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ABBTRACT

The formation and retention of methane in coalbeds was
studied for ten Utah coal samples, one Colorado coal sample
and eight coal samples from the Argonne Premium Coal Sample

Bank. Methane gas Lontent of the Utah and Colorado coals
varied from zero to 9 cm/g The Utah coals were all high
volatile bituminous coals. The Colorado coal was a gassy

medium volatile bituminous coal. The Argonne coals cover a
range or rank from lignite to low volatile bituminous coal and
were used to determine the effect of rank in laboratory
studies.

The methane content of six selected Utah coal seams and
the Colorado coal seam was measured in situ using a special
sample collection device and a bubble desorbometer, Coal
samples were collected at each measurement site for laboratory
analysis. The cleat and joint system was evaluated for the
coal and surrounding rocks and geological conditions were
noted. Permeability measurements were performed on selected
samples and all samples were analyzed for proximate and
ultimate analysis, petrographic analysis, 3¢ NMR dipolar-
dephasing spectroscopy, and density analysis. The observed
methane adsorption behavior was correlated with the chemical
structure and physical properties of the ccals.

The thermodynamics of gas molecules adsorbed on coal
surfaces was studied by gas chromatography. Adsorption
coefficients and heats of adsorption were measured. Elemental
gases such as oxyygen, nitrogen, and argon were found to adsorb
by non-specific forces due to dispersion and repulsive forces.
Hydrocarbon gases (methane, ethane, and propane) show stronger
adsorption than expected due to dispersion forces alone. This
is attributed to the similarity between the hydrocarbons and
the coal surface. Carbon oxide gases (carbon monoxide and
carbon dioxide) and propylene show specific interactions due
to permanent or induced dipole or w-electron interactions.
Carbon monoxide shows a specific adsorption effect, but no
effect of coal rank. The strength of the van der Waals
interaction increases with the number of electrons. Methane
shows specific adsorption and the effect increases with rank.
The order of specific adsorption effects is CjH, > CO, > C;Hy >
C,H, > CH, > CO. The effect of rank or carbon content on
spec1f1c adgorptlon is in the order CH, > CH, > CQ{ > co, >
CH, > CO. All gases studied, except water have hlgher heata
of adsorption than heats of vaporlzatlon Only propylene
showed a strong correlation with K, surface area.

Static adsorption experiments demonstrated that diffusion
of methane through coal pores is limited below temperatures <
50 °C. The isosteric heat of adsorption of methane was found
to be 14.9 kJ/mol for a high volatile bituminous coal. Water
adsorbed on the coal inhibits methane adsorption. The



adsorption capacity for different gases was in the order CO,
>CH, > CO ~ N, ~ Ar ~ 0,. A slow depressurization technique
was developed to measure continuous adsorption isotherms. A
linear adsorption region between 0.2 and 0.6 relative pressure
was observed in BET plots and used to calculate surface areas.

The desorption of water was studied by scanning
calorimetry and thermal analysis. A first order rate
expression was used to model the reaction. The activation
energy for desorption varied from 27 to 78 kJ/mol, depending
on moisture content. The average value, 49.2 kJ/mol was close
to the heat of vaporization of water of 40.63 kJ/mol.

Programmed-temperature pyrolysis was used to investigate
gas evolution during pyrolysis. Chemical reaction rates were
found to control devolatilization under the experimental
conditions. The temperature dependence of gas evolution
during pyrolysis parallels that observed during coalification.
Pyrolysis methane yields increase with increasing in situ
methane content for gassy coal seams, indicating that recent
rates of methane formation are important in determining
methane content. Methane and hydrogen yields increase and
carbon oxide yields decrease with increasing carbon content of
the coal. A mechanism is proposed in which carbon and oxygen
compete for activated hydrogen during devolatilization.

ii
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1. INTRODUCTION

Coal contains methane gas which during normal mining
operations is released into th2 mine atmosphere and may form
an explosive mixture with air resulting in a safety hazard, a
lost resource, and an environmental problem. Methane gas is
a by-product of the process of coalification. Coal is a
highly porous solid having two distinct pore systems,
macropores and micropcres. The methane gas has a great
affinity for coal and 1is adsorbed on the surfaces of the
micropores. When released from the micropores the methane gas
exists as a free gas in the macropores from which it can
migrate from the ccal particles into the mine workings or the
outside atmosphere.

Association of methane with coal has always presented a
safety problem in mines. Methane concentrations of 5 to 15 %
(the explosive 1limits of methane in air) in the mine
atmosphere renders the mines dangerous. To prevent buildup to
this concentration range, the methane gas must be diluted by
ventilation well below the 5% level or removed prior to mining
by separate drainage systems, independent of the mine
operations. Both ventilation and methane drainage systems are
costly. However, in the second case, methane can be used as
a clean source of energy.

Many United States coal seams contain methane. Mroz et
al. (1983) estimated the methane reserves of U. S. coalbeds at
more than »00 trillion cu ft (tcf) (11.2 Gm’). Ayers and Kelso
(1989) estimated the coalbed resources of 13 U. §. coal basins
and arrived at a similar figure. Accordin% to Deul and Kim
(1975), more than 200 million cu ft (5.6 Mm’) of methane was
released into the atmosphere each day in 1974. This
represents a large potential fuel resource. If recovered, the
sale of the methane could pay for many of the costs of the
recovery system and, in some cases, realize a profit.

The formation and retention of methane depends on a
number of factors. The amount of methane formed depends on
the starting material and the degree of maturation as
represented by maceral content and rank. The thermal history
of the coal seam is important in maturation processes. The
retention of the methane depends on the temperature and
pressure of the coal seam (depth) and physical properties such
as porosity and permeability. Geological factors such as the
permeability of the roof rock and fracturing in the seam are
important. Retention of the methane also depends on the
thermodynamics of gas adsorption, which is determined by the
chemical nature of the coal surface and of methane.

Methane is a "greenhouse" gas in the atmosphere in that
it absorbs infrared radiation from the earth and re-irradiates



concentration of such gases in the atmosphere lead to a change
in the thermal balance of the earth and a new equilibrium
temperature. Although the concentration of methane is much
less than that of carbon dioxide and its lifetime in the
atmosphere is much shorter, methane absorbs in a different
region of the infrared spectrum. According to Beer's Law, low
concentrations are most effective in absorbing light on a per

mass basis. Methane is oxidized in the atmosphere by the
hydroxyl radical, resulting in the formation of carbon
dioxide, another "greenhouse" gas. In the stratosphere,

methane reacts with chlorine atoms to reduce ozone depletion,
but it also reacts with electronically excited oxygen atoms,
reducing the formation of ozone (Hileman, 1992). Methane jis
a major source of water in the stratosphere and water aids in
the destruction of ozone. Atmospheric concentrations of
methane are presently about 1.7 ppm, but are increasing at
over 1 % per year and have doubled since the beginning of the
industrial revolution (Hileman, 1989). Major sources of
methane "in the atmosphere are from swamps, marshes, rice
paddies, and domestic animals. Cecal mining is estimated to
contribute from 10 to 20 % (Warneck, 1988).

For these reasons, recovery of methane from coalbeds is
an important problem. The formation of coal (Chapter 2) and
the formaticn and retention of methane (Chapter 3) are
reviewed in this report. The geological conditions and
history of the coal fields where measurements were made was
determined (Chapter 4) and the methane resources of Utah coal
fields are reviewed (Chapter 5). Chapter 6 contains a
description of the samples studied in the laboratory. In this
project, the methane content of several gassy Utah and
Colorado mines was measured by an in situ technique. The
results of the studies of methane content, porosity, and
permeability are found in Chapter 7. Laboratory measurements
of the chemical and physical properties of coals were
conducted. A gas chromatic technique was developed to measure
the adsorption coefficients and heats of adsorption of methane
and other gases on c¢oal surfaces (Chapter 8). These
parameters were correlated with coal properties by
multivariant analysis. The diffusion of gases into the coal
and the accessibility of coal pores to various gases was
studied by static adsorption experiments (Chapter 9). A novel
technique using slow continuous desorption of adsorbed gas was
developed and applied to the determination of surface areas
(Chapter 10). The formation of methane was studied by
pyrolysis as a measure of the current propensity of coals to
produce methane (Chapter 11). Mechanisms for the formation of
methane and other gases are proposed based on pyrolysis
results and the chemical composition of the coals. The effect
of water on adsorption and desorption processes and the
kinetics and thermodynamics of water desorption were studied
(Chapter 12). The laboratery experiments are summarized and
interpreted in Chapter 13, although other chapters contain
conclusion sections. The results of this study should be
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useful in understanding the processes by which methane is
formed in coal and retained by coal seams. The results of the

study have already found use in modeling methane transport in
coal seanms.



2. FORMATION OF COAL

The U.S. Bureau of Mines' definition of coal is as
follows: "A solid, brittle, more or 1less distinctly
stratified, combustible carbonaceous rock, formed by partial
to complete decomposition of vegetation; varies in color from
dark brown to black; not fusible without decomposition and
very insoluble" (Thrush, 1968). aAnother definition is as
follows: "Coal is a sedimentary rock accumulated as peat and
composed principally of macerals, subordinately of minerals,
and containing water and gases in submicroscopic pores"
(Neavel, 1981). These definitions indicate the complexity of
the physical and chemical properties of coal and the
possibility for large differences in these properties between
coal samples from different locations. It is beyond the scope
of this report to discuss in detail the formation of coal.
However, an understanding of the genesis of coal is helpful in
the study of the occurrence and properties of methane gas
within coal.

2.1 Biochemical and Metamorphic Processes

Coal was created in warm, tropical or subtropical
climates where plant life was abundant due to the climate and
to large amounts of water. The water allowed for abundant
plant growth and rapid decay of the dead plants in lagoons,
coastal swamps, slow moving rivers, and deltas. The
combination of partial decay of the plant material and the
deposition of sediments produced a peat. Diagenetic and
metamorphic processes altered the peat mainly through
biochemical action of various bacteria present in this
environment. The result was an increase of carbon content
simultaneous with loss of water due to pressure causing a
compression of the peat. With increase in depth, the bacteria
ceased to exist and further changes were of a chemical nature.
Consequently, the temperature, time and pressure were factors
determining the degree of the coalification process as the
carbonaceous material progressed through lignite,
subbituminous, bituminous, and anthracite coals. The effect
of temperature is to increase the rate of chemical reactions.
Time allows for these reactions te occur at slower rates and
the effects of temperature and time ave complementary.
Elevated pressure brings the reacting species closer together
and prevents the escape of intermediate and final products.

2.2 Coalification Processaes
Many descriptions of the c¢oalification process are
offered in the literature (Teichmuller and Teichmuller, 1982;

Given, 1984; Speight, 1983). Kim and Douglas, 1973, describes
coalification as

a series of biochemical and geochemical reactions
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which transform plant material into a combustible,
carbonaceous solid. Methane is the primary gaseous
by-product of this process, but other hydrocarbons,
CO,, and hydrogen are also produced. Coalification
begins with a biochemical stage during which plant
materials are partially decomposed by anaerobic
microorganisms, humic substances are formed, and
peat accumulates. During this stage are also
produced methane (CH,), carbon dioxide (CO,), and
traces of ethane, ethylene, propane, propylene,
butane, and pentanes. These gases may be retained
in the peat by adsorption. Atmospheric nitrogen
(N,) and oxygen (0,) may also be adsorbed.
Atmospheric nitrogen %Nz) and oxygen (0,) may also
be adsorbed on the peat during éeposition.
Inundation and the deposition of inorganic
sediments usually terminates the development of
peat and initiates the geochemical phase of
coalification. During the geochemical stage of
coalification, the time, temperature, and pressure
cause physical and chemical changes in the coal.

The classification of coals is shown in Figure 2.1
(Plaizier, 1990), and the coalification process is shown
schematically in Figure 2.2 (Francis, 1961). In general, as
coalification proceeds, the oxygen content, moisture, volatile
matter, and hydrogen content decrease. Calorific value,
carbon content, and vitrinite reflectance increase with
increasing rank. Pore size distributions also vary with rank.
Maceral composition and mineral matter content depend on the
starting biomass material, the conditions at the time of
initial coalification, and the history of intrusions into the
coal bed. The quality of the coal and the physical and
chemical properties of the coal depend on rank, maceral
composition, and mineral matter content.

2.3 Influence of Depth of Strata and Tectonic Pressure

The amount of methane stored in coal depends on rank and
depth of the coal. Higher rank coals have higher content of
gas. The effect of depth is to increase temperature and
pressure, thus increasing the rate of the coalification
process. The capacity of coal toc hold gas is decreased with
increasing . »mperature in the range of coalbed temperatures,
but increases with pressure. Tectonic pressure may cause
folding and faulting of coalbeds thus contributing to the
release of gas from the coal matrix. Consequently, some gas
may migrate into cavities of surrounding rocks and through
cracks and fissures to the surface.

Alpern (1970) studied the distribution of gas in coalbeds

with respect to stratigraphy, tectonics, 1lithology and
overburden. He analyzed the distribution of gas in tectonic
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Figure 2.1 Classification of <coal by rank (after

Plaizier, 1990)

structures such as anticlines and domes and other folded
structures, and mcasured the permeability. The gas was
trapped in the crest of anticlines at depths of about 300 ft
(100 m) while synclines were free of gas at depths up to about
1,000 ft (300 m). The Wasatch Plateau field contains several
faults, which must be considered in this study.

From the point of view of permeability, Alpern (1970),
distinguishes the following types of disturbances:
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1. Impermeable disturbances, represented by
overthrusts and flat faults.
2. Permeable disturbances. Here the permeability

Tectonic pressure can have a great
formation of methane in coals.
change in rank.

varies with the dip. Permeable disturbances are at
right angles to the strike of right-angle bed
faults. In this case a symmetrical degasification
takes place on both sides of the disturbance.

effect on the
It can affect the rate of
This is caused by an increase in temperature

and pressure through direct infiuence of tectonics or by
increased depth of burial (Francis, 1961),



2.4 Coal 8tructure

Coal may be treated as a highly crosslinked
macromolecular network (Larson et al., 1985; Brenner, 1983,
1984, 1985; Bodily et al, 1989). Crosslinks include covalent
bonds, hydrogen bonds and induced dipole-induced dipole
interactions from association of the aromatic ring systems in
clusters. The increased size and long-range ordering of the
clusters result in anisotropy of many coal properties of high
rank coals. While the condensed-ring aromatic units are
planar, the hydroaromatic rings and alkyl substituents are not
planar and stacking of the clusters results in an extensive
pore system. Coal is an amorphous glass at ambient conditions
in a coalbed with a glass transition temperature above 300 °C
(Lucht et al., 1987; Mahajan, 1982). It may be in a strained
conformation as it is removed from the higher pressure and
temperature of the coal seam to ambient conditions, without
sufficient segmental mobility to undergo rearrangement.
Solvents may lower the glass transition temperature, and this
may also be true for gases that cause swelling of the coal.

2.5 Porosity and Ssurface Area

Mahajan (1982) and Mahajan and Walker (1978) have
reviewed coal porosity. Pores may be divided into macropores
> 50 nm, mesopores between 20 and 50 nm, micropores between
0.8 and 20 nm and submicropores < 0.8 nm in diameter. Pores
are reported to be spherical, based on the shapes of molecules
that can enter the pores, but in the presence of swelling
solvents, cylindrical pores are observed (Gethner, 1986;
Winans and Thiyagarajan, 1988; Goslar et al, 1989).

Reucroft and Patel (1983) attributed the steep rise in
adsorption at low partial pressure for a variety of adsorbents
to an extensive micro- and mescpore system in which the
adsorbents condensed. However, surface area measurements with
different gases and the time required to reach egquilibrium in
adsorption measurements indicates that the pores are not
readily accessible to all gases. The effect of temperature
and pressure changes on pores and access to pores has not been
clearly established. The thermal expansion coefficient is of
thi)ogder of 10%/°C and the compressibility is of the order of
101 m?/N.

The amount of nitrogen gas adsorbed by coal goes through
a maximum as the temperature is increased. Since the
adsorption process 1is exothermic, the adsorption should
decrease with temperature. However, at low temperatures, the
diameter of some pores approach the kinetic diameter of the
nitrogen molecule. Repulsive forces increase very rapidly and
become the dominant force in the interaction. This
effectively prevents the nitrogen from entering much of the
pore system, resulting in decreased adsorption at low
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temperatures. At higher temperatures, thermal expansion of
the coal mat*’x and the increased kinetic energy of the gas
molecules al.ow the gas to enter the pores, but the
thermodynamic equilibrium favors less adsorption. The rate of
adsorption therefore has a positive temperature coefficient.

Nandi and Walker (1964) measured the diffusion of N, and
CO, into coals. The activation energy for diffusion of N was
greater than that of CO, for all coals studied. This was
attributed to the dlfference in the kinetic diameters of
nitrogen (3.65A) and carbon dioxide (3.3A). Surface areas of
coal measured at 1liquid nltrogen temperatures using the
Brunauer-Emmett—Teller (BET) equation are only of the order of
a few m?/g, much less than that measured by other techniques.
Walker and Kini (1965) reported that more pores are accessible
to CO, than to He. This has been reported for a large number
of coal maceral fractions and was also found for methane and
methanol (Walker et al. 1988). However, He is generally
assumed to enter all pores at surface area measurement
temperatures. Xenon gave about the same surface area as CO
Methane with a large kinetic diameter of 3.8A is readlfy
adsorbed by coal at room temperature, although the egquilibrium
time is long. Water with a much smaller kinetic diameter of
2.7A gave much lower densities than methanol. Experiments in
this laboratory have shown that methane, nitrogen, and argon
are slowly adsorbed by coal in a pycnometer at about 0.2 MPa,
giving unreasonable coal densities compared to that measured
with helium.

Marsh and Siemieniewska (1965) used the Dubinin-Polanyi
equation to measure surface areas with carbon dioxide at 25
°C. At this temperature, the entire pore system of the coal
is accessible to the CO,. The results were shown to be in
agreement with BET measurements using Co, at the same
temperatures, but higher pressures (Walker and Kini, 1965).
Surface areas measured by this method are of the order of 150
to 300 m?/g.

The validity of surface area measurement is brought to
question by recent studies. Coal is known to swell in the
presence of solvents. The swelling is dominated by polar
hydrogen bonds which act as crosslinks and prevent swelling.
Polar solvents which disrupt the hydrogen bonds cause
substantial swelling. When hydrogen bond effects are removed
from experiments, coals show maximum swelling in solvents with

Hildebrand solubility parameters of about 22 MPa'/ The
swelling is anisotropic and partially irreversible (Bodlly et
al., 1989; Cody et al., 1988). Experiments with carbon

dioxide indicate that a portion of the surface area measured
may be due to creation of new pores by swelling in the carbon
dioxide (Reucroft and Sethuraman, 1987; Reucroft and Patel,
1986; Walker, et al., 1988). Harpalani and Schraufnagel
(1990) have recently reported on the swelling of coal due to
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methane adsorption. These measurements were made with strain
gauges and do not provide information on what changes occur in
the micropore structure due to swelling. Swelling due to
gases appears to not be unusual.

Solubllity parameters are calculated for gases by
assuming a hY?othetlcal dissolved liquid and are 5.3, 11.6,
and 12.3 MPa'/® for nitrogen, methane and carbon dloxide
respectively at 25 °C. The effect of pressure is to increase
the value of the parameter. For carbon dioxide and methane at
higher pressures, the solubility parameter would be in the
range of that of liquids that cause coal swelling. The effect
of swelllng with liquid solvents is to increase the segmental
mobility in the coal and increase diffusion rates of other
molecules into the coal. It is not clear what happens in the
case of gases. Carbon dioxide is non-polar but in the
presence of polar groups an induced dipole can be formed. The
fact that Xe and CO glve comparable surface areas 1is taken to
mean that adsorption is not due to a polar interaction.
Methane is also non-polar and it is not clear why it is
strongly adsorbed in coal. Adsorption of water has been shown
to have a large effect on the amount of methane that can be
adsorbed (Joubert et al., 1973, 1974). Beyond a critical
moisture content, which is related to the equilibrium moisture
of the coal, suppression of methane adsorption no longer
occurs. The critical moisture content is correlated with the
oxygen content. Walker et al. (1988) concluded that the
surfaces of resinite and fusinite were hydrophobic, while the
surface of vitrinites was partially hydrophilic.



