 0.0097 0.32
2 0.0301 0.39
3 0.0641 0.47
4 0.0798 0.49
5 0.1005 0.52
6 0.1205 0.54
7 0.1405 0.56
8 0.1608 0.57
9 0.1806 0.59
10 0.2007 0.61
11 0.2499 0.64
12 0.3015 0.67
13 0.3518 0.71
14 0.4005 0.74
15 0.4503 0.77
16 0.5003 0.80
17 0.5504 0.84
18 0.6003 0.87
19 0.6502 0.92
20 0.7002 0.96
21 0.7501 1.03
22 0.7998 1.10
23 0.8207 1.15
24 0.8507 1.22
25 0.8747 1.30
26 0.8997 1.42
27 09242 1.57
28 0.9479 1.83
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MERCURY INCREMENTAL INTRUSION DATA

Sample Description: Gates Formation Coal, -4 mesh

Sample Number: B2-11
Reference Number: N/A

Experiment Date: 19/12/96 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 3.7

Temp (°C): 22.0

Mass of Coal (g): 1.268

Step Number Mean Pore Diameter Incremental Hg Intrustion

(Lm) (cm3/g, raw coal)

1 144.267 0.0000
2 96.902 0.0001
3 40.277 0.0000
4 27.098 0.0000
5 20.507 0.0000
6 15.746 0.0000
7 12.313 0.0000
8 10.415 0.0000
9 9.371 0.0000
10 8.501 0.0000
11 7.024 0.0005
12 3.854 0.0040
13 1.342 0.0034
14 0.678 0.0054
15 0378 0.0033
16 0.265 0.0019
17 0.204 0.0012
13 0.151 0.0018
19 0.106 0.0011
20 0.082 0.0008
21 0.067 0.0007
22 0.056 _ 0.0007
23 0.049 0.0005
24 0.043 0.0006
25 0.038 0.0005
26 0.035 0.0005
27 0.032 0.0006
28 0.029 0.0004
29 0.027 0.0004
30 0.025 0.0005
31 0.024 0.0004
32 0.022 0.0004

223




33 0.021 0.0004
34 0.019 0.0009
35 0.017 0.0015
36 0.014 0.0016
37 0.012 . 0.0015
38 0.011 0.0015
39 0.010 0.0014
40 0.009 0.0014
41 0.008 0.0014
42 0.007 0.0013
43 0.007 0.0016
44 0.006 0.0012

Sample Description: Gates Formation Coal, -4 mesh

Sample Number: B2-10
Reference Number: N/A

Experiment Date: 09/01/97 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 303

Temp (°C): 22.0

Mass of Coal (g): 1.292

Step Number Mean Pore Diameter Incremental Hg Intrustion

(um) (cm3/g, raw coal)
1 98.322 - 0.0000
2 69.575 0.0000
3 31.226 . 0.0000
4 19.521 0.0000
5 15.403 0.0000
6 12.028 0.0000
7 10.071 0.0000
8 8.758 0.0000
9 7.018 0.0000
10 3.890 0.0006
11 1.343 0.0007
12 0.674 0.0006
13 0.376 0.0004
14 0.264 0.0005
15 0.203 0.0004
16 0.151 0.0009
17 0.106 0.0009
18 0.082 0.0009
19 0.067 0.0008
20 0.056 0.0006
21 ‘ 0.049 0.0005
22 0.043 0.0005
.23 0.038 0.0005

24 0.035 0.0004
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25 0.032 0.0004
26 0.029 0.0005
27 0.027 0.0003
28 0.025 0.0004
29 0.024 0.0004
30 0.022 : 0.0004
31 0.021 0.0003
32 0.019 0.0006
33 0.017 0.0014
34 0.014 0.0012
35 : 0.012 0.0012
36 0.011 0.0011
37 0.010 0.0008
38 0.009 0.0010
39 0.008 0.0009
40 0.007 0.0007
41 0.007 0.0009
42 0.006 0.0009

Sample Description: Gates Formation Coal, -4 mesh
Sample Number: C3-2
Reference Number: N/A

Experiment Date: 17/12/96 Moisture(%): 0.0

Sample Cell No: N/A Ash(%): 13.0.