3. FORMATION AND RETENTION OF METHANE
3.1 Methane Formation during the Coalification Process

Methane is a product of metamorphism of coal substance
(Raistrick and Marshall, 1939; Deul and Kim, 1986; Creedy,
1988). Hence, methane is a byproduct of the coalification
process. It is formed at all ranks of coal but its formation
is accelerated for the bituminous rank above 80% of carbon
when the coal substance loses hydrogen very rapidly. In the
course of coalification methane is released in amounts
depending on rank and type of coal and thermodynamic
conditions. <Curl, (1978) considers the process of methane
retention as a sorption process.

During the coalification process methane and other gases
are generated by the thermal alteration of organic material.
Chemical changes that occur in the organic material lead to a
decrease in both atomic 0/C and atomic H/C ratios with
increasing maturity. As coal matures, it continues to lose
oxygen and moves to the left along the curve of coal
maturation shown in Figure 2.2. Oxygen loss occurs more
readily than hydrogen loss during the lower temperature,
diagenetic portion of the maturation process.

The major by-products of the coalification process are
methane, carbon dioxide, nitrogen and water. Methane is
generated by two mechanisms during the coalification process:
biogenic and thermogenic (Claypool et al., 1980; Fuex, 1977).
During the early stages, at temperatures below 50 °C, biogenic
methane is formed by microbial decomposition of the organic
material. The biogenic methane may comprise up to 10% of the
methane generated at 1less than 200 °C. As temperature
increases above 50 °C through increased depth of burial or
increasing geothermal gradient, the maturation of coal also
increases. The temperature profile during coalification,
often referred to as the time-depth of burial, dictates the
level of maturity of the coal and controls the volume of
methane generated. The principal product gases generated
during the processes are CH,, CO,, and N,. A large quantity of
methane is generated at temperatures in excess of 50 °C due to
thermogenic processes. During coalification, more than twice
as much CO, as CH, is generated, up to a medium volatile
bituminous coal. Methane generation increase rapidly after
this stage.

The amount of methane formed at any rank can be
approximately estimated from the plot of hydrogen versus
carbon shown in Figure 2.2 (Francis, 1961). In early stages
of coalification, oxygen is 1lost by formation of carbon
dioxide and/or water with lesser amounts of methane. At the
bituminous coal stage methane formation begins to dominate, as
indicated by the rapid decrease in hydrogen content. The



total amount of released gas at any stage of coalification is
illustrated in Figure 3.1 (after Ayres and Kelso., 1989).
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Figure 3.1 Gas release during coalification (after Ayers

and Kelso, 1989).

Although the total amount of methane formed in the
bituminous rank range is an inverse function of volatile
content, the latter is no indicator of gas content capacity or
gassiness of coal. Gas content depends on the geological
history, lithology of the immediate lower and upper rock
strata, tectonic effects, depth of burial, etc. For a shallow
coalbed the released methane may escape into the atmosphere.
This is more difficult in deep seated beds. If the coal
strata are tectonically disturbed there is more chance for the
formation of faults, joints and fissures, and other channels
which favor migration of methane (as it is the case for the
Wasatch Plateau coal field in Utah). On the other hand, any
coalbed associated with impermeable roof and floor rocks is
likely to retain more gas.



3.2 Methane adsorption and transport

Langmuir (1916) derived an equation for the adsorption of
gases on uniform surfaces and this 1is applied to the
adsorption of methane on coal:

_ _Vubp 1
Vld' - T—TE&- ( )

where V_. is the quantity of methane adsorbed at pressure p;
vV, and are known as Langmuir constants. The Langmuir
constant b is related to the heat of adsorption and decreases
with increase in temperature.

The flow of wmethane in micropores has been represented by
Fick's law where the driving force is the concentration
gradient (Cervik, 1967; Kim and Douglas, 1973; Fisekci and
Barron, 1975):

dg/dt = DA dc/dL (2)

where g is the flow rate, t is the time, D is the coefficient
of diffusion (diffusivity), A is the cross-sectional area, C
is the concentration of gas, and L is the length of diffusion
path.

Gas transport through the fracture systems in coal
depends on the pressure gradient and is considered to obey
Darcy's law of fluid flow with some modification. The general
Darcy equation is as follows:

q= -—-.“;A dp/dL (3)

where g, A, and L are defined above, k is the permeability, P
is the pressure, and u is the gas viscosity.

There is more probability therefore, that gas might be
retained at a high pressure in bituminous rank if pre-mining
natural permeability happened to be low. This natural
permeability thus controls whether the released methane may
escape into the atmosphere or it may be trapped in some rock
layers or in some other coalbed.

The rate of gas emission is influenced by Fick's and
Darcy's laws. A coalbed may also receive methane from some
other adjacent coalbed. It can be thus stated that gas
content of any particular coal seam is a function of coal
rank, permeability of coal and associated rocks. In any
particular coal measure containing several coalbeds it is very
difficult to determine the share of gas from internal and
external sources for any particular bed.

,
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3.3 Methane Retention in Coal

When the gas is released from the coal by desorption, it
flows into the pores and fissures in the coalbeds or
associated strata. Thus, the flow of methane from the coal is
considered as a two-step process (Gunther, 1965; Kissell,
1976). In the course of mining this stored methane may be
released slowly or in a form of sudden outbursts. Methane gas
release as high as 200 times the coal volume can be obtained
from coal. It has already been said that methane exists in
coal as a free gas within the pores and fractures of the coal
mass and in the adsorbed state, and it is also possible that
some methane is absorbed by the coal matrix. Methane is also
present in adjacent porous strata.

Mcst of the methane is adsorbed onto the walls of
microvoids in coal. It has been estimated that the surface
area of one kilogram of coal is between 20 000 m? to 200 000
m?. Surface area measurements depend on the coal and also on
the method of measurement. At 20 atmospheres, in some coals,
the adsorbed methane is 10 times greater than methane as a
free gas. At 100 atmospheres the adsorbed gas can be as
densely packed as a liquid.

The volume of methane gas held in coal depends on the
volume of gas that exists as a free gas and the adsorbed gas
capacity. The volume of free gas in the coal can be
calculated from kinetic theory of gases (the methane can be
assumed to be an ideal gas as the results would not lead to
errors greater than 1 % for normal mining pressures).

Once mining is started the equilibrium of the natural
coal system is disturbed and a new stage develops in the
phenomenon of methane migration. The effect of mining in
relation to methane flow may be described as follows:

- formation of a free face (working face)

- permeability increase due to mining activities

- formation of cavities in the hangingwall during
mining
- formation of high and low stress concentration

zones which influence changes in permeability.

It is thus apparent, that the method of mining influences
methane migration from the coal into mine workings. Fast
mining will cause a release of higher volumes of gas. On the
other hand, rapid transport of broken coal out of the mine may
reduce methane emission by shortening the time of stay
underground. The smaller the size of the broken coal the
larger the volume of methane that can be expected. From this
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point of view a coal plow cutting system is considered more

favorable than the drum type cutter-loader mostly in use in
U.S. underground coal mines.

3.4 Methane Resources in American Coal Fields

The United States is blessed by tremendous reserves of
coal. Most of this coal contains methane. The U.S.
Department of Energy estimates that U.S. coalbeds contain more
than 400 X 10 cu ft (11.2 Tm') of gas in place (Mroz et al.,
1983; Schwoebel, 1985). Later, Ayers and Kelso (1989),
estimated coalbed methane resources in 13 U.S. coal basins to
be about 401 tcf. Reserves are listed in Table 3.1. The
important U.S. coalbed methane resources are in the Warrior
(Alabama), Piceance (Utah and Colorado), Northern Appalachian
(Pittsburgh, Ohio, and West Virginia), Central Appalachian
(Kentucky and Tennessee), and San Juan (Colorado and New
Mexico) basins. Kuuskraa and Brandenburg (1989) report that
there are about 250 tcf of natural gas in these basins. There
are eight additional coal basins with an estimate of 150 tcf
of gas (Table 3.1).

Coalbed methane gas resource estimates are calculated
from the tonnage of coal which is multiplied by known gas
content. The composition of the gas is predominantly methane

(95-98%). As has been discussed above, the methane gas is
stored in coal as a monomolecular ‘ayer adsorbed on the large
internal surfaces of micropores. Kuuskraa and Brandenburg

(1989) claim that gas contents of 500-600 cu ft/ton (15.7-18.5
m’/tonne) have been measured for the higher rank coals in the
U.S.A. Diamond (1984) estimated methane content of about 595
cu ft/ ton (18.5 m’/tonne) for an anthracite coal from
Pennsylvania.

3.5 Coalbed Methane Recovery Techniques

3.5.1 Underground Techniques

Coalbed methane can be recovered from existing mines by
drilling horizontal boreholes (3-inch or 76.2 mm diameter)
into cocal (Uhrin et al., 1980; Schwoebel, 1987). The methane
is then collected into an underground pipeline system and
directed towards the surface.  Vertical boreholes (1-5/8 inch
or 41.3 mm diameter) can also be drilled from the surface into
a gob behind active longwalls (Maksimovic and Kissell, 1980).
The coalbed methane is thus drained through the borehole out
of the mine (Figure 3.2).

Vertical boreholes are drilled from mine workings into an
overlying coalbed and the collected methane is again piped to
the surface.

ey LRI N
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Figure 3.2 Methane drainage from a gob.

3.5.2 urface Techni es

Pre-mining degasification is done by vertical boreholes
(about 8 jnch or 203 mm diameter) drilled from the surface
into virgin coalbeds {Figure 3.3) . The formation pressure and
the permeability of coal control the effectiveness of this
method. The boreholes are cased. For best results, the coal
must be stimulated by injections of water, gels, or foams into
the coalbed to induce fractures. Sand is also pumped into the
porehocles to prop open the fractures. Vertical or near
vertical boreholes are also drilled from the surface into the
seam and by using a special technique, the porehole is
deviated to continue inside the seam horizontally (Figure
3.4). This technigue allows drainage of gas from a larger
area (Maurer and Wise, 1979; Steele and Mcculloch, 1980; Baker
et al., 1984).

3.6 Utilization of Methane

Coalbed methane has the same use as natural gas. The
main issues in European coal mining countries such as England,
Germany, France, Belgium, czechoslovakia and Poland are used
for underfiring coke ovens, generating steam by firing of
boilers, generating electricity, heating, or in use in the

(9]
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Figure 3.3 Surface techniques for methane recovery,

chemical industry. For example, in Czechoslovakia, in the
Ostrava-Karvina coal basin, pipeline networks between the
mines and the consumer have been established over distances of
50 miles {80 km).

Dames and Moore Mining Consultants (Stephenson, 1977),
report that gas-fired boilers (conversion of a Lancashire
Boiler) are common practice in England. The units use 200 cu
ft (5.66nm’) of gas per minute giving 6,000 pounds (2,700 kg)
per hour of steam. The units costs about $300,000. A gas
turbine is also an alternative. The methane consumption is 500
cu ft (14.15 m') per minute per 1 MW capacity.

In the U.S.A., Mid-Continent Resources, Inc., in
Carbondale, Colorado, uses methane for drying coal, heating
water in bathhouses, and for space heating in mine buildings.
Scott, 1981, reports that at the Bethlehem mine, methane
recovered from the Pittsburgh coalbed supplies about 5% of the
mine’s total electric power requirements. The methane gas runs
the 300-hp ventilation fan and a 100~-hp gas compressor motor,

(&)
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4. GEOLOGY OF WASATCH PLATEAU, BOOK CLIFFS8, AND CARBONDALE
COAL FIELDS (Adapted from Smith and Keith, 1989).

4.1 Environment of Deposit

During the Triassic and Jurassic periods, the Book Cliffs
Coal Field was gradually subsiding and receiving sediments.
A thick red sequence suggests tropical conditions and great
thicknesses of sand accumulating suggest arid conditions.
Short periods of inundation by a shallow inland sea
occasionally suspended the arid conditions. During the
Jurassic period the area of sediments lay to the west and
south (Doelling, 1972).

During the Cretacecus period, a trough developed in the
area of the present-day Colorado Rockies and it was
subsequently invaded by the sea. Gradually, the sea crept
westward as the trough continued to subside and reached the
edge of the Colorado Plateau by the beginning of the Upper
Cretaceous period. The sea did not transgress westward
continuously. The advancement of the sea was probably
influenced by distinct pulses of basinal subsidence producing
periods of rapid westward movement of the shoreline with
longer intermittent periods of relative quiescence (Young,
1966) . During these lulls beaches formed at the shoreline and
began to grow seaward as thin bodies of sand, grading downward
and seaward into nearshore marine mud. Long shore currents
added layers to the prograding beaches causing minor
regressions of the sea. While these beaches were forming at
the shoreline, swamps or marshes formed behind then along the
low-lying shore. The carbonaceous sables and coal beds of the
Dakota Sandstone originated in these protected wetlands.

4.2 B8tratigraphy

Continued basinal subsidence caused rapid advancement to
a new beach-forming shoreline. As the shoreline shifted with
these landward and seaward movements of the sea, the boundarys
between offshore marine and nearshore marine, nearshore marine
and littoral, littoral and paludal and floodplain environments
were shifted also (Young, 1966).

During the westward transgression of the sea the Dakota
Sandstone units extended as far as Sanpete County in central
Utah. This occurred during Cenomanian time coincidentally
with the deposition of the Tununk Member of the marine Mancos
over the present San Rafael Swell. In the Book Cliffs area
the sea remained in this westerly position until Campanian
time, but the exact shoreline fluctuated as orogenic pulses
elevated the lands to the west. Each pulse initiated an
increase in the volume of clastic material being eroded from
the western highlands and transported to the marine basin in
the east. The increase in clastics filled the basin faster



than the basin was subsiding and resulted in the movement of
the shoreline eastward. After each pulse, the volume of
sediments decreased while the basin continued to subside
causing the shoreline to migrate in a westerly direction.
With each pulse the boundaries of the depositional
environments moved eastward and then returned westward. As
the boundaries shifted the sandstone tongues and the
associated delta plain/alluvial plain carbonaceous facies -~
the Ferron, Garley Canyon, and the Emery Members -~ accumulated
as projecting wedge-like facies into the Mancos marine beds.

4.3 wasatch Plateau Field

This north~south trending field is about 94 miles

(150 km) in length and about 18 miles (30 km) in width. In
the east the coalbeds outcrop along the cliff faces. In the
north the coal-field plunges into the Uinta Basin and in the
south the field is buried beneath volcanic. The field is
contigucus with the Book Cliff field at its northeast end.
However, it is separated from it by the North Gordon fault
zone (Figure 4.1). The main fault zones trend almost parallel
to the long axis of the field. Many canyons are present in
this area indenting the ccal outcrops.

Economically important coal beds are found from about 200
to 450 feet (60 to 136 m) in the Blackhawk formation.

4.3.1 Bouthern Utah Fuel Mine (adapted from Hucka, 1991a)

SUFCO Mine No. 1 is located in the East Spring Canyon of
the SE corner of the Acord Lakes quadrangle, approximately 27
miles (43 km) east from the town of Salina, Sevier County
(Figure 4.1). The mine is part of the southern portion of the
Wasatch Plateau coal field and is owned by the Southern Utah
Fuel Company, a subsidiary of the Coastal States Energy Corp.
The mine extracts coal from the Upper Hiawatha coal seam. The
second seam, the Lower Hiawatha, is more or less a seam of
unmineable thickness.

The Upper Hiawatha seam is contained in the lower part of
the coal-bearing Blackhawk Formation of Upper Cretaceous age.
Overlying this formation is the Castlegate Sandstone of the
Price River Formation and the Star Point Sandstone Formation
underlies it. Structurally, the only significant deformation
in this area is the Acord Lake fault. The strata is inclined
2 degrees to the west and northwest (Doelling, 1972).

The Hiawatha seam attains a thickness of 12.5 ft (3.8 m)
within the SUFCO leasehold and otherwise averages 8.9 ft (2.7
m). Faults counted in the mine have a mean strike of N 25.8
W and are mostly graben or half-graben bounding faults.
Occasionally, spalling occurs when the thickness of the coal
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exceeds 10 feet. The immediate roof consists of 3 ft (0.9 m)
of top coal overlain by shale. The lithology of the floor
rock varies between siltstone, sandstone and shale.

Megascopically, the Upper Hiawatha seam is composed of
indistinctly banded semi-bright, semi-dull and dull coal. The
top of the seam is a semi-bright coal with an abundance of
clarain. Durain and thin vitrain are present in subordinate
amounts. The middle part of the seam consists of semi-dull
coal where dull clarain, occasionally bright clarain and
durain are the predominant components. In the lower part of
the seam, durain is most abundant. Fusain lenses can be
detected in varying parts of the seam, though mostly in the
lower 2/3 of the sean.

Maceral composition of the samples collected from the
top, middle and bottom of the seam (determined
microscopically) averages 67.2% vitrinite, 5% exinite and
27.8% inertinite. The amount of inertinite is considerably
higher in the middle and 1lower parts of the seam, and
vitrinite decreases from top to bottom. The results of
reflectance analyses show average reflectance Ro = 0.48,
classifying the coal as high volatile bituminous C in rank.

Fifty cleat observations were made in the Hiawatha seam.
The results display a bimodal distribution for the face and
butt cleats. The first set, showing considerably stronger
development, has a face cleat striking N 15 E and butt cleat
striking N 55 W. The face cleat of the second set has a
strike of N 15 W and a butt cleat N 85 W. The average angle
of dip is about 86.1 degrees.

Butt cleats of both sets are not well represented. The
average spacing interval between the face cleats is 0.25 inch
(6.3 mm) for the first group and for the face cleats of the
second group 0.3 to 0.4 inches (7.6 to 10 mm). The plane
surfaces of the face cleats are usually smooth or planar and
those of the butt cleats are generally rough.

Thirty-two 3joint measurements were taken on outcrop
rocks. These consisted of yellowish to buff, cross-bedded
sandstone, approximately 0.7 mile (1.12 km) from the mine
portal. The results show two joint orientations with the main
joint orientation striking N15W. and the minor joint N 65 E
(Table 4.1).

4.3.2 8kyline Mines (adapted from Hucka, 1991a)

Skyline Mines Nos. 1 and 3, owned by Utah Fuel Company,
are located in Eccles Canyon near Scofield, Carbon County and
approximately midway between :he towns of Fairview and Price.
The mines are part of the Wasatch Plateau coal field. The
Upper and Lower O'Connor "A" seams are presently being worked.

4-4



Table 4.1. Cleat and joint orientations in Utah coal
mines and outcrop rocks (modified after Hucka,

1921a).

Mine/Seam Cleat: Face Butt Secondary
Southern Utah Fuel
Co. No. 1 Mine/ 1. N 25 E N 55 W N 15 W N 85 W
Hiawatha
(SUFCO) 2. N 15 W N 65 E
Skyline No. 1 and l. N 15 E N 85 W N 25 W
Skyline No. 3 Mines/ 1. N 05 E N 75 W
Upper and Lower 2. N 05 E N 65 W
O'Connor
Beaver Creek No. 7 1, N 65 W N 35 E
and 8/Castlegate A 2. N 15 E N 45 W
Castle Gate No. 3 l. N 55 W N 35 E
Mine/ Sub 3 2. N 65 W N 35 E
Pinnacle Mine and 1. N 65 W N 35 E
Apex Mine/Gilson and 1. N 55 W N 45 E
Lower Sunnyside 2. N85 W N 35 E N 45 W
Soldier Creek Canyon 1. N 65 W N 25 E
Mine/Rock Canyon 2. N35W N 85 W N 25 E
Sunnyside No. 3 and 1. N 65 W N 35 E N 66 E N 45 E
Sunnyside No. 1 1. N75 W N 05 W
Mines/Sunnyside 2. N75W N 15 W N 05 E

The O'Connor seams lie in the lower part of the Blackhawk
Formation of Upper Cretaceous age. The sequence is composed
predominantly of sandstone, shale and coal. The overlying
Castlegate Sandstone and Price River Formations, comprised of
conglomerate, sandstone and shale, are exposed only in the
north and west of the Scofield gquadrangle. The underlying
strata consist of the sandstone (Storrs member) of the Star
Point Sandstone Formation (Doelling, 1972).