Temp (°C): 22.0

Mass of Coal (g): 1.436

Step Number Mean Pore Diameter Incremental Hg Intrustion

(Lm) (cm3/g, raw coal)

1 267.154 ‘ 0.0000
2 190.704 0.0000
3 90.205 0.0000
4 56.781 0.0000
5 41.740 0.0000
6 32.487 0.0000
7 26.294 0.0000
8 21.419 0.0000
9 17.563 0.0000
10 14.551 0.0000
11 12.179 0.0000
12 10.690 0.0000
13 9.748 0.0000
14 8.688 0.0000
15 6.992 0.0000
16 3.884 0.0016
17 1.359 0.0011
18 0.680 0.0010




19 0.376 0.0007
20 0.264 0.0004
| 21 0.204 0.0004
22 0.151 0.0007
23 0.106 0.0006
24 0.082 0.0005.
25 0.067 0.0004
26 0.056 0.0004
| 27 0.049 0.0003
| 28 0.043 0.0004
29 0.038 0.0004
30 0.035 0.0004
31 " 0.032 0.0004
32 0.029 0.0004
33 0.027 0.0004
34 0.025 0.0003
35 0.024 0.0004
36 0.022 0.0004
37 0.021 0.0003
38 0.019 0.0007
39 0.017 - 0.0012
40 0.014 0.0013
41 0.012 0.0012
42 0.011 0.0013
43 0.010 0.0012
44 0.009 0.0011
45 0.008 0.0012
46 0.007 0.0011
47 0.007 0.0010
48 0.006 0.0009

Sample Description: Gates Formation Coal, -4 mesh
Sample Number: D3-3
Reference Number: N/A

Experiment Date; 2/01/96 Moisture(%): 0.0
Sample Cell No: N/A Ash(%): 46.1
Temp (°C): 22.0
Mass of Coal (g): 1.081
Step Number Mean Pore Diameter Incremental Hg Intrustion
(1m) (cm3/g, raw coal)
1 128.1808 0.0000
2 93.7839 0.0000
3 46.8451 0.0000
4 29.3602 0.0000
5 21.5598 0.0000
6 16.4627 0.0000
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7 12.8234 0.0000
8 10.6518 0.0000
9 8.9413 0.0000
10 6.9488 0.0000
11 3.8442 0.0006
12 1.3490 0.0006
13 0.6793 0.0006
14 0.3779 0.0005
15 0.2639 0.0004
16 0.2037 0.0003
17 0.1509 0.0005
18 - 0.1057 0.0004
19 0.0816 0.0003
20 0.0665 0.0002
21 0.0561 0.0003
22 0.0485 0.0003
23 0.0428 0.0003
24 0.0382 0.0003
25 0.0346 0.0002
26 0.0317 0.0002
27 0.0291 0.0002
28 0.0269 0.0003
29 ‘ 0.0250 0.0003
30 0.0235 0.0002
31 0.0220 0.0003
32 0.0208 0.0002
33 . 0.0192 0.0003
34 0.0166 0.0008
35 0.0140 0.0008
36 0.0121 0.0008
37 0.0107 0.0008
38 0.0096 0.0006
39 0.0087 0.0007
40 0.0079 0.0007
41 0.0073 0.0006
42 0.0067 0.0008
43 0.0063 0.0008
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APPENDIX VI - Isotherm Data used in Chapter 5

* Gas compressibility factors calculated using Peng-Robinson Equation of State'

HIGH PRESSURE (> 0.101 MPa) METHANE ISOTHERMS-dried coal

Analysis Gas: Methane

Sample Description: Gates Formation Coal, -4 mesh, dried
Sample Number: B2-11

Reference Number: cbmll8

Experiment Date: 7/9/96 ‘ Reference Volume (cm®): 312.89

Moisture(%): 0.0

Sample Cell No: 1 Void Volume (cm?): 85.96 Ash(%): 37
Temp (°C): © 300 Coal Volume (cm’): 68.53
Mass of Coal (g); 92.89 Coal Density (g/ cm®): 1.355
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) {cm3/g@STP, raw coal)
1 0.218 442
2 0.784 8.79
3 1.723 12.35
4 2.889 15.00
5 3.922 16.58
6 4941 17.82
Analysis Gas: Methane

Sample Description: Gates Formation Coal, -4 mesh, dried

Sample Number: B2-10
Reference Number: c¢bmll19

Experiment Date: 7/9/96 Reference Volume (cm’): 312.89

Moisture(%): 0.0

Sample Cell No: 2 Void Volume (cm’): 113.07 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm®): 40.47
Mass of Coal (g):  73.53 Coal Density (g/ cm’): 1.817
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.388 3.06
2 1.074 5.24
3 2.043 6.82
4 3.030 7.91
5 4.001 8.75
6 4936 9.43
7 5.897 9.90
8 6.846 10.39
9 7.843 10.69