The coal thickness of the Lower O'Connor "A" seam where
the field tests were performed is 8.4 ft (2.5 m).
Carbonaceous siltstone forms the roof and massive sandstone of
the Star Point Sandstone Formation forms the floor. 1In the
Upper O'Cornnor seam, which has a thickness of 6.3 ft (1.9 m),
the roof consists of 6 inches (152 mm) of gray cirbonaceous
siltstone, above which are interbeds of sandstone, shale and
siltstone, with sandstone being predominant. The floor
consists of mudstone.

The overall appearance of the two seams is follows:



a) Lower O'Connor "A" seam: semi=-dull, hard coal.
b) Upper O'Connor seam: bright, very hard coal.

Megascopically, in the Lower O'Connor "A" seam, semi~dull
clarain is the most abundant lithotype. The clarain which has
a dull appearance is interbedded with numerous variably thick
vitrain bands or lenses. Two durain bands of measurable
thickness can be observed as well.

The Upper O'Connor seam, classified as bright coal, is
composed mostly of bright clarain and vitrain. It has a very
high vitrinite content; therefore, clarovitrain would be a
more appropriate name. Durain is sparsely distributed
throughout the seam, however, the thickness is insufficient to
classify it as individual lithotype bands.

It was observed that localized channeling cuts through
the seams. Several lamprophyric dikes intrude into the coal,
causing its alteration and showing formation of natural coke.
Further, microfaults exist in the Upper O'Connor seam, present
with small dislocations and powdered coal (gouge zone).

Microscopic analyses of the Lower O'Connor "A" seam
collected at the time of field observation average 82.9%
vitrinite, 3.3 exinite and 13.8% inertinite. The Upper
O'Connor seam averages 93.6% vitrinite, 3.5% exinite and 2.9%
inertinite (compare with Table 6.3). Close correlation can be
seen in the maceral composition of the Lower and Upper
O'Connor seams of the Belina mines with the Lower and Upper
O'!'Connor seams.

The results of the reflectance analyses from measurements
taken on vitrinite (Lower O'Connor seam Ro = 0.50 and Upper
O'Connor seam Ro = 0.51) classify the O'Connor coals as high
volatile bituminous C coals.

The coal of the Lower O'Connor "A" seam shows higher
inertinite content, due to a higher percentage of thin durain
bands. Their composition consists mostly of semifusinite.
The coal of the Upper O'Connor seam is characterized by very
high vitrinite content and remarkable consistency in maceral
composition throughout the whole seam, reflected in the
greater hardness of the coal.

A total of 106 cleat measurements in the Lower C'Connor
"Ah seam and 104 cleat measurements in the Upper O'Connor seam
were obtained. The results show face cleat striking N 05 E.
and butt cleat N 75 W for the Lower O'Connor "A" seam, and
bimodal face cleat orientation with strikes N 15 E and N 25 W
and butt cleat N 75 W for the Upper O'Connor seam.

Both mines show remarkable similarity in the orientation
of the face and butt cleats even though more than one seam is
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involved. Furthermore, their orientations are almost in
agreement with the results obtained in the Belina mines.

Both seams are well cleated. 1In general, their surfaces
are smooth, silky or with slickensides. Occasionally, the
cleats extend into the roof rocks. Calcite filling, sometimes
thick or coating covers the fracture planes (more easily seen
in the Upper O'Connor seam). Resin and pyrite are
disseminated mostly in the form of small flakes or films.
When oxidized, iron hydroxides in the form of iridescent
sulfides can be seen on the surface planes.

A total of 100 joint measurements were collected on the
right side of the road less than a mile (1.6 km) from the
portal of Skyline No. 3 mine. They were obtained from
measurements on buff, fine-grained sandstone. The results
obtained (main joint N 05 E and minor joint N 65 W) show
similar patterns with the face and butt cleat in both seams
(Table 4.1).

4.3.3 Beaver Creek Mine No. 7 (adapted from Hucka, 1991b)

Beaver Creek Mine No. 7 is one of two mines operated by
Beaver Creek Coal Company, a subsidiary of Anaconda Minerals.
The mine is located west-northwest of the town of Price,
Carbon County, in Bryner Canyon (in the vicinity of the old
Swisher mine) and is part of the Wasatch Plateau coal field
(Figure 4.1).

Coal is being mined in the Castlegate "A" seam, the
lowest seam in the Castlegate coal group. The seam rests on
the transgressive sandstone of the Aberdeen Sandstone member
of the Blackhawk Formation which separates the Castlegate
group from the basal group, the Spring Canyon group, a tongue
of the Star Point Sandstone Formation. In turn, the Star
Point Sandstone Formation is underlain by the Mancos Shale,
the oldest unit outcropping within the area. The formations
overlying the Blackhawk Formation, in ascending order:
Castlegate, Price River, and North Horn.

The area is structurally complex due to the numerous
faults of the North Gordon fault zone, causing displacements
of the surface and underground rocks. A thickness of 8.2 ft
(2.5 m) of coal was measured on the site where cleat
measurements and coal samples were collected. The mine roof
consists of carbonaceous shale and the floor is shale.
Several N-S trending faults (of the Fish Creek Complex) could
be observed in the mine. Their offset is at most a few feet.

The results of megascopic observation (in situ and in the
laboratory) classify the Castlegate "A" coal as a semi-bright,
highly resinous clarain characterized by the absence of any
partings. Bright clarain, dull clarain and thin vitrain bands
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are the most abundant components. The usuel banded texture
due to bands of different lithotype components is not very
distinct in this coal.

The maceral composition of the Castlegate "A" sean,
determined microscopically, averages 83.1% vitrinite, 9%
exinite, and 7.9% inertinite. The results reveal a fairly
high concentration of exinite in comparison with other coals
under study. The rank determined by means of reflectance
measurements (Ro = 0.52) classify the coal as high volatile
bituminous C.

One hundred and five cleat measurements were made in the
Castlegate "A" seam. Two sets of cleats, each approximately
at right angles to each other, show greater variations in
orientation for the face and butt cleats than in most coal
seams under study. The face cleat strikes N 65 W; the butt
cleat N 35 E (Table 4.1).

Generally, the cleats in the Castlegate "A" seam are
poorly expressed. Two distinct spacing distributions with
spacing averaging 1.5 inches (38.1 mm) for the main cleats and
average spacing of 0.08 inch (2 mm) for the more densely
distributed cleats were measured. The latter, which shows a
regular pattern, are filled with calcite, and their surface
planes are smooth and lustrous. The former have larger and
uneven plane surfaces with pyrite grains or calcite coatings.
Resin, occasionally in large amounts in the lower part of the
seam, was observed as cleat filling, as well.

One hundred surface measurements of joint orientations on
an exposure of sandstone on the right side of the mine portal
and across from the office building show two sets of joints
with the main set striking N 15 E and minor set striking N 45
W.

4.4 Book Cliffs Field

The Book Cliffs coal field (Figure 4.1) is of Cretaceous
age. It consists of about 72 miles (108 km) long and about
12.5 miles (20 km) wide strip. The field’s coal~bearing
outcrop extends easterly from the North Gordon fault zone to
Sunnyside coal mine. The outcrop then continues southeasterly
to Green River city. The field is exposed along high cliffs
at the south edge of the Uinta Basin.

In the north and northeastward, the overburdens do not
exceed a height of 3,125 ft (950 m). The coal-bearing strata
is locally cut by high-angled faults. The sea regression
occurred in the Cretaceous age with eastward movement. As a
consequence, the western seams are older then those mined in
the east.



4.4.1 Pinnacle and Apex Mines (adapted from Hucka, 1991a)

The Pinnacle and Apex mines, owned by Andalex Resources
Company, are located in Straight Canyon, Carbon County (Figure
4.1). The portals of the mines are located several miles
north from the town of Price. The Apex mine operates in the
Lower Sunnyside seam and the Pinnacle mine operates in the
Gilson seam. Both mines are part of the Book Cliffs coal
field. The Lower Sunnyside and Gilson seams occur in the upper
part of the Blackhawk Formation of Upper Cretaceous age. The
Blackhawk Formation, which consists of alternating beds of
sandstone, shale and coal, is overlain by the Castlegate
Sandstone Member of the Price River Formation. The Mancos
Shale Formation directly underlies it (Figure 4.2).
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Figure 4.2 Pinnacle and Apex Mines.

Structurally, the Deadman Canyon quadrangle, where the
mines are located, itc part of the simple northward dipping
Book Cliffs monocline which forms the southern rim of the
Uinta Basin. The surface rocks dip gently at an average of
four degrees (Clark, 1928).

Underground measurements and coal sampling were performed

at a location where the ccal thickness of the Lower Sunnyside
was 4.2 ft (1.28 m) and that of the Gilson seam was 5.6 ft
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(1.7 m). The roof and floor lithology of both seams consist
of sandstone.

Megascopically, both seams are banded coals. The Lower
Sunnyside coal is banded coal composed of bright clarain, thin
vitrain bands and occasionally fusain lenses. Durain bands
are sparse; three bands of approximately equal thickness occur
at different positions within the seam. The Gilson coal is
banded coal composed of semi-dull clarain with one moderately
thick split in the upper part of the sean. The duller
appearance of the Gilson coal is due to the higher percentage
of dull clarain and durain.

Microscopically, the Lower Sunnyside seam averages 80.1%
vitrinite, 3.9% exinite and 16% inertinite, and the Gilson
coal averages 74% of vitrinite, 4.7% exinite and 21.3% of
inertinite (compare with Table 6.3). Differences exist in the
maceral composition, with the Gilson seam having a fairly high
inertinite content. Based on the results of reflectance
conducted on vitrinite, both seams are of high volatile
bituminous B rank.

A total of 112 cleat measurements from the Gilson seam
and 100 cleat measurements from the Lower Sunnyside seam were
obtained.

The face cleat in the Gilscn seam strikes N 65 W (mean N
57.8 W) and the butt cleat strikes N 35 E (mean N 31.3 E).
The face cleat in the Lower Sunnyside seam strikes N 55 W
(mean N 53.3 W) and butt cleat N 45 E (mean N 47.2 E). The
dip varies between 70-90 degrees in both seams.

While butt cleat in the Gilson seam is not clearly
discernible, face cleat is well-developed and generally
confined to the clarain and vitrain components of the coals.
They lack in durain bands and rock partings. Cleat surfaces
are either lustrous or striated. The cleat spacing averages
1/4 inch (6.3 mm) for the Gilson seam and 1/4-1/2 inch (6.3~

12.7 mm) for the Lower Sunnyside seam. Calcite fills the
cleat fractures, and calcite coating is more frequent on the
butt cleat surfaces. Pyrite occasionally occurs as

microscopic grains on the cleat surfaces.

A total of 105 joint measurements were collected from a
small exposure of sandstone outcropping on both sides of the
road, approximately 0.5 mile from the mines. The main joint
set has an E-W orientation of N 85 W and is characterized by
high dispersion. The minor joint set has a N~-S orientation (N
35 E). Possible secondary set strikes N. 4% W (Table 4.1).

4.4.2 Castlegate No. 3 Mine (adapted from Hucka et al.,
1991b)



The Castlegate Coal Company, which operates Castlegate
No. 3 mine, is located in Hardscrabble Canyon near the town of
Price, Carbon County. The mine works the Sub-seam 3, the
basal seam of the Spring Canyon group in the Blackhawk
Formation of the Upper Cretaceous age. The seam, one of three
present in the Spring Canyon group, is considered to be
correlative to the Hiawatha coal seam of the Wasatch Plateau.

Part of the Wasatch Plateau, the mine forms the midway
between the Book Cliffs and Wasatch Plateau fields studied in
the cleat investigation.

The Spring Canyon group has a thickness between 100 and
125 ft (30.4-38 m), and is overlain and underlain by the
Aberdeen Sandstone member and Storrs Sandstone Tongue of the
Star Point Formation (Young, 1955).

A seam thickness of 5.9 ft (1.8) was measured at the same
location as cleat measurements were collected. The immediate
roof rock consists of carbonaceous shale; however, the type of
roof rock varies within the mine (Bunnell, 1987). The floor
rock consists of massive sandstone. Two rock partings, not
exceeding one foot, occur within the seamn.

Megascopically, the predominant 1lithotype is bright-
banded clarain with minor durain bands showing higher
concentrations in the upper parts of the seam. Thin, very
bright vitrain bands and fusain lenses are present throughout
the seam. Inorganic accessories include calcite and pyrite,
mostly as cleat surface coating or filling and as disseminated
grains mainly on the clear surfaces or in the durain bands.
Resin is present in small amounts.

A characteristic feature of the coal is its hardness,
probably due to the overall lithotype uniformity of the seam.
The microscopic analyses carried out on the channel sample and
additional samples taken from the top, middle and bottom of
the seam indicate that the coal has an average of 85%
vitrinite, 6.5% exinite, and 8.5% inertinite. The coal is
classified as high volatile bituminous B by its average rank
of R = 0.57, determined by vitrinite reflectance.

A total of 47 cleat measurements taken from the Sub-3
seam show the face cleat with a strike of N. 55 W. and butt
cleat with N. 30 E. A secondary set of cleats strikes N. 75
E. The average dip is 81.9 degrees. Both sets of cleats are
abundant and well developed in clarain and vitrain but
conspicuously lacking in thin durain bands. Cleat filling
consists of calcite and occasionally of resin. The surface of
the cleats in clarain .11 vitrain are smooth and lustrous with
an average spacing of 0.8 inches (20mm) (clarain).

On the surface, one hundred joint measurements were taken
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on a buff, fine~-grained, cross-bedded, calcareous sandstone
and gray, fine-grained siltstone in front of the office
building and approximately 0.8 mile (1.3 km) from the mine on
the right side of the road. Spacing of the joints varies
between 1-1.25 ft (0.3-0.38 m), with joints more closely
spaced in the thinner gray sandstone bed. Orientations of the
main and minor joints are N 65 W and N 45 E; tho:e of the
secondary sets of joints N 85 E and N 15 W, respectively.

4.4.3 Boldjier Creek Canyon Mine (adapted from Hucka, 1991c)

This mine is operated by the Scldier Creek Coal Company
and is located in Soldier Creek canyon, Carbon County, 40
miles (64 xm) NE from the town of Price (Figure 4.1). Three
coal seams, Gilson, Rock Canyon, and Lower Sunnyside are
present within the mine property. However, only the Rock
canyon seam is presently mined while the Sunnyside coalbed in
under development. The seams belong to the upper part of the
coal-bearing Blackhawk Formation of the Book Cliffs coal
field. The formation is approximately 225 ft (68.4 m) thick
within the Pine Canyon quadrangle and contains as many as six
mineable seams. It is overlain by the Castlegate sandstone
member of the Price River Formation and underlain by the
Mancos Shale Formation (Doelling, 1972).

The thickness of the seam attains a value of 9.2 ft (2.8
m) atv the location where a channel sample, as well as samples
from the top, middle, and bottom, were ccllected. The seam
contains three rock partings that constitute approximately
0.4% of the total thickness. Roof rock consists of
carbonaceous shale and the floor rock is sandstone.

The results of the megascopic description of the Rock
Canyon seam indicates that the coal is a semi-bright clarain
coneisting of fine tc medium bands of bright and dull clarain
alternating with durain bands. Sparsely distributed vitrain
bands are present throughout the whole seam.

Microscopically, the coal macerals average 76% vitrinite,
4% exinite, and 20% inertinite. Average vitrinite reflectance
for the above mentioned samples is Ro = 0.63, classifying the
coal as high volatile bituminous B in rank (Table 6.3),

The coal 1is characterized by a uniform maceral
composition and a relatively high percentage of inertinite.
Inertinite (represented mostly by semifusinite and fusinite)
are the predominant macerals in the durain bands.

A total of 49 cleat measurements taken at the mine show
two principal orientations with the face cleat striking N65W
(mean N63W) and the butt cleat striking N25E (mean N26.6E).
Both systems of cleats are well developed. Parting between
the cleats is very small, and as a result, secondary calcite

4-12

-y



i

occurs only as a very thin coating on the cleat planes. The
surface planes of the cleats are mostly uneven or striated
(Table 4.1).

One hundred joint measurements were taken on the surface
of two successive beds (approximately 0.4 mile or 0.64 km from
the mine). The two beds consisted of gray, fine-grained,
laminated, highly calcareous sandstone and dark gray,
calcareous siltstone. The joint spacing averages 0.8 inch (20
mm) with more closely spaced joints in the dark gray
siltstone.

4.4.4 sunnyside Mines (adapted from Hucka, 1990)

The Sunnyside mines are located near Whitmore Canyon
about 27 miles (43.2 km) southwest from the town of Price,
Carbon County, Utah (Figure 4.1). Presently, the mines are
inactive. Two mineable coalbeds are present on the property:
Upper Sunnyside and Lower Sunnyside. The coalbeds are located

CASTLEGATE SANDSTONE COLTON FDRMATION

CROSS-SECTION THROUGH THE STRATA OF THE SUNNYSIDE MINES

KORIZONTAL SCALE VERTICAL SCALE
| = (™ ™= |
0 2,400 FT 0 1800 FT
Figure 4.3 Sunnyside Mine.

in the Upper Cretaceous Blackhawk Formation (Figure 4.3).
Doelling, 1972, estimates the thickness of the formation of
about 700 ft (213 m). Overlying unit is Castlegate Sandstone
of the Upper Cretaceous strata. Underlying are thick,
massive, cliff forming sandstones or coarse-grained siltstones
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(Gray et al., 1966). The thickness of the Lower Sunnyside
coalbed is about 7 £t (2.1 m).

The strike of beds is to the northwest with the dip
averaging between 6-12 degrees eastward and northeastward.
According to Doelling (1972), there is a cluster of northwest
trending faults but displacements are not large enough to
affect seriously the mining conditions. However, these faults
may have contributed to degasification of the south part of
the Sunnyside ccalbed (Figure 4.1).

4.5 Carbondale Ccal Field in Colerado (adapted from Hucka, et
al. 1989)

4.5.1 B Beam at the Dutch Creek Mine in Redstone

Dutch Creek mine owned by the Mid-Continent Resources,
Inc., is located several miles from the town of Redstone,
Pitkin County, Colorado. The B coalbed is opened in the
property. The B coalbed is a part of the Carbondale coal
field, and outcrops at approximately 10,000 ft (3040 m)
elevation. The Mountainous surrounding is providing an
overburden reaching 2,500 ft (760 m).

Stratigraphic formations of interest in the Carbondale
coal field compose of the Mesaverde Group of Upper Cretaceous
age. This strata is divided into the Iles and Williams Fork
Formation. According to Collins (1985), the Williams Fork
Formation is divided into the Bowie Shale Member, the Paonia
Shale Member and the upper "undifferentiated beds". The
developed section of the B coalbed occurs in the basal part of
the Bowie Shale Member and rests on the Rollins Sandstone
Member of the Iles Formation. Two coalbeds are found in the
property: A-bed, and B~bed, altogether providing and aggregate
thickness of 12 - 53 ft (3.6-16.1 m). The mining conditions
are hampered by high methane gas emissions and proneness to
sudden cocal and gas outbursts. The rank is medium volatile
bituminous metallurgical coal (Table 6.1).
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5. COALBED METHANE RESOURCES OF BOOK CLIFFS
AND CARBONDALE COALFIELDS

The gassy coalbeds in Utah are of interest not only for
the mining safety reasons, but also for their potential as a
source of energy. The Utah Geological Survey in collaboration
with the U.S. Bureau of Mines conducted a thorough
investigation of methane content of all Utah coalbeds. The
direct method recommended by the U.S. Bureau of Mines was used
for methane gas estimates (Kissell et al., 1973; Lama and
Bartosiewicz, 1982; Diamond, 1984). The following is an
extract of this particular report prepared by A. Smith (1985).