228




HIGH PRESSURE (> 0.101 MPa) METHANE ISOTHERMS (Cont’d)-dried coal

Analysis Gas: Methane

Sample Description: Gates Formation coal, -4 mesh, dried

Sample Number: C3-2

Reference Number: c¢bml20

Experiment Date: 7/9/96
Sample Cell No: 3

Temp (°C): 30.0
Mass of Coal (g): 77.24

Reference Volume (cm"'); 312.89
Void Volume (cm®): 112.33

Coal Volume (cm’): 5531
Coal Density (g/ cm®): 1.397

Moisture(%): 0.0
Ash(%): 13.0

Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)

1 0.388 3.89

2 1.033 7.01

3 1.895 10.13

4 2.978 11.96

5 3.979 13.77

6 4981 14.76

7 5.928 15.77

Analysis Gas: Methane

Sample Description: Gates Formation coal, -4 mesh, dried

Sample Number: D3-3
Reference Number: ¢bml09

Experiment Date: 19/6/96
Sample Cell No: 4

Temp §°C[: 30.0
Mass of Coal (g): 90.74

Reference Volume (cm®): 312.89

Void Volume (cm®): 102.74

Coal Volume (cm?): 50.27
Coal Density (g/ cm’): 1.805

Moisture(%): 0.0
Ash(%): 46.1

Step Number Equilibrium Cell Pressure Volume CH,; Adsorbed
(MPa) (cm3/g@STP, raw coal)

1 0.387 2.84

2 0.987 4.61

3 2.055 6.43

4 3.053 7.49

5 4.160 8.34
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HIGH PRESSURE (> 0.101 MPa) CARBON DIOXIDE ISOTHERMS-dried coal

Analysis Gas:

Sample Description:
Sample Number:

Reference Number:

B2-11

Experiment Date: 12/11/96

Carbon Dioxide
Gates Formation Coal, -4 mesh, dried

cbml26

Reference Volume (cm®): 312.89

Moisture(%): 0.0

Sample Cell No: 1 Void Volume (cm’): 86.79 Ash(%): 37
Temp (°C): 30.0 Coal Volume (cm?): 67.69
Mass of Coal (g): 91.64 Coal Density (g/ cm’); 1.354
Step Number Equilibrium Cell Pressure Yolume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.032 4.46
2 0.187 10.37
3 0.591 16.74
4 1.254 21.77
5 2.281 26.44
6 3.432 29.55
7 4429 31.84
8 5.064 33.38

Analysis Gas:

Sample Description:
Sample Number:

Reference Number:

cbm127

Experiment Date: 12/11/96

Carbon Dioxide
Gates Formation Coal, -4 mesh, dried
B2-10

Reference Volume (cm®): 312.89

Moisture(%): 0.0

Sample Cell No: 2 Void Volume (cm’): 112.74 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm®): 40.80
Mass of Coal (g): 73.51 Coal Density (g/ cm’): 1.802
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) {(cm3/g@STP, raw coal)
1 0.155 5.18
2 0.556 8.91
3 1.117 11.47
4 1.650 13.03
5 2.503 14.92
6 3433 16.53
7 4.367 17.94
8 4.999 18.99
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HIGH PRESSURE (> 0.101 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)-dried coal

Analysis Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -4 mesh, dried
Sample Number: C3-2

Reference Number: c¢bml28

Experiment Date: 12/11/96 Reference Volume (cm’): 312.89 Moisture(%): 0.0

Sample Cell No: 3 Void Volume (cm’): 112.38 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm?): 55.26
Mass of Coal (g): 77.23 Coal Density (g/ cm’): 1.398
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 0.078 474
2 0.320 10.51
3 0.854 15.80
4 1.474 19.18
5 2.339 22.32
6 3.342 25.00
7 4328 27.26
8 4,998 28.35
Analysis Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -4 mesh, dried
Sample Number: D3-3

Reference Number: c¢cbml129

Experiment Date: 12/9/96 Reference Volume (cm?®): 312.89 Moisture(%): 0.0

Sample Cell No: 4 Void Volume (cm’): 107.41 Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm?): 45.60
Mass of Coal (g): 82.26 Coal Density (g/ cm’): 1.804
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) {(cm3/g@STP, raw coal)
1 0.107 372
2 0.503 ' 7.67
3 1.097 10.26
4 1.700 11.65
5 2.597 13.28
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HIGH PRESSURE (> 0.101 MPa) METHANE ISOTHERMS-moisture-equilibrated coal