S.1 Coalbed Methane Determination by the Utah Geological
survey

The Book Cliffs field was sampled by Utah Geological
Survey geologists for methane over a geographic area of twelve
townships. Twelve coalbeds were sampled at a mean depth of
1,325 ft (402.7 m). The average total gas content of the
twelve beds is 110 cu ft/ton (3.5 cm’/gm). This coal field
has been classified as moderately gassy (32-160 cu ft/ton or
1-5 cm’/gm). at specific locations, the field can be
classified as gassy (>160 cu ft/ton or 5 cm’/gm). The average
residual gas content is 35 cu ft/ton (1.1 cm’/gm).

Table 5.1 Coalbed methane in the Book Cliffs Field
(after Smith, 1985)

SAMPLES AVG DEPTH AVG TOTAL AVG RSDL

! (meters) GAS* GAS*

Gilson 6 617.2 4.2 0.9
IISunnyside 9 175.5 2.9 0.9
ICastlegate A 14 343.1 3.7 0.8
Castlegate B 8 175.6 1.4 0.9
Castlegate C 8 296.5 2.7 0.5
Castlegate D 8 214.9 2.4 0.9
Rock Canyon 6 516.8 3.0 0.8
Kenilworth 6 624.1 5.8 1.5
Subseam 1 3 581.2 6.0 1.2
Subseam 2 4 429.0 3.5 1.7
Subseam 3 1 537.1 | 2.3 2.3

*Cublc centimeters/gram



Colorado

‘PTeTd

Tecd SIITID Yood I0J SUTIT UoTjedIeuwap aueyI=H 1°6 2anbig

Q1314 A¥aN3

Utah

V3HVY Ivoo
ONINOD S.HVLN

N
I
(1y)
°

o801y uobujuny

v_o.».:..:._m. D "

021G O V/

a2y, I8RO

J

a13i4 INYSY3d AW
vozy Ousoo.-uluw

” weiy piaosg
3NIT 40 HLHON

g3103dX3 STIVCD ASSYH



A

If a line is drawn east-west at the Sunnyside Mine
(Figure 5.1) the north half of the field is moderately gassy
and locally can be gassy, whereas the south half is low gassy.
This result is supported by mine ventilation readings, as well
as the collected coal cores from both sides of the line.
Working mines north of Horse Canyon (which is just south of
Columbia) can ventilate to the atmosphere each day
approximately 3.4 X 10° cu ft (98,026.1 m’) of methane per 24
hours, according to the Mine Safety & Health Administration
(MSHA) records (this figure may vary dep>anding on the number
of working sections in the mines), wheress the mine at Horse
Canyon ventilates no methane for all pructical purposes.

No apparent tectonic or stratigraphic reasons explain why
gas emissions are so regulated. This gas emission phenomena
has been noted by Doelling et al. (1979)

Although the gquality of the coal is the same south
of the line (Carbon-Emery County line), it contains
much less gas. There are no obvious explanations,
but an interesting suggestion comes by
superimposing aeromagnetic contours over the area.
High magnetic readings coincide with Utah’s area of
gassy coals. The high magnetic areas supposedly
show the emplacement of magnetic materials in the
basement may have been responsible for increasing
heat or pressure and thereby favor gas formation or
the formation of coking cecal...,

5.2 In 8itu Measurements

In this research work, five coal seams (four in Utah and
one in Colorado) have been identified for the initial studies.
The Sub 3 seam of the Castle Gate Mine No. 3, Rock Canyon and
Sunnyside seams of the Soldier Creek Mine, the Sunnyside seam
of the Sunnyside Cocal Mine, in Central Utah, were tested for
methane content. These Utah coal seams are gassy and belong
to the Book Cliffs coal field. The seams belong to the
Blackhawk Formation. The B seam of the Dutch Creek mine
(Carbondale, about 40 miles (64 km) south of Glenwood Springs,
Colorado) was tested as well. The B seam belongs to the
William Formation.

The methane content was determined in situ from fine
cuttings collected from a bottom of horizontal bore holes
drilled into a coal face. Samples are collected from a coal
face at a depth of 6.6 feet (2 meters) gradually increasing up
to 50 feet (15 meters).

Testing methods used in Germany and France for
determining in situ gas content have been studied and modified



for use in western cocal seams. The so-called "bubble
desorbometer method" was used in this research work. The
method is described and the results are compared with results
obtained from the direct method.

During the underground testing, the coal seam was
evaluated. The natural fracture system consisting of
fractures or fissures in the coal and in mine roofs was
measured. The coal fractures in coal, called cleats in the
mining industry, are reported in Chapter 4, A cleat is a
joint or set of joints in coal generally almost perpendicular
to each other. Major cleats (or face cleats) may extend to
great distances. Minor cleats (butt cleats) usually extend
from one face cleat fracture tc the next. It has been found
that face cleats yield longer fractures and often are more
prominent.

The face and butt cleats in the coal provide a
directional permeability; the flow of gas is greater in the
direction parallel to the dominant face cleat. The Bureau of
Mines reports that degasification experiments conducted
underground in coal mines have shown that horizontal holes
drilled perpendicular to, and therefore intersecting, the
largest number of face cleats will yield 2.5 to 10 times as
much gas as holes drilled perpendicular to the butt cleats
(see Appendix F). The Utah Geological and Mineral Survey
undertook an extensive study of cleat and joint systems in all
working coal mines in Utah. The cleat system of a coalbed
also affects vertical degasification holes drilled from the
surface into a coalbed.

5.3 Drainage Tests

As it has been mentioned, utilizing methane from coalbeds
has been shown to be of considerable value. Methane drainage
tests have been initiated by the Bureau of Mines in 1964. 1In
the Sunnyside seam, & total of 35 x 10° MMcf (10° n’) of
commercial-gquality gas was removed by workers of the Bureau of
Mines (Perry, et al., 1978). Resource Enterprises, Inc., Salt
Lake city, is successfully engaged in draining methane gas
from the Rock Canyon seam (Soldier Creek Canyon mine,
Schwoebel, 1987). However, drainage tests in the Sub 3 seam
(Castle Gate mine) performed by the Occidental Research
Corporation were not successful even though the Sub 3 seam is
one of the most gassy coalbeds in Utah (Aul, 1983).

We have evaluated results on methane drainage tests
performed by the Bureau of Mines in the Sunnyside seam, by
Resources Enterprise in the Rock Canyon seam, and by the
Oxydental Research Group in the Sub 3 sean. Using the
directional permeability ellipse, with its long and short axes
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representing maximum and minimum values of drained gas, an
attempt was made to calculate the gas for optimum production

(Appendix F, Table II). The last column indicates the
improvement in gas yield for proper orientation.

Ln
¢
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6. COAL SAMPLE CHARACTERIZATION

Nineteen coal samples were used in this study. Ten were
collected from Utah ccal fields, all of similar geological
age, but of varying methane content and methane drainage
behavior. One was collected from Colorado. It is a higher
rank gassy coal. Eight coal samples from the Argonne Premium
Coal Sample Bank, which cover a wide range of coal rank from
lignite to low volatile bituminous, were used for comparison.
These samples were collected, ground, sized, and stored under
oxygen-free conditions, and were received in sealed vials.

6.1 Analytical Data

The proximate and ultimate analyses of the nineteen coals
are given in Table 6.1. The data of the eight Argonne Premium
Coals are from Vorres (1989, 1990). Carbon, hydrogen, and
nitrogen content was determined with a LECO CHN 600 analysis
system. Proximate analysis was with a LECO MAC 400 automated
analysis system. Sulfur was determined with a LECO SC132
sulfur analyzer which uses infrared absorption of combustion
gases to determine sulfur oxides. These methods give results
which are comparable to the ASTM standard tests for coal
analysis, but are much more rapid and allow  for analysis of
multiple samples to obtain reliable results. The rank number
-in Table 6.1 is an arbitrary scale in which an integer is
assigned to show increasing rank.

Carbon structural parameters were determined by 'c
nuclear magnetic resonance (NMR) tests using the procedure
described by Solum, et al. (1989). Spectra were recorded at
25.15 MHz using cross polarization and magic angle spinning
techniques to determine aromaticities. The carbon types in
the carbon skeleton of the coal were determined by dipolar-
dephasing techniques. Results for the nineteen coals are
given in Table 6.2. The NMR data for the 8 Argonne Premium
Coals are from Solum et al. (1989).

Helium densities of each of the coal samples were
measured using &a pycnometer (AccuPyc 1330 Pycnometer,
micromeritics, Inc.). The results are listed in Table 6.3.
The measurements are corrected to a mineral matter-free basis
using the formula:

X 1-x _ 1

—_— =

Pm Pe P

(1)

where x is the weight fraction of the mineral matter, p, the
density of the mineral matter, assumed to be 2.85 g/ml, p_. the
density of the coal, and p the measured density. The measured
ash content is used for mineral matter. The calculated coal
densities are also given in Table 6.3.
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Maceral analyses of the Utah coal were obtained from
Sommer et al. (1991). Maceral analysis of the Colorado coal
was from Hucka et al. (1989). The heating value of these
coals was determined with a LECO AC300 isothermal calorimeter.
Maceral analysis and heating value of the Argonne Premium Coal
Sample Bank samples were obtained from Vorres (1989). The
results on maceral content and heating value are found in
Table 6.3. The coal rank was determined using ASTM
procedures.

6.2 Multivariate Analysis

In order to understand the correlation of the analytical
variables, such as carbon content, hydrogen content, oxygen
content, moisture, heating value and density, with coal rank,
multivariate analysis was used to determine interactions
between the variables. The statistical analysis results can
be used to eliminate variables by examining the translation of
one analytical parameter into another and to choose one
analytical variable which quantitatively represents the coal
rank parameter.

The correlation of analytical data with coal rank, which
was represented by an arbitrary integer, were first examined
using multi-regression analysis. The correlation coefficients
are given in Table 6.4. The correlation coefficients of
analytical variables with coal rank are plotted in Figure 6.1.
As shown in this figure, coal rank is strongly correlated with
carbon content.

Factor analysis was performed to reduce the data matrices
to their lowest dimensionality by the use of orthogonal factor
space and transformations that yield predictions and/or
recognizable factors. The number of significant factors was
determined by either a Scree plot or a Cumulative plot. From
the Scree plot (Figure 6.2), the slope levels off after factor
4, indicating that the first three factors are most important.
The eigenvalues of the three retained factors are greater than
one, and those of the rest are much less than one, further
supporting this determination. From a plot of cumulative
percent versus factor number (Figure 6.3), the retained three
factors account for about 90% of the variation.

To explore the physical meaning of the factors, the three
retained factor loadings are plotted against the variables in
Figure 6.4. Factor 1 has positive correlation with coal rank,
carbon content and heating value, and negative correlation
with oxygen content, moisture content and volatile matter.
These variables all are coal rank dependent, indicating that
the physical interpretation of factor 1 is coal rank. Factor
2 has strong contributions from hydrogen, volatile matter and
density. This is interpreted as indicating that factor 2 is
dependent on the coal density. Ffactor 3 shows strong

6-5
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contributions from sulfur and ash. Factor pattern plots of
cLal analytical data are shown in Figure 6.5.

Based on the results of the analysis, carbon content will
be used as the representative factor for coal rank in

subsequent correlations.
6.3 Hardness and Grindability

Mechanical properties of coal vary significantly with
rank. The relationship between mechanical properties and
chemical structure and gas transport behavior 1is not
completely understood. The Vicker’s microhardness, Shore
hardness, and Hardgrove grindability index for the Utah coals
and the Colorado coal were measured. The results are found in

Table 6.5.
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Table 6.5 Physical and mechanical properties of coal.

*Vickers *Shore *'Hardgrove
Mine Seam Hardnesa Hardness Grindability
V* (kg £ /mm?) st Index
SUFCO Upper 27.73 57.01 -
Hiawatha
Skyline Upper 25.99 54,91 -
0’'Connor
Beaver Castle~ - - 45
Creek #8 gate A
Castlegate Sub-3 32.86 61.08 42
Pinnacle Gilson 29.95 64.65 -
Aberdeen Castle- - - -
gate A
Apex Lower - - -
Sunnyside
Soldier Creek Rock 32.30 60.24 36
Canyon
Soldier Creek Sunnyside 25,22 58.13 41
Sunnyside Sunnyside 24.13 58.39 54
Dutch Creek B Seam 25.34 27.68 101

* Hucka, 1990

**Karr, 1978, describes the grindability "as an index of the relative
ease with which a coal may be pulverized in comparison with coals
chosen as a standard". According to ASTM D409, "grindability of coal
by the Hardgrove machine method is a standard method in which a
prepared sample receives a definite amount of grinding energy in a
miniature pulverizer, and the change in particle size consist
determined by sieving”.
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7. RESULT8 OF LABORATORY AND FIELD INVESTIGATIONS

Natural conditions of the coalbeds were evaluated during
the in situ measurements. Table 7.1 shows some of the
principal technical parameters.

7.1 Natural Conditions of Coalbeds in the Wasatch Field

The Wasatch Plateau coal field is oriented nearly north-
south and is contiguous to the Book Cliff’s coal field. The
Wasatch Plateau is mountainous and deep canyons cut into the
plateau from the east. Coal was here discovered in 1875. The
coal-~bearing strata in this field is concentrated in the lower
Blackhawk Formation. There are several fault zones in the
field such as the North Gordon, Pleasant Valley, and Joes
Valley fault. According to Doelling (1972), folds of this
zone have diverse trends and displacements up to 800 feet.
The faulting and folding may have contributed to the past
migration of the methane gas since shearing and crushing along
the fault plane reduce the volume of mineable coal but
increases the methane migration. However, as mining goes to
greater depth the presence of methane pockets might increase.
Coal production is coming from the north half of the field.

7.1.1 Castlegqate A Seam at the Beaver Creek Mine No. 7

The Beaver Creek No. 8 mine is located 16 miles from
Higway No. 6. about 24 mines from the town of Price, Carbon
County Utah (Figure 4.1).

Figure 7.1 shows a section of the mine map where the
field tests were performed. Eight boreholes were drilled into
a freshly exposed coal face but only four of them provided
valuable samples. Coal samples were evaluated in situ for
methane content by use of the bubble desorbometer. Average
values of 1.57 m’ of methane per metric ton were determined.
Results are shown in Tables 7.1 and 7.2. Further, samples
were collected into three containers for the Bureau of Mines
direct method estimation. However, no measurable values were
obtained.

7.2 Natural Conditions of Coalbeds in the Book Cliff Field

Mines have been opened in the Book Cliffs field are since
1889 mostly located in the Castlegate and Sunnyside areas
(Figure 4.2). Coal bearing strata in the Book Cliff field is
again in the Blackhawk Formation. The coal has steam quality

‘and is used also for domestic purposes. Faults are of small

displacement. However, in the area of the Sunnyside mines two
steeply dipping faults are reported by Doelling, 1972.
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Table 7.1 (Cont.).

investigation.

Technical parameters of coal seams under

(All Utah coalbeds are of Upper Cretaceous age and are
located in the Blackhawk Formation, while the B-seam is
located in the Williams Formation.)

10.

11.

BEAVER CREEK

CASTLE GATE
(PRICE RIVER)

PINNACLE

ABERDEEN

APEX

SOLDIER CREEK

SOLDIER CREEK

SUNNYSIDE

DUTCH CREEK
COLORADO

Mine Seanm

l. SUFCO Upper
Hiawatha

‘2. SKYLINE ItO. 1 Upper
O'Connor

Castlegate A

Sub~3

Gilson

Castlegate A

Sunnyside

Sunnyside

Rock
Canyon

Lower
Sunnyside

B Seam

~Rank
HvBc

HvBc

HvBc

HvBb

HvBb

HvBec

HbBb

HvB

HvBb

HvBa

MvB

Roof

Floor

Rocks Rocks
Mudstone, Sandstone,
Sandstone Siltstone
Carbonaceous Mudatone,
Siltstone Siltstone
Carbonaceous Mudstone
Shale
Carbonaceous Massive
Shale sandstone
Sandstone sandstone
Shale sandstone
Sandstone Sandstone
Carbonaceous Carbonaceous
Shale Shale
Carbonaceous Carbonaceous
Shale Shale
Carbonaceous Siltstone
Siltstone
Carbonaceous carbonaceous
Shale Siltstone
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Table 7.1 (Cont.). Technical parameters of coal seams under
investigation.

(All Utah coalbeds are of Upper Cretaceous age and are
located in the Blackhawk Formation, while the B-seam is
located in the Williams Formation.)

Number
of Standard
-Methane Content = Samples Deviation
Mine Seam cf/st mitggﬂe n n-1
1. SUFCO Upper 3 *0.1 1 -
Hiawatha
2. SKYLINE NC. 1  Upper 3 *0.1 2 -
O'’Connor
3. BEAVER CREEK Ccastlegate A 50 1.57 8 0.08
4. CASTLE GATE Sub-3 285 8.95 3 2.26
(PRICE RIVER)
5. PINNACLE Gilson - - - -
6. ABERDEEN Castlegate A - — - -
7. APEX Sunnyside - - - -
8. SOLDIER CREEK Sunnyside 64 2.9 - N/A
9. SOLDIER CREEK Rock 180 5.63 6 2.01
Canyon
10. SUNNYSIDE Lower 118 3.7 17 0.54
Sunnyside
11. DUTCH CREEK B Seam 123 3.85 12 2.63

COLORADO




* (yean

TeIjus8)) SUIH X99ID I9ARSg ©U3l 3@ Weds v ajebarysed ay3 jo dew uoTloes °I°L aanbtd
7z —d—p_JL Il L I pluuyupggyuad 002=,1 AT¥OS
S L S Y oo s— innms inininin mimimi :
= : UUOgTI00uOn o
| Y ] Y i i | o _Umglv m uEH
RS Y i Y | S ) N | R | — i M
B N S A S | N | S | 1@1 mumm
umjl:w. A | 1 _l L)L - e NN 80N YA MEAVRA
AN 5 IR J L Em D”‘:

SJUSWaInseal 830 JO SAHLS,

D A S 4

uonoafes adures pue $ajoyalog

==L

.

C__JC=

CJC e anmn

(0
P a

&

R

—
p

N




The Castle Gate mine was opened in 1889. TwoO seams were
mined: <the Sub 3 seam in Mine No. 3, and the D seam in the
mine No. 5. Both seams are known as gassy with low
permeability coal.

The Sub 3 seam is the basal seam of the Spring Canyon
Group in the Blackhawk Formation of the upper Cretaceous age
(Figure 7.2). As part of the Wasatch Plateau, the seam is
located between the book Cliffs and Wasatch Plateau seanms
where the methane content determination tests were conducted.
The thickness of the seams is about 6 to 6.6 feet (1.8 to 2.00
meters) . The roof is of carbonaceous shale and the floor
consists of massive sandstone. The average dip of all cleats
is 82 degrees and cleat planes are filled by calcite and
resin. ‘

An average direction of the main (face) cleat in the Sub
3 seam was N55W and N35E for the butt cleat with spacing
averaging about 7 cleat per linear foot. The orientation of
the main joint system measured in outcrops on the surface was
N65W, while the minor system was N35E. Nine boreholes were
‘drilled into coal faces as it is indicated on the section map
(Figure 7.3). An methane content of average value of 8.95
m’/tonne was determined for this seam. A summary of results of
gas content for the Sub 3 seam is given in Table 7.2. Appendix
B gives the detailed results.