Analysis Gas: Methane
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-11

Reference Number: N/A

Experiment Date: 12/9/97 Reference Volume (cm?®): 314.17 Moisture(%): N/A

Sample Cell No: 1 Void Volume (cm’): 105.33 Ash(%): 37
Temp (°C): 30.0 Coal Volume (cm’): 59.46
Mass of Coal (g): 79.35 Coal Density (g/ cm®): 1.335
Step Number Equilibrium Cell Pressure YVolume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 5.129 13.53
2 3.026 12.11
3 2.085 10.48
4 1.656 9.63
5 1.334 8.73
6 0.878 7.25
7 0.590 5.94
Analysis Gas: . Methane

Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-10
Reference Number: =~ N/A

Experiment Date: 12/9/97 Reference Volume (cm’): 314.17 Moisture(%): N/A

Sample Cell No: 2 Void Volume (cm’): 120.74 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm’): 41.98
Mass of Coal (g):  75.29  Coal Density (g/ cm’): 1.794
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 5.277 6.97
2 3.353 643
3 2.110 5.70
4 1515 5.27
5 0.975 451
6 0610 375
7 0.402 3.17
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HIGH PRESSURE (> 0.101 MPa) METHANE ISOTHERMS (Cont’d)-moisture-

equilibrated coal

Analysis Gas: Methane
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: C3-2
Reference Number: N/A
Experiment Date;: 12/9/97 Reference Volume (cm®): 314.17 Moisture(%): N/A
Sample Cell No: 3 Void Volume (cm?): 117.87 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm®): 50.30
Mass of Coal (g): 69.98 Coal Density (g/ cm?): 1.391
Step Number Equilibrium Cell Pressure Volume CH,4Adsorbed
(MPa) (cm3/s@STP, raw coal)
1 4618 10.20
2 3.269 936
3 1.998 8.07
4 1.562 7.44
5 1.082 6.37
6 0.737 5.39
7 0.448 426
Analysis Gas: Methane ,
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: D3-3
Reference Number: N/A

Experiment Date: 12/9/97 Reference Volume (cm’): 314.17

Moisture(%): N/A

Sample Cell No: 4 Void Volume (cm’): 121.98 Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm’): 43.07
Mass of Coal (g):  75.95 Coal Density (g/ cm’): 1.763
Step Number Equilibrium Cell Pressure Volume CH, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 5.065 5.62
2 3.288 5.32
3 1.780 4.61
4 1.403 451
5 0.988 4.01
6 0.601 3.49
7 0.353 2.93
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HIGH PRESSURE (> 0.101 MPa) CARBON DIOXIDE ISOTHERMS-moisture-
equilibrated coal

Analysis Gas: Carbon Dioxide

Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-11

Reference Number: N/A

Experiment Date: 16/10/97 Reference Volume (cm’): 314.17 Moisture(%): 2.7

Sample Cell No: 1 Void Volume (cm®): 107.77 Ash(%): 37
Temp (°C): 30.0 Coal Volume (cm®): 57.02
Mass of Coal (g): 76.71 Coal Density (g/ cm’): 1.345
Step Number Equilibrium Cell Pressure Yolume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 2.981 22.92
2 2.099 20.70
3 1.494 18.49
4 1.120 16.59
5 0.807 14.55
6 0.590 12.66
7 0.476 11.46
Analysis Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-10

Reference Number: N/A

Experiment Date: 16/10/97 Reference Volume (cm’®): 314.17 Moisture(%): 1.6

Sample Cell No: 2 Void Volume (cm’): 121.82 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm®): 40.90
Mass of Coal (g): 72.88  Coal Density (g/ cm’): 1.782
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 3.574 13.36
2 2.437 12.40
3 1.648 11.04
4 1.135 9.69
5 0.762 8.28
6 0.527 7.00
7 0416 6.31
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HIGH PRESSURE (> 0.101 MPa) CARBON DIOXIDE ISOTHERMS (Cont’d)-moisture-
equilibrated coal

Analysis Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated

Sample Number: C3-2
Reference Number: N/A

Experiment Date: 16/10/97 Reference Volume jcm"‘[: 314.17 Moisture(%): 2.4

Sample Cell No: 3 Void Volume (cm’): 120.07 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm’): 48.10
Mass of Coal (g): 67.08 Coal Density (g/ cm®): 1.395
Step Number Equilibrium Cell Pressure Volume CO, Adsorbed
(MPa) (cm3/g@STP, raw coal)
1 2.525 18.25
2 1.835 16.44
3 1.376 14.77
4 1.038 13.18
5 0.749 11.41
6 0.590 10.14
7 0.424 8.60
Analysis Gas: Carbon Dioxide
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: D3-3

Reference Number: N/A

Experiment Date: 16/10/97 Reference Volume (cm’): 314.17 Moisture(%): 1.4

Sample Cell No: 4 Void Volume (cm’): 12269  Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm®): 42.36
Mass of Coal (g): 74.37  Coal Density (g/ cm’): 1.756
Step Number Equilibrium Cell Pressure Yolume CO, Adsorbed
. (MPa) (cm3/g@STP, raw coal)
1 2.766 988
2 2.035 9.12
3 1416 8.12
4 1.003 7.18
5 0.675 o 6.11
6 0.487 5.26
7 0.383 4.70




Analysis Gas: 90% CH./10% CO,
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-11

Reference Number: N/A

HIGH PRESSURE (> 0.101 MPa) BINARY GAS ISOTHERMS -moisture-equilibrated coal

Experiment Date: 3/11/97 Reference Volume gcmS[: 314.17 Moisture(%): 2.4

Sample Cell No: 1 Void Volume (cm®): 109.10 Ash(%): 37
Temp (°C): 30.0 Coal Volume (cm®): 55.68
| Mass of Coal (g): 74.56 Coal Density (g/ cm’): 1.339
Step Number Equilibrium Gas Phase Vol CH, Adsorbed Vol CH,Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) (cm3/g@STP
(MPa) Fraction CH,
1 5.116 0.929 11.96 3.64
2 2.648 0.923 994 3.26
3 1.893 0.918 . 882 3.02
4 1.291 0910 - 7.74 2.79
5 0.893 0.900 6.72 2.55
6 0.586 0.892 5.59 2.35
Analysis Gas: 90% CH./10% CO,

Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-10
Reference Number: N/A

Experiment Date: 3/11/97 Reference Volume!cmﬂ: 314.17

Moisture(%): 1.4

Sample Cell No: 2 Void Volume (cm’): 123.68 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm?): 39.04

Mass of Coal (g): 70.21 Coal Density (g/ cm3[: 1.798

Step Number | Equilibrium Gas Phase Yol CH;Adsorbed | Vol CH,Adsorbed
. Cell Pressure Equilbrium Mole (cm3/g@STP) (cm3/g@STP
(MPa) Fraction CH,
1 5.503 0.918 6.12 2.53
2 3.279 0.915 5.82 2.34
3 1.907 0.909 5.15 2.07
4 1.051 0.897 4.34 1.77
5 0.521 0.877 3.46 1.49
6 0.292 0.852 2.92 1.27
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HIGH PRESSURE (> 0.101 MPa) BINARY GAS ISOTHERMS (Cont’d)-moisture-
equilibrated coal

Analysis Gas: 90% CH./10% CO,

Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: C3-2

Reference Number: N/A

Reference Volume (cm®): 314.17

Experiment Date: 3/11/97 Moisture(%): 2.0

Sample Cell No: 3 Void Volume (cm’): 122.04 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm?): 46.13
Mass of Coal (g): 6451 Coal Density (g/ cm’): 1.399
Step Number | Equilibrium Gas Phase Vol CH Adsorbed | Vol CH,Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) cm3/g@STP
(MPa) Fraction CH,
1 5.054 0.922 9.07 3.29
2 2.465 0.916 8.57 2.96
3 1.717 0.910 7.90 2.71
4 1.038 0.898 6.83 2.38
5 0.610 0.879 5.84 2.04
6 0.316 0.851 4.83 1.73
Analysis Gas: 90% CH./10% CO,
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated

Sample Number: D3-3
Reference Number: N/A
Experiment Date: 3/11/97 Reference Volume (cm®): 314.17 Moisture(%): 1.2
Sample Cell No: 4 Void Volume (¢cm®): 12426  Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm®): 40.78
Mass of Coal (g): 71.55 Coal Density (g/ cm’): 1.754
Step Number Equilibrium Gas Phase Vol CH,Adsorbed Vol CH, Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) cm3/g@STP
(MPa) Fraction CH,
1 5.304 0.916 5.17 2.13
2 3.319 0914 5.01 1.98
3 2.257 0.910 4.78 1.83
4 1.255 0.901 422 1.58
5 0.690 0.888 3.63 1.35
6 0.368 0.871 3.04 1.17
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HIGH PRESSURE (> 0.101 MPa) BINARY GAS ISOTHERMS -moisture-equilibrated coal

Analysis Gas: 75% CH./25% CO,

Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: B2-11

Reference Number: N/A

Reference Volume (cm®): 314.17

Experiment Date: 8/12/97 Moisture(%): 1.9

Sample Cell No: 1 Void Volume (cm?): 109.51 Ash(%): 37
Temp (°C): 30.0 Coal Volume (cm’): 55.27
Mass of Coal (g): 73.87 Coal Density (g/ cm’): 1.336
Step Number | Equilibrium Gas Phase Vol CH,Adsorbed | Vol CH,Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) (cm3/g@STP
(MPa) Fraction CH,4
1 4.395 0.834 7.704 9.565
2 3.018 0.826 6.804 8.975
3 1.754 0.804 5.491 8.066
4 0.998 0.758 4286 7.007
5 0.480 0.665 2.836 5.766
Analysis Gas: 75% CHL/25% CO,

Sample Description:

Gates Formation Coal, -60 mesh, moisture-equilibrated

Sample Number: B2-10
Reference Number: N/A
Experiment Date: 8/12/97 Reference Volume (cm’): 314.17 Moisture(%): 1.1
Sample Cell No: 2 Void Volume (cm®): 123.91 Ash(%): 30.3
Temp (°C): 30.0 Coal Volume (cm?): 38.81
Mass of Coal (g): 70.00 Coal Density (g/ cm:'[: 1.804
Step Number | Equilibrium Gas Phase Vol CH, Adsorbed Vol CH, Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) (cm3/g@STP
(MPa) Fraction CH4
1 5.402 0.795 3.44 6.76
2 3.180 0.791 3.07 6.41
3 1.642 0.768 2.58 5.49
4 0.790 0.719 2.01 4.52
5 0.334 . 0.605 1.43 3.46




HIGH PRESSURE (> 0.101 MPa) BINARY GAS ISOTHERMS (Cont’d)-moisture-
equilibrated coal

Analysis Gas: 75% CH4/25% CO,

Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: C3-2

Reference Number: N/A

*

Experiment Date: 8/12/97 Reference Volume (cm’): 314.17 Moisture(%): 1.8

Sample Cell No: 3 Void Volume (cm®): 121.99 Ash(%): 13.0
Temp (°C): 30.0 Coal Volume (cm’): 46.18
Mass of Coal (g): 64.10 Coal Density (g/ cm?): 1.388
Step Number | Equilibrium Gas Phase Vol CH,Adsorbed | Vol CH;Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) (cm3/g@STP
(MPa) Fraction CH,
1 5.266 0.811 561 9.84
2 3.100 0.799 492 8.89
3 1.611 0.770 3.86 7.59
4 0.863 0.719 3.01 6.35
5 0.388 0.602 2.18" 4.95
Analysis Gas: 75% CH4/25% CO,
Sample Description: Gates Formation Coal, -60 mesh, moisture-equilibrated
Sample Number: D3-3

Reference Number: N/A

Experiment Date: 8/12/97 Reference Volume (cm’): 314.17 Moisture(%): 1.3

Sample Cell No: 4 Void Volume (cm’): 124.77 Ash(%): 46.1
Temp (°C): 30.0 Coal Volume (cm®): 40.28
Mass of Coal (g):  71.31 Coal Density (g/ cm’): 1.771
Step Number | Equilibrium Gas Phase Vol CH,Adsorbed | Vol CH,Adsorbed
Cell Pressure Equilbrium Mole (cm3/g@STP) (cm3/g@STP
(MPa) Fraction CH,
1 5.583 0.790 2.73 6.09
2 3.615 0.785 2.88 5.72
3 1.820 0.769 2.55 5.03
4 0.898 - 0.730 2.17 420
5 0.353 0.625 1.69 3.23
References (
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APPENDIX VII - Discretization of macropore and micropore transport equations
and solution procedure

Discretization of Macropore Transport Equation

The (dimensionless) macropore transport equation is:

1 0’,( ﬁij Py 2Py
="+ ~ly =1 , 1
7o\l o)™ o A5, o)

Equation (1) may be written in the following generalized form:

where q is the (dimensionless) flux of gas in the macroporosity, and g; is the macropore
to microporous matrix mass flow rate. Following the integrated finite difference
approach', this equation may be spatially integrated over a small subregion of the
macrosphere domain:

[(Veqar +-Zf ppav - [ gav =0 @
14 aTV 14

In the current problem, the finite subvolume is a spherical shell within the
macrosphere. In addition, we have assumed a spherically symmetrical system. The
spherical volume element is:

dV = ' dnd6sin ®d®

where 77 is the radial coordinate, @ is the azimuth angle, and @ is the angle of elevation.

Substituting the divergence term (radial coordinates) from left hand side of equation (1)
and the definition of the spherical volume element into (2):

1
J.—Z—[ ﬁp’)"j n’ dnd@sin ®dD + - —I Do, M dndBsin D + —jg dndBsin ©d® =0
V

The discretization volume is an interior spherical subshell extending from 7,_,,, to 7,,,,,
centered on node I. Equation (3) thus becomes:
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——| " —=""|n"dndOBsin ®dD + —— Pr. N dndBsin AP +
0 0 nmlyp 772 é”l] &,77 ﬁ'l' 0 0 np °

27 Man
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0
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Carrying out the integrations:

é)p Da

opp, 4
. 1-172 } 3 72'[7713+1/2 - 7713—1/2] oz

on

PPpa
1i+1/2:| - 47”712—1/2[ 2

47”712+1/2|: an

. (4)
- 3'7[[7713+1/2 - 7713-1/2]gi =0

The spatial derivatives may be approximated by 2™ order central differences, and
the time derivative may be approximated by a backward difference. In addition we may
define geometric term (G) at the 7112 and 7111/2 spherical interface and the discretized
subshell volume as:

G(I-1/2) = 47[7712—1/2 I (m —my)
G(I+1/2) = 47”712+1/2 I (myp — m)

4
Vol(I) = 57[[7713“/2 - 7713—1/2]

Substituting these definitions into equation (4) yields the discretized form of
equation (1) for the Ith interior spherical element:

Poa = Poa
G(I+1/2)(opar+1 - ppar) - G(-1/2)(Ppar - Ppar.1) - VOI(I)A—r

-Vol()g; =0 (5)

- At G(I+1/2)(ppar+1 - poar) + At GA-1/2)(opar - Ppari) + At Vol(I)gi
+V01(I)pDa1 = VOl(I) PDal v

where superscript v refers to the previous timestep.

Equation (5) may be reduced to the following form:



file:///I-/I2

AP+ BiPoa + CriiPoan = Poa” —ATE, (6)
Discretization of Micropore Transport Equation

The (dimensionless) micropore transport equation is:

aé’(zﬁpD.) 0”( Cj
v ol Bl VN (7)
o o) e\ g
_G_x_i 25:0&)__@
or }/20’)/(7 oy )" or
C
where © = g, + —2
P

Equation (7) may be written in the following generalized form:

o0
+ -——=0
Veq ot

where q is the (dimensionless) flux of gas in the microporosity. Applying the integrated
finite difference approach, this equation may be spatially integrated over a small
subregion of the microsphere domain:

j(Voq)dV+—£f®dV=o (8)

In the current problem, the finite subvolume is a spherical shell within the
microsphere. In addition, we have assumed a spherically symmetrical system. The
spherical volume element is:

dV = y*dydBsin ®dD

where ¥ is the radial coordinate, @ is the azimuth angle, and ® is the angle of elevation.

Substituting the divergence term (radial coordinates) from left hand side of equation (7)
and the definition of the spherical volume element into (8):
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a 5( 20?0D‘j 2 . J 2 .
——| y* 2192y dBsin DD + —— | Oy > dy dOsin DD = 0 9
V725y7§y77 (%lyy ©)

The discretization volume is an interior spherical subshell extending from y, ,,, to 7,.,,
centered on node I. Equation (9) thus becomes:

T 27 Y

T zfyf ii( 2%j72d7désind>d®+—ij [ Jer?dyaosinddd =0
SR ot 4

0 0 ¥l

Carrying out the intégrations and assuming a constant c:

Ppi

opp,; 4 o0
> 1+1/2} - a47z712—1/2{ oy |1—1/2i| - 5”[713“/2 - 713—1/2 ]E =0 (10)

a47z7’12+1/2|: oy

The spatial derivatives may be approximated by 2™ order central differences, and
the time derivative may be approximated by a backward difference. In addition we may

define a geometric term (G) at the y1.12 and y1.1/2 spherical interface and the discretized
subshell volume as:

G(1-172) = 47‘7’12—1/2 al(y,=v.)
G(1+1/2) = 471712+1/2 al (., —v,)

4
Vol(I) = 3 ﬂ[713+1/2 - 713-1/2 ]

Substituting these definitions into equation (10) yields the discretized form of
equation (7) for the ith interior spherical element:

0,-0;
G(I+1/2)(ppir+1 - ppir) - GA-1/2)(opir - ppir.1) + Vol(I)—I_AT—I

=0 (11)
At G(I+1/2)(pD,~1+1 - ij[) - At G(I-l/Z)(pDi[ - pD,‘].j) + VO](I)@] = VOI(I) @)/
where superscript v refers to the previous timestep.

Equation (11) may be reduced to the following form:

A, Py +Bippy +Crappyg +0, =0 (12)
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Linearization of Discretized Equations and Solution Procedure

If the non-linear Langmuir isotherm equation is used in the dimensionless storage
term ©, in equations of the form (12), the resulting equations are non-linear in form.

The Newton-Raphson technique is used to linearize the equations. The solution of the
micropore transport equation, using the example of equation (12) for the Ith node, is as
follows:

1) At each new iteration (v+1) the approximations p$*” = p.” + Ap,. and

O(p) + é,(ppD ) ApS are substituted into equations of the form (12).

Di

2) The resulting equations are of the form:
AI-IApl()‘;I)—l + {BI +0’ (pJ(J:I) }Ap[()‘i,]) + CJ+1Apl()‘1’I)+1 =

®7 - {®(V) + A 1,03:1) 1 +B1p1()1:1) +C1+1p1():'1)+1}

or: 4,,Ap5) +{B +0'(p5) }Apl():l) +CraBohi = R,

where R, is the residual

3) The resulting set of linearized equations, with the coefficients forming a tridiagonal
matrix, are solved using a direct solver routine. The resulting Ap,, are then used in

the latest approximation to pp, .

4) The above procedures are repeated until the residuals of the equations in procedure 2)
are minimized.
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APPENDIX VIII - Model Verification

The numerical solution to equations (23)-(27) and (15)-(22) of Chapter 4, the
unipore and bidisperse models, respectively, were verified through comparison with
several available analytical solutions.

Unipore Model

The numerical unipore model solution was compared to the following analytical
solution for diffusion in a sphere, subject to variable surface concentration (#)':

exp(— Dn* * t/az) _ nmr
n(n*n® - fa /D)

a ( )Sin{(ﬂaz/D)mr/a} 2B8a°
,TiTpeee s sinfga?/ D} Dr

Z()

where:

#1) = C, {1 ~exp(- 3 1)}

The initial concentration C, of a sphere of radius a is assumed to be zero. The infinite
series in the above equation was converged using procedures described in Press ez al.
The solution was programmed in FORTRAN 77. The numerical and analytical solutions
were compared for various values of Sa’/D and C/C,. Agreement between numerical and
analytical solutions in all cases is excellent.

Bidisperse Model

The bidisperse model was compared to the analytical solution for macrosphere
fluid phase concentration presented in Ruckenstein ef al.’ (equation 11):

47z

6 4z i i (-D*%k sin(k;z 17) exp[— ak, r]
]

k=l g=l |l 5 k27r2) 1
—+1+cot” & —(1— —
i ” p &

where &y are the roots of the transcendental equation

d

H1-&ycots, ) +ad =K% k=123, o

0, = (Co- Cao)/(Caorr Cop), dimensionless macropore concentration,




2

i

a = —*—, dimensionless parameter

D,R P
5 B RD, t

= , dimensionless parameter
¢a DaRi2 p

T= R—“Z , dimensionless time
¢ = porosity

ra . . . ..
n="p dimensionless macrosphere radial position

a

The analytical solution was programmed in FORTRAN and the roots of the
transcendental equation were determined using the Bisection Method algorithm provided
in “Numerical Recipes in FORTRAN’? The numerical and analytical solutions were
compared for various values of @, a/f5, and 7. Agreement between the numerical and

analytical solutions in all cases is good.
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