7.2.2 Rock Canyon 8 at t oldier Creek Canyon Coal
Mine .

The Soldier Creek Canyon Coal Mine is located about 30
miles (50 km) northeast from the town of Price, Central Utah.
Besides the Rock Canyon seams there are two more coalbeds
present in the property. At present, only the Rock Canyon
seams is mined while the Lower Sunnyside seam is under
development. Both seams belong to the upper part of the coal-
bearing Blackhawk Formation of the Book Cliffs coal field.
The formation is approximately 230 ft (70 meters) thick and
contains as many as 6 mineable seams, three of them located
outside of the mine property.

The thickness of the Rock Canyon seams is about 2.5
meters in the area of field tests (Figure 7.4). The roof rock
consists of carbonaceous shale and the floor is formed of
sandstone. The cleat measurements show two principal cleat
orientations with the face cleat striking N63W and butt cleat
striking N26E. Both systems are well developed with spacing
about 0.4 to 0.8 inch (15 to 20 mm). The surface plane of the
cleats are mostly uneven or striated. Six boreholes were

<]
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o



620’-880°

SUNNYSIDE COAL SEAMS

100°~1850"
]

BBV~ ROCK CANYON SEAM.
£/ FISH CREEK SEAM

e 6!

i _ GILSON SEAM

° CASTLEGATE "E° SEAM
[]

~

Figure 7.2.

2z [
o
-t LY
oty CASTLEGATE "D* BEAM
< 7
Z Ll WMl CASTLEGATE "C* SEAM
” B
g *1% A(WEBT OF PRICE RIVER)
“ °
Ll KENILWORTH SEAM
‘o
; .
% ot CASTLEGATE “C” 8EAM
x “le 1 (NORTH AMERICAN-BAST
o ke OF PRICE RIVER
o D
O [ fe CASTLEQATE “B° SEAM
< o .
o «
o -
° KRR ABERDEEN SEAM
- 28 dVE(CABTLEGATE “A° SEAM)
': ABERDEEN
- SANDBTONE
]
@
ol
.
. 8UB ¥ SEAM
M .
H 8UB 2 SEAM
©
8UB 3 BEAM
; I
o 3
] '
Y MANCOS SHALE
.

Geologic profile of the strata through the Sub
3 seam (after Hucka, 1990).

7-7



|

000

<
-
n

0000412

CASTLE GATE MINE

SUB 3 SEAM

N T

-
%]

A
D

s\ o

,_,o/ m,um/
M,OD a0
[

512,000

P
8
m@ﬁ

am.

Section map of the Sub 3 se



drilled in the coal face as indicated in Figure 7.4 showing
the particular section map. A methane content of 5.63
m’/tonne was determined (see also Tables 7.1 and 7.2 and
Appendix B). ‘ '

7.2.3 Sunnyside Seam at the Soldier Creek Canyon Coal Mine

The Sunnyside seam is a part of Book Cliffs coal field
and is mined by the Soldier Creek Canyon Mine as well as by
the Sunnyside Coal Mine Company. Figure 7.5 shows the section
map of the seam with the location of sample collection and the
borehole 1location. The overlying unit is the Castlegate
Sandstone while the floor rocks are made by sandstone of
Mancos Shale unit. The units strike northwest and dip
northeastly at 6 to 7 degrees. Faults occasionally cut the
coal seam but are of small displacement. The thickness of the
seam in the place of sample collection was about 7.8 ft. (2.37
m). The overburden thickness attained approximately 1,300 ft
(395 m). E

Several boreholes were drilled into the coal faces but
only one provided samples with presence of methane in an
amount of 2.9 m’/tonne of coal (Table 7.2). The natural
conditions of the seam at the site were not favorable for gas
measurement. The coal was highly fractured inside the pillar.
Unfortunately, for mine operational reasons there was no other
place where the gas measurements could be repeated.

7.2.4 Lower sunnyside Seam at the Sunnyside Coal Mine

The mine is located about 45 miles (70 km) south from the
town of Price, Central Utah (Figure 4.2). There are two
coalbeds: the Upper and Lower Sunnyside. The measurements
took place in the Lower Sunnyside seam. The thickness of the
seam was about 6.6 feet (2 meters - Figure 7.6). The rock
composing the roof is a carbonaceous shale while the rock in
the floor is siltstone. Altogether 17 boreholes were drilled
into the Sunnyside seam. The average methane content of 3.7
m’/tonne was measured (Table 7.2).

Some cleats transverse the entire thickness of the seam
and sometimes extend into the roof rocks. The surface planes
of cleats are smooth with traces of slickensides, some are
striated and densely distributed in the coal. In the upper
part of the seam, the cleat planes are coated with calcite and
have spacing of about 0.24 in. (6 mm). The most prominent
cleats have an uneven surface with quite regular distribution
in the coal with spacing about 0.3 to 0.5 in. (10 to 13 mm).
However, the permeability tests show quite low values of 0.011
to 0.016 mD. This is attributed to a small size of specimens
(2.125 in. or 53 mm in diameter and height of 4.3 in. or 110
mm). In 1978, the U.S. Bureau of Mines conducted tests on
methane drainage in the 18 dips longwall face of this seam
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(Perry et al., 1978). The tests proved effective in draining
commercial-quality methane. During 9 months of tests about 35
MMcf (0.98 x 10° m') of methane with an average heat value of
1,007 Btu has been drained.

7.3 Natural Conditions of Coalbeds at the Mid-Continent
Resources Mines in Colorado

The Dutch Creek Coal mine of the Mid-Continent Resources,
Inc., is located near the town of Redstone, Colorado. The
portals of the mine are situated at an elevation of about

10,000 feet (3,100 m). Longwall face technology is used to
mine two seams: M seam, and B seam. The seams are separated
by a distance of about 500 feet (150 m). The tests were

performed in the B seam having a dip from 9 to 15 degree to
northwest. The overburden depth varies from 2,000 to 3,500
feet (610 to 1,600 m). The coal from the B seam is of hlgh
metallurgical quality. The seam is also quite gassy with a
history of mine accidents.

7.3.1 B Seam at the Dutch Creek Coal Mine

Figure 7.7 shows a section of the mine map of the B seam.
The overburden in the site of the tests was about 3000 feet.
A block sample was collected from the seam for directional
permeability tests. Twelve horizontal boreholes were drilled
into a longwall face. Methane content of 3.85 m*/tonne was
measured. The results are also shown in Appendix B. Besides
the in situ tests on methane content, samples were collected
in 3 containers for evaluation on the residual gas (Appendix
B).

7.4 Permeability Tests

The permeability tests were performed on coal samples
from the gassy coalbeds under investigation. Table 7.2 gives
the summary on permeablllty tests while detailed description
of tests is presented in the Appendix D.

7.5 Field and Laboratory Coalbed Methane Content
Determination Tests

Desorbable methane content was determined in situ from
coal samples collected from horizontal boreholes drilled from
a coal face at a depth of 6.6 feet (2 m) gradually increasing
to 40 feet (12 m). The samples in a form of fine cuttings
were collected by use of a special device (Appendix A). The
samples were immediately screened to a particle size of 0.016
to 0.023 in. (0.425 to 0.6 mm) and inserted into a measuring
cell of the isobaric bubble desorbometer. The emitted methane
flow was measured and the total of released gas was
determined. The procedure is described at length in Appendix
A. The testing sites were selected with the cooperation of
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each mining company and are indicated in section maps of the
particular coalbeds.

A computer program was prepared for three types of
methane content calculation using the so-called “power decay"
function. The detailed results on methane content are given
in Appendix B. Table 7.2 is a summary of all results on
methane content including the results on permeability of
selected Utah and Colorado gassy coalbeds. Figures 7.8 and
7.9 present average values on the methane content and a
permeability measured perpendiculary to the bedding plane.
Methane content increase was ubserved when comparing results
from the Castlegate A seam (1.57 m'/tonne) to the Sub 3 seam
(Castle Gate mine) 8.95 m’/tonne.

The high value of methane content in the Sub 3 seam is
attributed to the depth of this seam as the Sub 3 seam is the
lowest coalbed mined in the area (Figure 7.2). A decreasing
trend was however found in the methane content measured in the
Sub 3 seam compared with the Rock Canyon seam (5.63 m’/tonne).
This trend then continues towards the Sunnyside mines
sunnyside coalbed with 3.7 m’/tonne. When the Geneva Coal
mine was still in operation about 12 years ago, little methane
gas occurrence was found there. The Geneva Coal mine was
located south of the Sunnyside mine. Again, this phenomenon
could be attributed to the presence of faults in the area.

Figures 7.8 and 7.9 and Table 7.2 do not show any
correlation of the values of permeability with methane
content.
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8. CHARACTERIZATION OF THE COAL SURFACES
BY GAS CHROMATOGRAPHY

8.1 Introduction

Properties of coal surfaces are very important for gas
retention in coal. Surface properties are primary factors in
determining methane content and gas composition in a coalbed.
In addition, a knowledge of the chemistry and physics of the
coal surface is essential for explaining the mechanisms of
coal conversion processes, such as coal gasification,
liquefaction, and combustion. Therefore, it is necessary to
develop simpler, quicker, and more accurate methods to
characterize the chemistry and physics of coal surfaces. Gas
chromatography (GC) provides a good approach to achieving
these goals.

A gas adsorption isotherm, V, = £(p),, is the
relationship between pressure and volume of a gas adsorbed on
the coal surface. Its measurement is made at constant

temperature, and the volume of gas adsorbed is normally
corrected to STP. The gas adsorptlon isotherm is one of the
most important functions used in the characterization of a
coal surface. From it, the gas adsorption capacity, heat of
gas adsorption, spec1f1c surface area and other properties of
the coal surface can be determined. Using gases with diverse
physical and chemical characteristics as molecular probes, we
can interpret the types of gas-coal interactions involved in
adsorption and infer the chemistry and physics of the coal
surface.

There are several techniques to be used in determining
the coefficients, isotherms, and thermodynamic and kinetic
constants of gas adsorption on a solid (Brunauer, 1945; Young
and Crowell, 1962; De Boer, 1953; Conder and Purnell, 1968;
Davis, 1952). To date, static volumetric and gravimetric
methods have most often been applied. Measurements made using
these techniques require long times and fairly complicated
vacuum apparatus. Static vacuum apparatus is acceptable for
work with clean solid surfaces at 1low or moderate
temperatures. . It is not designed to he used in studying
adsorption under conditions of most practical sorption
processes, especially at high temperatures and pressures.
When the adsorption capacity of a gas on a coal is low, the
readings include considerable relative error. These
shortcomings can generally be avoided by using dynamic
methods, among which gas-solid chromatography is an important
technlque.

The primary advantages of' the GC method over static
methods in investigating the properties of coal surfaces are
as follows:



1. The apparatus is easy to construct and operate, allowing
various investigations to be performed with one systen.
Standard apparatus which can be easily adapted for coal
surface studies, is inexpensive.

2. GC is mainly used for examining very small samples at
infinite dilution. Such concentrations can be directly
applied to investigations of thermodynamic equilibrium.

3. Accuracy of measurement of different gas adsorption
properties and phenomena by GC is at least as high as
that of other methods, and the rate of measurement is
much higher.

4, Analysis of the chromatogram from GC will provide data on
the kinetics of gas adsorption and desorption.

In this research, the thermodynamics of a variety of gas
molecules adsorbed on coal has been studied by GC. Three
groups of gases have been used in this research. They include
l. hydrocarbon gases: methane (CH,), ethane (C)H,), propane

g) » and propylene (Cﬂi), 2 elementary gases: argon (Ar),

%rogen (N,), and oxygen (O and 3. carbon oxides: carbon
monox1de (CO), and carbon éloxlde (CO,) . The relationship
between the gas adsorption coefficients and gas retention
variables has been derived by mass conservation. A novel gas
retention variable, weighted mean retention time, has beer
defined and used in this study. When th . retention variable
was used to calculate gas adsorption coeiiicients, the results
agreed with those obtained by a static method. Since the use
of the GC method to obtain the thermodynamic data of gas
adsorption on coal is not widespread, the technique will be
briefly discussed. The theoretical basis and details are
found in Appendix C. Multivariate analysis was applied in
this study to understand the complex correlation of the gas
adsorption capacities and coal surface properties with the
analytical data of coal, e.g. proximate analyses, ultimate
analyses, NMR data, and helium densities.

8.2 Theoretical Basis

8.2.1 Techniques

Various methods are used in determining the ccefficients
and/or isotherms of gas adsorption on a solid by GC methods.
The most important techniques include the Peak Maximum (PM)
method with a pulse technique (Kipping and Winter, 1965;
Sewell and Stock, 1970), Elution by Characteristic Point (ECP)
with a pulse technique (Knozinger and Spannheimer, 1964;
Kisevel et al., 1964; Owens et al., 1964; Dollimore et al.,
1970; Volf et al., 1973), and Frontal Analysis by
Characteristic Point (FACP) with a pulse or continuous
technique (Conder and Purnell, 1969; Glueckauf, 1947, 1949;

8-2



Stock, 1961; Eberly, 1961; Beebe et al., 1966; Conder et al.,
1969) .

In the peak maximum method, a series of adsorbate samples
of varying size are injected 1nto the column to obtain an
isotherm. Although the experimental apparatus and the data
treatment are quite simple for this method, many experiments
must be performed to obtain only one isotherm.

The Elution by Characteristic Point with a pulse
technique to determine adsorption isotherms is frequently used
because of its rapidity and simplicity. This methed is
similar to the peak maximum method but the path of the
isotherm (within a limited range) can be determined from a
single chromatogram. Its restriction is that the front or
rear profiles of the peaks must overlap for various sample
sizes. often one has to select suitable chromatographic
conditions so that the extended chromatogram curves for
various sample sizes overlap, or to make appropriate
corrections to the peaks.

The frontal analysis by characteristic point with either
a pulse or a continuous technique is one of the commonest
methods to determine adsorptlon isotherms. Although the
experimental principle is simple, the data treatment is qulte
compllcated Other dlsadvantages of this method are that it
is time consuming and requires strict system design.

8.2.2 Relationship between Adsorption Coefficient and
Retention vVariables

The relationship between gas adsorption coefficients and
gas retention variables in an ideal chromategraphic column can
be derived by mass conservation. The change in the
concentration of gaseous species A across a chromatographlc
column is shown in Figure 8.1. The gas concentration, C
the mobile phase is a complex function of the time, t, ané the
distance, x, of the layer under investigation from the column
inlet

= £(t,x). (1)
If the accumulation of the gaseous species A in the column
increment dx is dn, (Figure 8.1),
dnA

inlet, - outlet, (2

~F,dC, ,

i.e.,



il

chromatographic
column

CO
h—L
0— _:E {‘ —
Figure 8.1 Concentration of species A across a
chromatographic column.
ocC,
(dn“)x‘c = "'Fc("_"ax )thn (3)

The accumulated gquantity of species A in the column increment,
dx, is distributed in the mobile phase and the stationary
phase. Thus, the quantity of the adsorbate A in a unit length
of the column is

V,C, + ma, . (4)

According to the mass conservation law,

ac
“Fel52), = [_a% (V,Cytmya,) 1 dox. (5)

Rearranging Equation 5, we obtain the mass conservation
equation of a chromatographic column,

0 0
Fog) e+ V(S0 v m (328 < 0. (s)

Assuming that in each part of the column gas adsorption
equilibrium is eventually established, we can combine the mass
conservation equation with a gas adsorption isotherm to derive
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the relationship between gas adsorption coefficient and gas
retention variables. When infinite dilution of a gas sample
is used, all of the proposed types (Brunauer et al., 1940) of
gas adsorption isotherms become linear, i.e.,

€,=0 dC = Kea (7)
A

The range of infinite dilution of a sample size is normally
less than 0.5 ml, which depends not only on the properties of
adsorbate and adsorbent, bhut also on the chromatographic
conditions. Substituting Equation 7 into Equation 6 and
making necessary mathematical derivations (the details are
illustrated in Appendix C), we obtain

F '
KC,A = _Ing (tt— tM) (a)

for an ideal packed-column (no pressure drop along the
column). For a real parked column, there is a significant
pressure drop along the column. The pressure gradient (James
and Martin, 1952) of the carrier gas depends on

_d..E =—__.—L—F

. (9
dx = ¥Agmle )

where n is the gas viscosity, k the column permeability, and
A um+ the cross- sectional area of the colunn. If it is
assumed that the carrier gas is an ideal gas under the
experlmental conditions, a pressure and temperature correction

factor, 1+ c€an be derlved mathematlcally (the details are
shown in Kppendxx C), and the final form is
1- (£1)2
3 T, o
T i SN - S 10
LP:T- 2 To P_i 3 ( )
1-(=2)
P

o

where 'o' refers to measuring conditions, and T, is the column
temperature.

In summary, the most important equations used in this
paper are summarized as follows:

(4:]
i
in



! 1
Vp = 'F-V';Jp.TFc,o(tR—tM) ’ (11)

K. =V, ., (12)
and
vV,
= . 13
K RT, (13)

8.2.3 Determination of the Retention Time

The relationship between gas adsorption coefficient and
gas retention variables, as shown in Equations 11-13, is
fairly simple. However, determination of the retention time
(t,), and measurement of the gas hold-up time or the carrier
gas retention time (t,) is crucial in a real GC elution
process. Conventlonally, t. is determined by a peak retention
time, defined as the retention time at the peak height,

’ wherg the detector response reaches the highest point.
Tﬁe peak retention time is a good representation of gas
retention in an ideal elution process. However, it cannot
describe gas retention in a non-ideal elution process. 1In a
non-ideal elution process, it is better to use an average
retention time, rather than the peak retention time.

There are two types of average retention times in a non-
ideal elution process. One is a weighted mean retention time,
t., defined as an arithmetic mean retention time weighted by
GC detector response (h), i.e.,

fncdc <
Erm = 0.. = g,r (14)
P
fhdt
0

where S 1is the peak area, and S " the peak retention area.
A second average is a half elution retention time, tr1/,
defined as a retention time at which one half »f the injected

amount of species A is eluted, i.e.,

Erasz = n,* a'o) (15)

where n, , is the total injected amount of species A, and n;’
the inverse function of



n,(t,) = [knde. (16)
0

The relationships between the peak retention time, t
and the average retention times, t_, and te 2 are shown fn
Figure 8.2. For a symmetric peak, t = tr1/ ,m, for an
asymrmetric peak distorted with tailing, t % t o and
for an asymmetric peak distorted with front'] roflle spreadinq,
toye >t From a statistics viewpoint the best
cﬁgracterlstic ré%ention time for a non-ideal elution process

is the weighted mean retention time, t

r,m*

The gas hold-up time or the carrier gas retention time
(ty) can be either calculated from the dead volume of the GC
system or measured by an injection of the carrier gas. 1In
order to calculate the gas hold-up time precisely from the
dead volume of the GC system, both the pressure profile and
temperature profile alone the line from sample injection to GC
detector has to be known. It is very difficult, sometimes
even impossible, to determine these profiles. However, the
measurement of the retention time of the carrier gas provides
a simple way to obtain the gas hold-up time. In this method,
the retention time of the carrier gas must be measured under
the same conditions at which the investigated gas was
evaluated.

' 8.2.5 gymmetry of GC Peaks

The symmetry of a Gc peak can be quantitatively described
by a symmetric factor, defined as the ratio of the rear
area to the front area cfy@he peak. For a symmetric peak, F
= 1; for an asymmetric peak distorted with tailing, F > 1
and for an asymmetric peak distorted with front B}ofile
spread, me < 1. As an example, the symmetry of methane
eluted from Upper Freeport coal is illustrated in Figure 8.3.
The symmetric factor of this elution is equal to 3.53.

8.2.6 Thermodynamic Relationships

Thermodynamic constants can be estimated by gas
adsorption coefficients measured at several temperatures. The
most important thermodynamic constants of gas adsorption are
AH and AS. The heat of gas adsorption, AH, can be determined
by either application of the Clausius-Clapeyron equation or
basic thermodynamic relationships. From the |Dbasic
thermodynamic relationships

Sym
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AG

AH - TAS : (17)

and

AG = -RTInK, , | . (18)

we have

_AH AS
Ink, = -22 + 2. (19)

If AH is independent of temperature in the range of
measurements,

AE = £(0,), or AH = f(a,) (20)

where 6 is a ratio of a, to the saturated adsorption of A,
a, sat. Therefore the slope and intercept of a plot of lnl(p at
OA - 0 against 1/T can be used to estimate AH and AS
respectively. For the determination of AS a standard state is
defined as 0, - 0 when the reference state of K, is taken as

K, 1 mol/(psia)(g).

It 1is worthy +to mention that, while a real
chromatographic column is in operation, the conditions of
ideality are not entirely fulfilled because complete
thermodynamic equilibrium is not likely to be established.
However, it is possible to furnish conditions in a real column
which appreoach the requirements of an ideal GC. To accomplish
this, the optimum carrier gas flow rate should be used, the
size and shape of the coal particles should be as uniform as
possible, the whole column should be packed evenly, and a
sufficiently high temperature should be applied. By adhering
to these conditions, diffusional and kinetic broadening of the
chromatogram can be reduced. Therefore, the following factors
were considered when the experimental system was designed:

1. curvature in the distribution isotherm:

2. gas compressibility;

3. dependence of the ilotherm on total pressure;
4. gas imperfection;

5. thermal effect and temperature control;

6. sorption of carrier gas:;

7. non-ideality.

8.3 Experimental

8.3.1 Apparatus
A schematic diagram of the apparatus for GC adsorption

studies is shown in Figure 8.4. The chromatogramc were
obtained using a dual column gas chromatograph (Series 580,
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GOW=MAC Inetrument Co.) fltted with a thermal eenduetivit
datacter (ToD), The response signals from tha 10D were flrul
amplified hy a pC lwolatad signal cendltlonlng module ‘wghl
Inetruments, Ind,) wlth an lnput of 4326 nV and output of &b V,
and the ampllfied wignale ware collected by a PQ aquipped with
a data acculsition and control board (D1 4001, A8T Rasearoh,
Inc,) at 10 Hz sampling ratae,

The chromatographic column wam packed with the ooal, and
~80/+100 mesh glass beads were used as the refarence column
material. fThe sample column inlet pressure was measuraed by &
pressure transducer in the range, 0 «~ 150 psly (OMHIGA
Engineering, Ino.). The signal from the pressure transducar
was first amplified by a module with an input of +100 mV and
output of 5 Vv, and collected at 1 Hz. The outlet pressure
was measured by a barometer. At salt Lake Clty, the
atmospheric pressure is about 650 mmHg or 12.6 psia. ‘The
isothermal bath was controlled by a tamperature ocontroller
(CN2042K, OMEGA Engineering, Inc.), and the column temperature
was measured with a thermocouple. The signal £from the
thermocouple was first amplified by a K~type thermocouple
module, and collected at 1 Hz., The column temperature was
maintained within +0.05 °C for 0 *C, and 0.2 °C for the other
temperatures. The carrier gas flow rate was measured by a
mass flow monitor in the range of 0 - 20 ml(STP)/min (Sierra
Instruments, Inc.) at the sample column outlet.

The signal from the mass flow monitor was collected at 1
Hz. Helium was used as carrier gas, except in cases where the
gas hold-up retention times were measured. In the case of the
measurements of the gas hold-up retention time, i.e., helium
retention time, argon was used as carrier gas. A gas sample
was introduced into the chromatographic column by a gas
sampling loop of 0.25 ml. As shown in Figure 8.4, different
concentrations of a gas can be injected into the column by
adjusting the ratio of the 'gas to helium. Each
chromatographic column was initially purged by the carrier gas
at the experimental flow rate (about 18 ml/min) for at least
48 hours to thoroughly clean the coal surface.

The detector temperature was set at 40 °C. The bridge
current was set at 220 mA for helium as carrier gas and 150 mA
for argon as carrier gas. |

Each weighted mean retention time is the average of at
least three independent determinations. Precision of weighted
mean retention times was always greater than 5% of the
reported values for 0 °C, and 10% for other temperatures.
8.3.2 (Ccal Samples

Proximate and ultimate analyses of the eight Argonne
Premium Coal Bank samples (Vorres, 1989) and one Utah coal
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sANple (Cantlagate wine, Bub 3 Weam) ara glven In Pable 6,1,
'Pha hel lum depwllies of sach of the doal dampled Weis neas)red
Hﬁlh? A pyunumaﬁav (AoenPyo 1330 Pyunemater, Hicromer| ko,
They) v The resulte ara Llisted In Pahle 8,3, 'Phe annplep vare
porractaed o a nineral watter=fras hasls ualng a formilal

where x 18 the weight fraotien of the wmineral matter, p, the
denalty of the ninaral natter, assumed to bae 2,86 ﬂ/ml, p. kha
densdty of the coal, and p the measured denslty. e meRsurad
ash oontent Im used for mineral watter, The valeulated eoal
dengdtles are glven in Table 6,0, tha 13 vavbon styuctural
parameters from the M0 NMR tesmts for the ocals ava glven in
Table 6.2, whare the NMR data of the 0 Argonne Premlum Coals
are from Bolun et al. (19069),

The elght Argonne Qoal Dank samples are ocarefully
collacted and prasarved, Thay representi a ranga of coal rank
from lignite to low volatile bituminous, Hxcapt for the Utah
coal sample, Castlegate Sub 3, which wam firet ground, all
samplas were alr dried under a vacuum (about =418 mnllg ox «0
pmig) at 80 *‘C for 48 hours and siaved hetore pnakini into
stainless steel tubing (350 ~ 378 mm long and 4,0 mm 1.d.),
The characterlestic data of the cohromatographic ocolumne im
given in Table 8.1.

Table 8.1 Characteristic data of chromatographio columna

Sample Coal Particle size We%  Length  Vold
No, mesh g mm %
1 Upper Freeport ~150/+200 47559 360 0,253
2 Wyodak-Anderson «150/+200 5.0236 378 0.244
3 Illinois #6 - 150/+200 4,5769 360 0.303
4 Pittsburgh (#8) -150/+200 4.4489 360 0.276
5 Pocahontas #3 -150/4200 4.4357 360 0.284
6 Blind Canyon ~150/+200 4.6482 375 0.241
7 Lewiston-Stockton -150/+200 4.7093 365 0.296
8 Beulah-Zap -150/+200 4.5735 360 0.304
9

Sub 3 . -200/+400 4.0126 350 0.301

* Coal sample in the column on a dry basis



13,3 Gan Gemplon

High puyiky of Ghw HaPEiap gan N annsn&:u), HiNEn AyHl
Eraon ARBUNEN o aantaminantn Wil adnarh an e Hha uuv!cwa
and  AeeUm ) nke ke khe Txk@n& Ehak  Ehuy  aan dbubkark e
POMU EMe The el ium earvier gan whs suppliad Fram Tiguin Aty
?n. Wikl the guavantesd wininum puricy af ua.au’. TR A ) By
Impupltlan wara My, 0y and AR which weke pevnpaibly AdMEphAt
on the coal AT Pt oL Ehout uuuumu%r%lﬂu. HiGEaguh, ﬁnrgﬂn,
ArFgen, earben wonelde, carbon dloxldm, mekhana, wERANK,
propans, And propylans  gakas hava Bﬁl];Wﬂﬂq AR WAl eeular
wobed,  The gakas ware suppl led fp?m ALy hhgu d 0o WIEH Ehe
vmllnwini guarantimed winbwin pueltlen) N, 94,688 0, 88,044
Ar 06,868, 00 89,878, 00, 89, 0% el se.dony oy udoN) gy
99.,0%) and ¢4, 49,04, ‘ ‘ ’

8.4 nesulte mnd Dimeumalon

0.4.1  Determination. o .uhe. Shermedynnmie Consianiv

faveral concentratiens of methane from 4,88 te 100V,
whish are egquivalent te 7.6 ul te 0,196 nl at 8TV, were used
in examining the hypothesls of linearlty of the gas adaorptlon
lotherm In the low pressure range, 'The chromatoyrams of the
tests on Uppex Fraeport ooal at 0 ¢ are shown in Flgure 6.8,
Bxparimental conditlons and primary results tor the dlffarant
methane injection concentrations are limted In Table 6.4, The
sdsorptlon coefflolante, K, and K, and other pertinent
oxporimantal parsneters, such am, fhe ratlo of tha column
Inlet pressure (P)) to outlet pressure (1), tha temperature
and premsure correctioen factor (J,.), tha et lal pressure of
methana (Py,) during the adamﬂk}imn, and the adsorptlon
oapawitx (V,o) are given in Yable 0.3, A plot of the
adnorptlion cdapacltlew iv W) aguinet the partial pressures of
methane ls whown In P qﬁru .6, Thim figura verlfles the
assumption of the linearity of gas admorption imotherm within
a sample wizé up to 0,196 nl(8TP), The wymmetric factors of
the methane elution peaks are plotted versus the In)ected
volumes in Flgure 8.7. The symmetric factor approaches a
constant value at larger injectlion volumes. Tt lm about 3.6
for extrapolation to zero Injection volume, The large
asymmetry of the elution peak at zaro injection voluma
indlicates that the influence of methane diffusion in the
nicropores of coal is important.

To determine whether the gas chromatographic measurenent.s
have been made at. thermodynamic equilibrium or whether they
are limited by the kinetics of adsorption on coal, the
dependence of net unit retention volume on flow rate was
measured for two gases, methane and carbon dioxide, on Upper
Freeport coal at 0 °C. The results are shown in Table 8.3.
The data indicate that the net unit retention volumes are
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Table 84 Hoats of gan acsorption on Uppar Freeport ooal (~160/+200 mesh)

(s Number of  «All, ~AB, r?  Temperature  AH,'

¢lectrons  kl/mol kJ/(mol)(K) range, *C kJ/mol
At 1 v, 138 0.999 0 - 80 6.65
N 4 P 140 0,999 0-80 5.59
(0 i4 15.4 158 0.999 0-80 6.04
(‘03 Y 28,6 178 0,992 0-90 25.23
'l 10 17,9 186 0.991 0-90 R.if
A6 1] 214 148 0.998 0-90 14,70
¢ a0 4. 154 0.981 50 - 90 1878
¢ile " 28.1 145 0.998 0- 80 i8.42
JEISLL {0 0.9 - - 25 - 150 a0

B U AIALEE RIR: e em———

Y ata from reforonce 46,
*0 Datarmined by difforontial seanning calorimetry.

The gam adsorption studies are an important source «f
Informatlion about molecular interactions. In physical
adporptlion there is no transfer or sharing of electrons
hetwaen atomm of the gas and the coal surface. T
Interactlons in the physical adsorption are the sum oxX
Intermoleaular foroes

where f, ls the dispersion force, f, the short-range repulsive
foroe, f, the induced dipele interaction force (caused by
polar atoms or s-electrons in the molecule), f, the permanent
dipole Interaction force, £, the quadrapole moment force
(exanples are €O, CO, and N , and f, the hydrogen bond.
Apoording to the type of the molecular interaction, gas
adsorptlon can be classified into two groups. One is non-
spoclflo adsorption, In this group, the gas adsorption is
oaused by the dispersion and repulsive forces only, i.e., the
universal intermolecular interaction or the van der Waals
interaction. The second group is specific adsorption. 1In
this group, gas adsorption is caused by additional specific
eloctrioal interactions, such as induced dipole interaction
forons provoked by polar atoms or m-electrons in the molecule,
and/or permanent dipole interaction forces. A diagram of the
interactions between coal surfaces and gas molecules is shown
in I'lgure 8.9.

As expected, the heats of gas adsorption are in the order
of water > carbon dioxide > propene > propane > ethane >

8-19
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Figure 8.9 Interactions between coal surfaces and gas

molecules.
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methane > carbon monoxide >» oxygen > nitrogen and argon. It
is noted that the heat of adsorption of carbon monoxide with
a permanent dipole interaction force is less than those of the
n-paraffins, such as methane, ethane and propane. A possible
explanation for this low adsorption heat of carbon monoxide on
Upper Freeport coal is that the permanent dipole interaction
force of this small molecule, carbon monoxide, plays a trivial
role in the adsorption process. In research on the
thermodynamics of adsorption of organic compounds o¢n the
surface of Bruceton coal, Larsen et al. (1978) pointed out
that coal interacts strongly with non-polar molecules and
weakly with both acidic and basic polar molecules. From their
results, they also suggested that the coal surface is capable
of undergoing strong, generalized van der Waals interactions
with most molecules, and strong highly specific interactions
with a few polar molecules.

The correlation of gas adsorption coefficients with heats
of gas adsorption is shown in Figure 8.10. As expected, the
capacities and heats of gas adsorption for specific adsorption
are higher than those for non-specific adsorption, except in
the case of the adsorption of carbon monoxide. Although the
interactions between a gas molecule and a ccal surface play an
important role in determining the gas adsorption capacity,
other factors, such as surface area, sclubility of the gas in
coal, coal pore structures and gas mclecule structure must be
included and considered. In fact, the high adsorption
coefficient of propene on Upper Freeport coal, which is not
shown in Figure 8.10, is due to its high solubility in the
coal.

Data on the vaporization heats of the molezules used in
the adsorption studies are listed in Table 8.4 (Perry and
Green, 1984). A plot of the heats of vaporization versus the
heats of adsorption is shown in Figure 8.11. All molecules,
except water, have higher heats of adsorption than heats of
vaporization. This indicates that the molecule-~coal surface
interactions are stronger than molecule-molecule interactions,
and these gases have an additional affinity for the coal
surface. As shown in Figure 8.11, methane gas has the largest
difference in the heat of adsorption from the heat of
vaporization. This shows that methane has a very strong
affinity for the coal surface. This phenomenon may be the
main reason that methane is the major compenent in a coalbed
gas. The next gas having a large difference between heat of
adsorption and heat of vaporization is carbon monoxide, which
has a permanent dipole interaction force. This indicates that
the coal surface is polar. Elemental gases (oxygen, nitrogen
and argon) have slight differences in the heats of adsorption
and the heats of vaporization. This may be due to the fact of
that only van der Waals interactions exist between these
molecules and the coal surface. However, in the case of water
adsorbed on the coal surface, the heat of adsorption is much
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less than the heat of vaporization. This shows that the
intramolecular interactions of water molecules must be greater
than their interactions with the less polar coal surface. A
detail explanation and discussion about the behavior between
water adsorption on a coal surface and water in a liquid is
given in chapter 12.

The magnitude of the van der Waals interaction increases
with an increase in the number of electrons in the molecule.
Since the correlation of the heats of vaporization and the
number of electrons in the molecule is linear (Figure 8.12),
the strength of the van der Waals interaction increases
linearly with the number of electrons in the molecule. A plot
of the heats of gas adsorption versus the number of electrons
in the molecules is shown in Figure 8.13. The dashed line
through nitrogen and oxygen in the plot represents the van der
Waals interactions between the gas molecules and the coal
surface. As expected, water, carbon monoxide, and carbon
dioxide have stronger interactions with the coal surface than
nitrogen and oxygen, and give higher heats of adsorption,
while the noble gas, argon, has a weaker van der Waals
interaction, and gives a lower heat of adsorption. Water and
carbon monoxide molecules have permanent dipole moments. 1In
addition, water can form hydrogen bonds with oxygen-,
nitrogen-, and sulfur-containing groups on the coal surface.
Carbon dioxide has a strong induced dipole moment. The n-
paraffins, methane, ethane, and propane, which have only van
der Waals interactions, have higher heats of adsorption on
coal than they should. This may be explained as the
additional interactions of the hydrocarbon gases with the coal
surface caused by affinity duve to similarities in the gas and
coal structures.

In Figure 8.13, there is good linearity among the n-
paraffins. The adsorption heats of the other higher n-
paraffine gases may be estimated by the empirical equation

-AH, (kJ/mol) = 0.425N, + 13.68 (23)

where AH, is the heat of n-paraffin gas adsorption, and N, the
number of electrons in the n-paraffin molecule. As shown in
Figure 8.13, the heat of propene adsorption is above the n-
paraffin line. This is due to the contribution from the
interactions of the double bond in the propene molecule with
the 7-electrons on the coal surface.

8.4.2 Measurement of the Coefficients of Gas Adsorptjon
The coefficient of gas adsorption at zero coverage of the
coal surface, K. or , is a physical constant used in

characterizing the properties of the coal surface and
determining the gas adsorption capacity at very low pressures.
Since the relative gas adsorption capacities of coals at
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different pressures are similar (Joubert et al., 1973, 1974;
Kim, 1977; Ruppel et al., 1972; Yang and Saunders, 1985; Choi
et al., 1989), the gas adsorption coefficient measured at very
low pressure can be used in estimating the relative adsorption
capacities at higher pressures. Therefore, measurements of
the gas adsorption coefficients on various coal samples are
useful not only in theoretical studies of the coal surfaces,
but also in practical estimation of the relative gas
adsorption capacities of coals.

Those gases (Table 8.5) whose critical temperatures (T,)
are lower than 0°C, such as, Ar, N,, O,, CO, and CH,, are
neither condensed in coal pores nor adsorbed in multllayers on
the coal surface above 0 °C. When these gases adsorb on a
porous coal, they follow a pseudo-Langmuir isotherm (type I)
(Smith and Van Ness, 1987; Gregg and Sing, 1982}

Voo _bo_
Va 1+ bp (24)

where b is a fitting constant, V the volume (normally
corrected to STP) of adsorbate, and V_ the volume adsorbate
equivalent to a monolayer. The term pseudo-Langmuir isotherm
used here is due to the fact that the gas adsorption on the
coal surface is not physically consistent with the
requirements of the Langmuir isotherm model but mathematically
matches the Langmuir isotherm equation. In fact, the
adsorption sites on the coal surface are not energetically
uniform since the adsorption heats are functions of coverage;
the interactions of adsorbate-adsorbate can not be ignored
under high pressures.

The correlation of the gas adsorption coefficient with
the parameters in the pseudo-Langmuir isotherm can be derived
by taking p~0 in Equation 24, i.e.,

Kp={’§gn( L4
, bv, (25)
%i?( 1+bp)
= bV

Therefore, the relationship of K with (bV,) can be used as one
of the equatlons to estimate @ he constants in the pseudo-
Langmuir isotherm.

The adsorptlon coefficients for the gases Ar, N,. 0,, CO,
¢o,, CH,, C,H,, Cﬂi, and C H, on the 9 coals are 1lsted in Tabkle
8. Ga-c. Comparlson of he values of Kp with those of (bV )
from the static method (Ruppel et al., 1974) (Table 8. #

confirms the relationship between K, and (bV,) .
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Table 8.5 Properties of the gases used in the adsorption studies

Gas | T?* P \A ' Ty *¢

b

K psia mi/mol K
Ar ©150.8 106.3 74.9 87.35
N2 126.2 491.7 89.5 71.35
02 154.6 732.4 73.4 90.15
co | 132.9 507.6 93.1 81.65
co2 304.2 1070.4 94.0 194.75
CH4 190.6 = 667.2 99.0 109.15
C2H6 305.4 707.8 148 184.55
C3H8 369.8 616.4 203 231.05
C3H6 365.0 670.1 181 225.75

# Data from reference 34.
¢¢ Data from reference 26.

To evaluate the effects of the specific interactions
between the various gases and the different coals, a specific
adsorption ratio, a,, is defined as

K1

Nol
a'n [,/ X (26)

L

NQ. N;

where K, is the adsorption coefficient in ml(STP)/(psia; (g daf
coal), N, the number of electrons in molecule, i represents
Ar, N,, 0,, CO, CO,, CH,, C,H,, C;Hy, and CiH,. Nitrogen is taken
as a reference gas in the adsorption studies. This is due to
the fact that only van der Waals interactions are involved in
N, adsorption. Since the calculation of these ratios are
based on the same coal, the influence of the coal surface
properties on the gas adsorption is minimized. 1In this way,
the effects of the specific adsorption on different coals for
each individual gas and the effects of the specific adsorption
of different gases for each individual coal are compared. The
calculated specific adsorption ratios using the data in Table
8.6c are given in Table 8.8. The mean of each individual gas
characterizes the magnitude of the specific adsorption effect
of this gas. The standard deviation (std) of each individual
gas illustrates the dependence of the specific adsorption
effect of this gas on the coals.

Argon and oxygen gas adsorption show no specific

adsorption effects. This conclusion agrees with that of the
previous discussion on the heats of adsorption. The mean and
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Table 8,7  Relatlonahip baiwean kp and (WVIn) of MAThANK ALEHIPHON 1l BYE. VK K

Conl

he Vm' . . hymo Hp
It mlg ) bt il ing)
Plitaburgh (#8), PA 0040 i J, 04 0108 0,10

Boeahonias #4, VA 0:139 N L) 0114 0418

¢ [ata Aom referanca 3% Vi In migS8 TP dh) eoal)

atandard daviation of the apuolfle adaopptlon yatlon tor shase
two gases ara very olose o 1 and 0 Pﬂﬂrﬂﬂﬁlv y.  UAFhon
monoside has & wean of 4, Indioatilng that Ehere |a & wpaalfie
adsorptlon affeat fox “his gan, NHowavur, thave I8 ne wpanifiy
admmr?ﬁimn affal on the ooals beoauwe |6 hus & slandapd
deviation of 0,92, Methane shows apealflo aduerpblon affeokn
on hoth gas avd ceale, Tt haw o nean of 9,79 and & standapd
dﬁ\';‘ﬂt’:“ﬂ“ ﬁm :1: ] ﬂ:‘ ]

the correlatlon of the spacitie adsorptilon ratlo with
oarbon content, whioh im used am a paramater for goal rank,
for A, 0, €0, and ci, In ﬂpewn In Plgure 8,04, T Lo obvious
that the apeclfie adkorptlon effects of mathane admorption
Inorease with Inorveasing earben aontent or rank of aaal, ''he
eorrelation of the spedifio adsorptlon effeatu with varleun
gusen Lo in the ordex propens » aarbon dlowlde » pvnpnqn e
athane » mathana » monoxlde, The covrelation of the wpeolflo
adsorptlon efteots with oea) propevvlas, wuch as, oarbon
content (or rank of ocoal), & In the ordey of ¥V9p@na M
?vmpana » oathane » carhon dloxlde » methana = monoslis, Phesa
wo  ordars ara not exaetly parallel. Howevar, In the
hydrowarbon gas serlen, thay are not only pavallel with eaoh
other hut alwo parallel with the erdey of the haatm of
adsorptlon, ™his Indioeras that the Interaction of gad
molecules with ceal surfaces Ipoveasa with Inovaasing rank of
coal and slee of moleoule,

0.4 Multiverinte Annlysin

In order to understand the complex voyrrelation of gase
adsorption oapacities and ocoal wsurface properties with Ehe
analytloal  datun  of ooa)l, wnltlvarlate analysls, whioh
daetermines interactlons batiweean the variables, was Apyllmd.
Analytianl datn, ey, proximate analysas, Wltlmate analyues,
NMR datn, nitrogen surfaos areas and coal densliles, weva
aorrelated with the gas adsoxption cveftflolents,

To eliminate the depandant varlavles, the tranalativn of
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the most important coal analytical parameters, e.g.
aromaticity, carbon content, and N, surface area, is plotted
in Figure 8.15. The adsorption coefficients of methane and
carbon dioxide show strong dependence on coal rank, and very
weak correlation with the N, surface area. On the other hand,
the adsorption coefficients of propane is strongly determined
by the N, surface area rather than the coal rank.

In the hydrccarbon gas series, as molecule size
increases, the dependence of the adsorption coefficients on
coal rank decreases, but the dependence on N, surface area
increases. These results indicate that larger molecules can
not reach the internal surface of the small pores in the coal,
and the controlling factor of the adsorption capacity for this
larger molecule is the available surface area.

8.4.5 Pactor Analysis

Factor analysis was performed to reduce matrices of data
to their lowest dimensionality by the use of orthogonal factor
space and transformations that yield predictions and/or
recognizable factors. The number of significant factors is
determined by either a Scree plot or a Cumulative plot. From
the Scree plots (Figures 8.16a-c), all gases used in the
adsorption studies show the same pattern and the slope levels

1
0.9 -
0.8 ~ ?
: N O 28 78
; AA N 2
08 - Z8 N
£ ’§¢ % ’k/
RN I\ N
N A N
’ N N
o2 YN N N
N g N
0r NI N N
N A
TR wm coe  che  cans  cams  cons
7] Aromaticity _ ' KPSE“E.P):{’Q".)(‘ ary % N2 Surface Aroa
Figure 8.15 Correlation coefficients for K with
aromaticity, carbon content, and N, surface
area.
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off after factor 5, indicating that the first four factors are
most important. The eigenvalues of the four retained factors
are greater than one, and those of the remaining factors are
much less than one, further supporting this determination.
From the plot (Figure 8.17) of cumulative percent vs. factor
number of representative gases, e.g. Ar, CO,, and CH,, the
retained four factors account for above 95% of the variation.

To explore the physical meaning of the factors, the four
retained factor loadings are plotted against the variables for
methane adsorption in Figure 8.18. Factor 1 has positive
correlation with carbon content, and aromaticity, and negative
correlation with hydrogen content. These variables all are
coal rank dependent, indicating that  the physical
interpretation of factor 1 is coal rank. The adsorption
coefficient of methane has a high positive loading value for
this factor, indicating that the methane adsorption capacity
is mainly determined by coal rank. This conclusion is in
agreement with the results obtained by other researchers
(Creedy, 1988; Kim, 1977; Harpalani and Schraufnagel, 1990).
Factor 2 has strong contributions from carbon content and
sulfur content. This factor may be interpreted as the
chemical composition of cocal. The adsorption coefficient of
methane has weak correlation with this factor. Factor 3 shows
strong correlation with hydrogen content and coal density.
The adsorption coefficient of methane is very weakly
correlated with this factor. Factor 4 is positively
correlated with the N, surface area and negatively correlated
with the ash content. As expected, the adsorption coefficient
of methane is positively correlated with this factor. This
indicates that methane adsorbs on organic coal surface rather
than on inorganic matter. Factor pattern plots of methane
adsorption are shown in Figure 8.19.

Correlation coefficients of variables with factor 1, 2,
3, and 4 for all gases used in the adsorption studies are
shown in Figures 8§.20, 8.21, 8.22, and 8.23 respectively.
Except for the gas of CH,, which is mainly determined by the
N, surface area, the correlation of the gas adsorption
coefficients with analytical variables for coal are similar to
that of methane as discussed in above.

Plots of the gas adsorption coefficients for
representative gases, e.g. Ar, CO,, and CH , versus aromaticity
and carbon content (C, wt%) are given in Figures 8.24-8.26.
As expected, they show very good agreement with the previous
regression and fact(r analyses. As seen from these plots,
Sample No. 3 (Illino.™ #6 coal) is far from the correlation
for all cases and has an unusual behavior. This may be due to
the fact that the sample has a very high N, surface area
(ahout 4 to 11 times higher than those of other samples).

The strong correlation of the adsorption coefficients of
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~AH, (kJ/mol) = 0.425N, + 13.68.

The effects of specific interactions between the various
gases and the different coals are characterized by a specific
adsorption ratio (a,)

i

RS

gﬂ
K

No, Na

where N,, which only involves van der Waals interactions, is
taken as a reference gas. Argon and oxygen gas adsorption
show no specific adsorption effects. Carbon monoxide has a
specific adsorption effect, but no effects from coal rank.
Methane shows both of specific adsorption effects on gas and
coals, and the effects increases with increasing carbon
content, e.g. coal rank. The correlation of the specific
adsorption effects with various gases is in the order propene
> carbon dioxide > propane > ethane > methane > monoxide.
The correlation of the specific adsorption effects with coal
properties, such as, carbon content (e.g. coal rank), is in
the order propene > propane > ethane > carbon dioxide >
methane > monoxide. These two orders are not exactly
parallel. However, in the hydrocarbon gas series, they are
not only parallel with each other but also parallel with the
order of the heats of adsorption. This indicates that the
interactions of gas molecules with coal surfaces increases
with increasing rank of coal and size of molecule.

The relationship between the parameters in the pseudo-
Langmuir isotherm, (V/V,) = (bp)/(1+bp), and the gas
adsorption coefficient is shown to be (bV,) = K,, and confirmed
experimentally. ,

The correlation of the gas adsorption coefficients with
the analytical data of coal, e.g. proximate analyses, ultimate
analyses, NMR data, nitrogen surface areas and coal densities
was determined by the multivariate analysis. Except for the
adsorption coefficient of CyH,, which shows a strong dependence
on the N, surface area, é%e adsorption coefficients are
strongly correlated with the coal rank parameters, such as,
carbon content, and aromaticity.

my



i

9. A BTUDY OF GA8S ADBORPTION ON COAL

9.1 Intreduction

Gas adsorption capacity of coal at room temperature is
one of the most important factors which dominate gas retention
in coal. Methane, carbon dioxide, carbon monoxide, and water,
together with traces of higher hydrocarbons, are the major
gaseous products during coalification (Speight, 1983; Melton
and Giardini, 1975; Ruyter, 1982; Monthioux and Landais,
1987). Nitrogen and oxygen comprise 99% of the atmosphere.
They may penetrate into a coal seam and become gas components
in the coal seam. Therefore, the study of the adsorption of
these gases, e.g. methane, carbon dioxide, carbon monoxide,
water, nitrogen, and oxygen on coals will provide basic
information on both gas content and gas composition in a coal
seam. It will also aid in understanding the coal surface
chemistry and physics.

Coals contain significant porosity, ranging in size from
large cracks of micrometer dimensions to apertures which are
even smaller than helium at room temperature. Understanding
gas diffusion, especially methane diffusion, in coals during
gas adsorption is of importance for a number of reasons.
First, it leads to a better understanding of the phenomenon of
gas release, especially methane release, from coal during
underground mining and methane recovery through drilling a
borehole into a coal seam. Second, knowledge of gas diffusion
and its temperature dependence further clarifies the nature of
porosity in the structure of coal.

Moisture is associated with coal as adsorbed water on
coal surfaces and as liquid water in larger cracks and
fissures. The adsorbed water retained in the coal can be
expected to compete with methane for adsorption sites. All
coals contain a certain amount of moisture. Its influence on
methane adsorption should therefore be considered in any
quantitative estimate of coalbed methane content.

A static adsorption system has been designed and used in
the study of the gas adsorption on coals. The dependence of
gas diffusion rate on temperatures, particle size effects, the
water effect on methane adsorption and the correlation of gas
adsorption capacity with coal rank has been investigated in
the present study.

9.2 Experimental
$.2.1 Adsorption Apparatus

The low-pressure gas adsorption apparatus shown in Figure
9.1 consists of mass flow monitor, pressure transducer (up to
150 psig), and coal container (e.g. adsorption chamber). The
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Figure 9.1 Apparatus for low pressure gas adsorption.

gas flow rate and the corresponding pressure in the adsorption
chamber are continuously recorded by a PC at 10 Hz. The
ranges and sensitivities of the gas flow rate measurements for
different gases by the mass flow meter are given in Table 9.1.
The details of their connmections to the PC data acquisition
board are described in Chapter 8. A standard laboratory
vacuum line was connected with the system and was capable of
evacuating the unit to approximately -8 psig. This vacuum,
combined with helium purge, was used to freshen the coal
surface. ‘A turbo-air isotherm chamber was used as an
isothermal bath. The temperature was maintained within $0.5
*C.

$.2.2 Bample Preparation and Characteristics

The coals used in this investigation were one high
volatile bituminous Utah coal (Sub 3 seam from Castlegate
mine) and two Argonne Premium coals, which are Pocahontas #3
low volatile bituminous and Beulah-Zap lignite. The Utah coal
was first ground in air. Previous work of Ruppel et al.
(1974) has indicated that the effect of room-temperature
oxidation on the methane adsorption characteristics of crushed
coal is negligible. All samples used in this study were air
dried under a vacuum (about -8 psig) at 80 °*C for 48 hours and
sieved before the tests. About 8 g samples were used for

02



Table 9.1 Ranges and sensitivities of the mass flow meter*®

Gas Fe Range Sensitivity
ml/(sec)(V) ml/sec ml/sec

He 0.312 0~ 1.562 0.0122
Ar 0.312 0 - 1.558 0.0122
N2 0.215 0-1.074 0.0084
02 0.215 0-1.074 0.0084
Cco 0.215 0-1.074 0.0084
co2 0.159 0-0.795 0.0062
CH4 0.155 0-0.773 0.0061

* mj in the table is converted to STP

adsorption measurements. After the adsorption chamber was
filled with coal sample, the system was purged by helium three
times to clean the coal surface. In each purge, the
adsorption chamber was pressurized up to about 100 psig. It
was maintained at this pressure for about 1 h before
evacuation.

Analytical data of the coals, which include proximate
analyses, ultimate analyses, NMR parameters, maceral analyses,
and densities, are given in Tables 6.1-6.3.

9.2.3 Treoxy of Measurements

As shown in Figure 9.1, the pressure and flow rate were
continuously recorded during the gas adsorption process.
Therefore, the moles of an adsorbate gas in the adsorption
chamber was determined by accumulation of the gas flow rate

t
ny,(t) = [f£de (1)
0

where n,, is the moles of adsorbate gas in the adsorption
system and f the gas flow rate. The gas entering the system
occupies the free space in the adsorption system (including
free volume in both the coal container and the tubing line)
and adsorbs on the coal surfaces. If the adsorption on the
stainless steel wall is negligible, mathematically,

nin‘” = ntxn(t) + chada(t) (2)

where n,  is the moles of the adsorbate gas in the free space
of the adsorption system, W, the mass of coal in the
adsorption chamber, and n,, the moles adsorbed on an unit mass
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of coal. The P-V-T relationship of the gas in the free volume
of the adsorption system is described by the equation (Reid et
al,, 1987; Smith and Van Ness, 1987)

p(t) Vv,
Dgree = """"“""""_'z(p’ ﬂf;:;. (3)
where V, = is the free volume in the adsorption system and 2z
is calculated by

z=2z0(T, P) +wz® (T, P,). {4)
where

(© - . 0.422 .fﬁ
z 1+ (0.083 -;er—) T
(5)
0.172, Pr

(1) -
2 = (0-139 TI‘-a T'r

and @ is the acentric factor; T, is the reduced temperature,
the ratio of temperature to the critical temperature (T/T,):
~and P, is the reduced pressure, the ratio of pressure to the
critical pressure (P/P).

Calibration of the dead volume (or free space) ir the
adsorption system, V. ., was performed using helium gas. If
it is assumed that ﬁgiium gas does not adsorb on the coal
surface, n, is equal to zero in Equation 2 for a calibration
run. There%ore,

V!uo p( t)

t
- z(p, T)RT
—E———];fdt ()

s Constant

at constant temperature. The standard derivation of the
measurements of V., - is less than 1%.

Substituting the constant V, . (obtained by Equation 6)
and Equation 1 into Equation 2, we have:

t
_ P(E) Ve,
[£ae - Zo o (7)
Naq.(t) (mol/g) = 7 '
. c

or
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Vade (M1 (STP) /g) = 22,415n,,,. (8)

where V, is the volume of adsorbate at STP per gram of coal.

Theoretically, the equilibrium adsorption volume, V

can be obtained taking t - «. Since the measurement of*ttie
flow rate is restricted by the sensitivity of the mass flow
monitor (Table 9.1), less than 0.366 ml(STP)/min of the
methane gas flow is impossible to detect. In other words,
methane adsorption rates less than 0.366 ml(STP)/min were not
correctly recorded and had a zero reading. Therefore, the
equilibrium adsorption volume, Veds,, o obtained by this
experimental method is a detected equilibrium adsorption and
the value might be much 1less than a true equilibrium
adsorption volume if gas diffusion was the controlling-step at
the experimental conditions.

The experimental measurements are schematically shown in
Figure 9.2. The lower curve represents the STP gas volume at
which the gas flows in to fill the free volume in the
adsorption system (calculated by Equation 3 and converted to
volume at STP). If the gas is adsorbed by the coal,
additional gas will flow in as shown by the upper curve
(calculated by Equation 1 and converted to volume at STP).
The differences in the two curves gives the total gas volume
at STP adsorbed by the coal.

9.3 Results and Discussion

The methane adsorption on Sub 3 coal at four different
temperatures is shown in Figure 9.3. The adsorption at long
times was taken as the detected equilibrium adsorption, where
the flow meter gave 2zero readings. The higher the
temperature, the shorter the time required to approach the
detected equilibrium. This indicates that the gas diffusion
rate is higher at higher temperatures. The amount of methane
adsorbed decreases with increasing temperature for the range
299 K to 352 K. Figure 9.4 gives a clear picture of the
dependence of gas diffusion rate on temperature. The points
represent the detected equilibrium adsorption values for
selected pressures and the curves illustrate the continuous
adsorption where the pressure increases continuously. If the
adsorption rate (including the gas diffusion process) is much
faster than the gas flow rate, the adsorption curve at any
time or any pressure gives an equilibrium adsorption.
Therefore, the points should be on the curves in this case.
However, if the adsorption rate is much slower than the gas
flow rate, a diffusion time is required for gas adsorption to
approach equilibrium. In this case, the equilibrium
adsorption points are far from the continuous adsorption
curves.
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Figure 9.4 Comparison of equilibrium methane adsorption
with continuous adsorption.

As observed in the experiments (Figure 9.4), the methane
adsorption at high temperatures, 333.4 K (60.3 °C) and 351.7
K (78.6 *C), shows that no diffusion time is required for
reaching equilibrium. However, the continuocus methane
adsorption curves at temperatures 299.3 K (26.2 °C) and 316.0
K (42.9 °C) are far from the equilibrium adsorption points and
a long time is required for the gas adsorption to approach
equilibrium at a constant pressure. The comparison of the
relative methane adsorption rates at two different
temperatures for Sub 3 coal is shown in Figure 9.5, further
supporting the results on the dependence of gas diffusion on
temperature during the gas adsorption.

The gas adsorption at different temperatures for
different particle sizes of Sub 3 coal was determined to
further evaluate the gas diffusion effect on gas adsorption.
The effect of particle size on methane adsorption, together
with those of other gases (argon, nitrogen, and carbon
dioxide), at room temperature (26.2 °C) and 145 psia is shown
in Figure 9.6. The magnitude of the particle size effect at
room temperature observed for this system is too high compared
to those obtained by other researchers (Ruppel et al., 1974).
The reason for this unusually large effect of particle size at
this temperature is that the detected equilibrium of this
system for larger particle size samples is far from its true
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equilibrium due to very low gas diffusion rates.

As expected, particle size effect decreases with
increasing temperature (Figure 9.7). To quantify the particle

size effect, a ratio, a,,, is defined as

Vads (-115/+150 mesh) ) (9)
V.dp (-30/+40 megh)

Xyize =

The experimental results and calculated particle size effect
ratio are listed in Table 9.2. If it is assumed that the coal
particle is spherical and its distribution is normal, i.e.,
the diameters of particles can be represented by the mean of
two openings of sieves, the relationship between external
surface area and diameter of particle size can be derived as
follows: :

Vp = W. (10)

Taking 1 gram coal as the basis for calculation,
| NV,p, = N,V,p, = 1 (11)

where N, is the number of coal particles for particle size i,

V; the volume of each coal particle for particle size i, P the
coal density of particle size i. Since the densities for
different particle sizes are the same (Table 9.3) and

v, = %ndj’, (12)

Equation 11 becomes
N,d; = N,d;. (13)
For N, spherical particles,

where S, i is the external surface area per gram of coal for
partlcle size i. Substituting Equation 14 into Equation 13,
we have '

So 1 d2

s’l 2 d1 |

(15)

The mean diameters of -115/+150 mesh and -30/+40 mesh are
0.115 and 0.505 mm respectively. Therefore, the maximum
particle size effect ratio for these two samples is 4.39,
where the adsorbate gas occupies only external surfaces. The
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Figure 9.7 Particle size effects on gas adsorption at
352 K,

Table 9.2 Particle size effect on gas adsorption
Sample: Castlegate Sub 3 seam coal, p = 145 psia

Vads, ml(STD)/(g dry coal) Particle size
-115/+150 mesh -30/+40 mesh effect ratio*

T=2993K
Ar 4.33 132 3.27
N2 4.34 1.88 2.30
CH4 5.95 1.47 4.05
Co2 17.06 10.37 1.64
T=351.7K

CH4 2.81 2.37 1.18
co2 7.15 6.79 1.14

* Vads(-115/+150)/Vads(-30/+40)
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Table 9.3 'Hellum densities of different partiole sizes
: Sample: Castlegate Sub 3 seam coal

Particle size He density
mesh gleo
~20/+30 1.3043
~30/+40 1.3049
-80/+100 1.3053
~115H 150 1.3048
~150/+200 1.3051

detected particle size effect ratio of methane adsorption for
these two samples is 4.05, which is wvery colose to the
theoretically calculated external surface area ratio of 4.39.
This indicates that the diffusion rate of methane into coal
pores at room temperature is very low. Since €0, is a
cylindrical molecule and the diameter of the CO, molecular
cylinder is about half of the diameter of methane (Nebergall
et al., 1976), the particle size effect is much smaller than
- that of methane (Table 9.2), as expected. This indicates that
the diffusion rate of molecules at low temperature is strongly
dependent on molecular size.

Based on theoretical consideration, the acdsorption rate
(including the gas diffusion process) is also a function of
interaction strength between gas molecules and coal surface.
The magnitude of the van der Waals interaction increases with
an increase in the number of electrons in the molecule.
Therefore, the ratio of the molecule diameter to the number of
electrons 'in the molecule, a ver 9ives a quantitative
estimation of particle size effects on the molecular size and
interaction. The smallest diameter of the molecules was
estimated by data on atomic radii, bond distances, and bond
angles. A plot of the particle size effect ratio versus ®q/xe
is shown in Figure 9.8. As expected,

limea,,,, =1
®a/we0

1im asizo = 4 . 39

.wm-an

(16)

At high temperature (78.6 °C), the particle size effect ratios
for both methane and carbon dioxide are very close to 1, i.e.,
no effect of particle size. This indicates that gas diffusion
is very fast at high temperature and the contribution of the
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Mcthane adsorption
Sample: Sub 3, -115/+150 mesh

Vads, mI(STP¥(g dry coal)
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Figure 9.9 Methane adsorption isotherms.
InK, = -AH Constant. (25)
P RT

A plot of lnﬁr versus 1/T is shown in Figure 9.10. The
point at 0 °C was measured by gas chromatography. Except for
K at 26.2 °C, which is considerably lower than expected, the
piot gives very good linearity with a correlation coefficient
of 0.998. .The reason for the low value of K at 26.2 °C is
that the detected equilibrium is far from the true equilibrium
due tc the gas diffusion effect at this temperature. The
average isosteric heat of methane adsorption in the coverage
range of 0 to 3 ml(STP)/(g dry coal) is 14.9 kJ/mol. If the
pseudo-Langmuir isotherm is used to fit (p, V_,) data
mathematically, the isosteric heat of methane adsorﬁ%ion was
found to be a function of coverage. The correlation of the
isosteric heat of methane adsorption with the coverage is
shown in Figure 9.11. The average isosteric heat from the
pseudo-Langmuir isotherm model is 13.5 kJ/mol, which is quite
close to that  obtained by the 1linear isotherm model.
Obviously, the estimation of isosteric heat of gas adsorption
depends on the use of the gas adsorptior isotherm models.

Water adsorbed on coal was observed to be a prohibitor
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N

for methane adsorption (Creedy, 1988; Joubert, 1974, 1973).
Sub 3 coal with moisture content 2.53 wt$% was used to evaluate
the water effect on methane adsorption. The results are given
in Table 9.4. The data indicate that there is a strong water
effect on methane adsorption. For 2.53 wt% water content,
methane adsorption capacity of the coal is reduced by almost
half. The water effect on methane adsorption will be
discussed in detail in Chapter 12.

Different gases adsorbed on Sub 3 coal were tested and
the results are shown in Figure 9.12. The adsorption
capacities of the different gases are in the order of CO, > CH
> €0 ~ N, ~ Ar ~ 0,. The results are in agreement with those
obtained by the Gé method (Chapter 8).

Adsorption of representative gases, Ar (elementary gas),
CH, (hydrocarbon gas), and CO,, on three coals with different
rank (low volatile bituminous Pocahontas #3, high volatile
bituminous Sub 3, and lignite Beulah-Zap) were tested and the
results are shown in Figure 9.13. The correlation of the
adsorption capacities with the carbon content, a parameter for
rank of coal, is shown in Figure 9.14. The results suggest
that methane adsorption has a strong correlation with the rank
of coal while argon adsorption shows a weak correlation.
These conclusions agree with those obtained using the GC
method (Chapter 8).

9.4 Conclusions

Diffusion of gas components is important for gas
adsorption at lower temperatures (< 50 °C). This was
concluded by examining the correlation of continuous
adsorption with the detected equilibrium adsorption and the
aqsorption characteristics of coal of different particle
sizes.

Smaller molecules such as argon, nitrogen, and carbon
dioxide have access to the internal surface of coal in
diffusion-dominated regimes, while methane does not access the
most internal surfaces of coal. Affinity of gas molecules for
coal affects both the adsorption capacities and diffusion
characteristics. The adsorption capacities of the different
gases are in the order of CO, > CH, > CO ~ N, ~ Ar ~ 0O,.

In the 1low pressure range, the methane adsorption
isotherm becomes linear since 1 >> bp, i.e., (1+bp) = 1 in the
pseudo~Langmuir isotherm. The isosteric heat of methane
adsorption on Castlegate Sub 3 seam coal was 14.9 kJ/mol.

Water adsorbed on coal inhibits methane adsorption. The
methane adsorption capacity of Castlegate Sub 3 seam coal with
2.53 wty moisture was only 59% of that of the dry coal.



Table 9.4 Water effect on methane adsorption
Sample: Castlegate Sub 3 scam coal

Water content, wt% Vads, ml(STP)/g*
0.00 5.89
0.00 6.01
Mean: 5.95
Std: 0.06
2.53 3.42
2.53 358
Mean: 3.50
Std: 0.08
Ratio®*; 0.59
* Dry basis

** (Vads with 2,53 wt % water)/(Vads with 0.00 wi % water)

» o
BTV |
i 11111

Adsordate

Figure 9,12 Adsorption of

conl) gases on Castlegate Sub 3 seam
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10. DETERMINATION OF THE SURFACE AREA OF 8UB 3 UTAH
COAL BY CONTINUOUS CO, DESORPTION AT 298 K

10.1 Intreduction

To determine the surface area of coal by gas and vapor
adsorption, one must find the monolayer capacity, i.e., the
number of probe moclecules which cover the surface with a
complete monolayer. The value of the monolayer capacity is
conventionally determined by one of three equations, which are
widely used in surface area measurements, e.g., 1. Brunauer-
Emmett-Teller (BET) equation (Brunauer et al., 1938); 2.
Dubinin-Polanyi (DP) equation (Dubinin, 1966, 1958, 1960;
Polanyi, 1932; Marsh and Siemieniewska, 1965); and 3. Langmuir
equation (Gregg and Sing, 1982). The equation to use in
determining the value of complete monolayer adsorption is
dependent on the molecular probe used and the adsorption
measurement conditions. The surface area is then calculated
from the monolayer adsorption value multiplied by the area
occupied by a single adsorbed molecule.

Coal is a porous material and contains significant
porosity, ranging in size from large cracks of micrometer
dimensions to apertures which are close to and even less than
helium at room temperature. A schematic representation of the
coal surface is shown in Figure 10.1. It is obvious that the

" Adsorbate molecule

Figure 10.1 Schematic of coal surface.

coal surface area estimated by gas and vapor adsorption is not
an absolute measurement. In fact, whether the surface area is
close to the true value depends on several factors. One of
the most important factors is the accessibility of the
adsorbate molecule to all pores of the coal under the
experimental conditions. This factor is mainly dependent on
the size and shape of the molecular probe used in the gas
adsorption and the adsorption temperature which governs
activated diffusion of the adsorbate molecule. Secondly, it
is difficult to evaluate experimentally the condensation in
very small pores of coal and/or multilayer adsorption on coal



prior to complete coverage with a monolayer. As reported (Gan
et al., 1972; Nandi and Walker, 1971; Mahajan and Walker,
1971; Walker and Kini, 1965; Walker and Patel, 1970; Anderson
et al., 1965; Walker and Geller, 1956), the magnitude of the
surface area of coal depends on the dimension of the molecular
probe used and the experimental conditions, especially the
adsorption temperature. Therefore, it is concluded that the
surface area of a coal determined by gas and vapor adsorption
is not a unique property.

Nitrogen surface areas measured by nitrogen adsorption at
77 K are considerably lower than expected. This has been
explained as due to the micropore system in coal not being
completely accessible to N, molecules at 77 K because an
activated diffusion process is required and/or shrinkage of
pores occurs (Anderson et al., 1965; Walker and Geller, 1956).
Surface areas determined by CO, adsorption are generally much
higher and it has been assumed that this molecular probe
measures the total surface area associated with the micropore
system (Walker and Kini, 1965; Walker and Patel, 1970). The
swelling effect of co2 on the determination of the coal
surface area by CO, adsorption is not completely understood
(Stacey and anes, 1986; Reucroft and Patel, 1986, 1983;
Reucroft and Sethuraman, 1987). It is noted that the surface
- areas measured by xenon adsorption are -in approximate
agreement with CO, surface areas, and this has been taken as
an evidence that there is no significant specific interaction
of the CO, molecule with coal surfaces (Walker and Kini, 1965;
Dietz et al., 1964).

Since CO, gas adsorption near room temperature is widely
used in the coal 1ndustry as the standard for coal surface
area measurements (Linge, 1989), a novel technique using
continuous desorption of CO, at 298 K has been applied to
determine the BET surface area of high volatile bituminous
Castlegate Sub 3 Utah coal. The surface areas of different
partlcle sizes of the coal have been investigated by this
technique. -

10.2 Experimental

10.2.1 Adsorption Apparatus

The high-pressure gas adsorption apparatus shown in
Figure 10.2 consists of mass flow meter, pressure transducer
(up to 2000 psig) and coal container (adsorption chamber).
Gas flow rates and the corresponding pressures in the
adsorption chamber during CO, gas desorption are continuously
recorded by a PC at 10 Hz. The flow valve 2 was used to
reduce the pressure at the mass flow meter entrance and
control the gas flow rate during depressirization. The range
and sensitivity of the gas flow rate measurements for He and
CO, by the mass flow meter are given in Table 10.1. The

10-2



|
- ) —
Regulator Flow-valve 1 Flow-valve 2
Pressure Mass Flow
6 A Transducer n Monitor
J' Flow-valve 3
—ﬁ 6
He co —~_ ] Adsorption |-

2 [ —~ — Chambaey
! Vacuum line

TN

1]

~— — — == (Cables Connected fo PC

Figure 10.2 High-pressure gas adsorption apparatus,

Table 10.1 Ranges and sensitivities of the mass flow meter®

Gas Fe Range Sensitivity
ml/(seckV) ml/sec - ml/sec

He 0.0625 0-0.312 0.002

CO2 0.0318 0-0.159 0.001

® ml in the table is converted to STP

details of the connections of the instruments to a PC data
acquisition board are described in Chapter 8. A standard
laboratory vacuum line was connected with the system and was
capable of evacuating the unit to approximately -8 psig. This
vacuum, combined with helium purge, was used to clean the coal
surface. A water bath was used as an isothermal chamber. The
temperature of the water bath was controlled by a temperature
controller (CN2042, OMEGA Engineering, Inc.), and set at 25 °C
(298 K). The temperature fluctuation was within 25 * 0.3 °C.

'10.2.2 Ssample Preparation and Characteristics

The coal used in this investigation was high volatile
bituminous Utah coal, Sub 3 seam from the Castlegate mine. It
was first ground in air, then air dried under a vacuum (about
-8 psig) at 80 °C for 48 hours and sieved before the tests.
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Approximately 17 g samples were used for the CO,
adsorption/desorption measurements. After the adsorption
chamber was filled with the coal sample, the system was purged
by helium at about 500 psig three times. It was maintained at
this pressure for 1 hour before evacuation.

Proximate analysis, ultimate analysis, NMR parameters,

maceral analysis, and density of the coal are given in Tables
6. 1—6-30

10.2.3  Principle of Measurement

The CO, adsorption takes place by setting the pressure
regulator in Figure 10.2 at an intermediate pressure (normally
< 1000 psig), opening flow valve 1 and closing flow valve 2.
After the CO, adsorption reaches equilibrium, CO2 desorption
was measured by first closing flow valve 1, and opening flow
valve 2. During the CO, desorption process, pressure in the
adsorption chamber an& gas flow rate were continuously
recorded. Therefore, the moles of the adsorbate gas which
flowed out of the adsorption chamber (n ,) are determined by
accunulation of the gas flow rate (f)

Ny, (t) = ffdt:. (1)
0

Taking t - ©, we can get the total moles of the gas entering
the adsorption chamber during the gas adsorption period. 1In
other words, we can obtain the initial total moles of the gas

in the adsorption chamber (n,,,K ) before desorption takes
place, i.e.,

Beoeas = [£dE. (2)
0

Therefore, at any time t, the moles of the gas left in the
adsorption chamber (N ege) are calculated by a mass
conservation equation:

nlotc(t) ® Deoea) ~ Douc(t) . (3)

The gas in the adsorption chamber occupies the free space in
the adsorption system (including free volume in both the coal
container and the tubing line) and adsorbs on the coal
surfaces. If adsorption on the stainless steel wall is
negligible, mathematically, o

~
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nlott( t) - n,t“( t)
Wc

Dags (£) = (4)

where n_ _(t) is the moles of adsorbate on a unit mass of coal
at timéw% and W, the mass of coal in the adsorption chamber.
The P-V-T relatﬁonship of the gas in the free volume of the
adsorption system is described by the equation

p( t) Vt‘:oe

Ngyge t£) =

where V., . is the free volume in the adsorption system and 2
is calculated by

z=2z9(T,, P) + wz¥ (T, P). (6)
where

z©® =1 4+ (0.083 - ilﬁ&ii).fk

Trl .6 Tz

(7)
Pl'

(1) o - 0.172
z (0.139 1;“’ ) T

and v is the acentric factor; T, is the reduced temperature,
the ratio of temperature to the critical temperature (T/T,):
P, is the reduced pressure, the ratio of pressure to the

critical pressure (P/P,) (Reid et al., 1987; Smith and Van
Ness, 1987).

The dead volume (or free space) in the adsorption system,
Vieer Was calibrated using helium gas, which is assumed to not
adsorb on the coal. For a calibration run, n, is equal to
zero in Equation 4, i.e.,

L t
Vires = ZURLLRT ([ £ar - [£at)
[/] 0

p(t) (8)

= Constant

at a constant temperature. The standard deviation of the
measurements of V,. . is less than 1%,

. Substituting the constant Vv, . (obtained by Equation 8)
and Equations 1-~3 into Equation 4, we have:
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e fea. POV
ffdc _offdt = tree

z(p, T)RT (9)
Dy (t) (mol/g) = =2 = P —
c

or
Vego (), m1(STP) /g = 22,415n,4,(t) (10)

where V_, (t) is the volume of adsorbate at STP per gram of
coal atmtime t.

Theoretically, the equilibrium adsorption volume at any
time t, V, .(t), can be obtained by taking £ - 0, i.e.,
allowing endugh time for the system to approach equilibrium.
Experimentally, if the gas flow rate during the gas desorption
process is controlled at a very low value (for example, < 2
ml (STP) /min), the system follows an equilibrium path and
V. (t) measured at any time is equal to V_, ,(t). Therefore,
wetcan obtain a continuous equilibrium adsofption isotherm in
one run.

10.3 Results and Discussion

The results of continuous CO, depressurization for Sub 3
seam coal (-100/+115 mesh) are shown in Figure 10.3. The
solid line is the total €O, in the adsorption system and the
dashed line represents the free gaseous CO,. The difference
gives the adsorbed CO, is shown in Figure 10.4, plotted versus
cell pressure.

To wunderstand the time required for equilibrium
adsorption of CO,, the cell was exposed to a pressure of 231
+ 1 psia at 25 *C for different periods of time. At each
exposure time, the depressurization experiment, i.e., CO, gas
desorption test, was performed to determine the volume of CO
adsorbed, V.. The results are shown in Figure 10.5 an
expanded for short times in Figure 10.6. It is clear that
over 30 minutes is required for equilibrium under these
conditions.

As discussed previously, if the gas flow rates of CO, are
much lower than the gas desorption rates, the volumes of CO,
adsorbed at any time, V__(t), or pressure, V_ (p), are the
equilibrium adsorption. “ﬁesults of CO, adsorption data from
the continuous desorption experiment, i.e., slow
depressurization test, and those from several individual
equilibrium adsorption experiments are plotted versus the
relative saturation pressure in Figure 10.7. The solid line
represents the data determined from continuous slow
depressurization. The open circles represent equilibrium
adsorption points determined by several individual equilibrium
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of 50 - 330 psia for determining the CO, surface area by the
BET equation. The constants C and V_, are estimated by
plotting ap/[VM”(l—ap)] against a If the magnitude of V, at
STP and the area occupied by a folecule of adsorbate in the
monolayer, o, are known, the specific surface area of the

coal, S (m%/g), can be calculated by
S = 22,415V,N,0 (12)

where N, is the Avogadro number, ¢ = 0.235 nm’/molecule for CO,
at 25 °C (298 K) (Walker et al, 1959).

The equilibrium adsorption points obtained from
individual measurements on Sub 3 seam coal (-100/+115 mesh)
plotted in the linearized BET adsorption isotherm format,
i.e., a [Vos (1ma)) ] against a_, are shown in Figure 10.8. A
good linear fit with correltion coefficient of 1.000 is
cbtained using relative saturation pressures of from 0.1 to
0.3. _The CO, surface area of the coal was estimated to be
69.9 m%/(g dry coal). A similar plot using the data from the
slow depressurization or the continuous desorption technique
is shown in Figure 10.9. The fit gives very satisfactory
results with 69.8 m?/(g dry coal) for the CO, surface area and
0.998 for the correlation coefficient. As expected, it is in
good agreement with that obtained from individual equilibrium
adsorption measurement.

To evaluate particle size effect on the CO, surface area,
two particle sizes, -80/+100 and -150/+200 mesh, were studied
using the slow depressurization technique for the continuous
determination of the CO, equilibrium adsorption. The results
of these measurements and the reproducibility are given in
Table 10.2. The coal surface areas of the different particle
sizes are all about 70 m’/g with a small standard deviation.
Within experimental error, no effect of particle size on the
Co, surface area was observed. R-squared values for all
experimental data are larger than 0.99 for the BET plots and
demonstrate that the fit of the BET model is quite good for
this method.

In discussions of the surface properties of porous coals
having a large specific surface, it is meaningful to
distinguish between the external and internal surfaces. 1In
many cases, however, such distinction is not so clear and the
line of discrimination between the two kinds of surfaces may
be drawn in an arbitrary manner. The surfaces of primary
particles themselves suffer from imperfections in the form of
cracks and fissures. Based on the characteristics of gas
diffusion into coals, those gases that penetrate deeply into
the interior will be considered as measuring the internal
surfaces. Therefore, the external surface may perhaps be
taken to include all cracks which are wider than they are deep
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Table 10.2 Surface areas of Castlegate Sub 3 Coal by CO2 adsorption at 298 K

Perticle size Surface area r2
mesh m2/g

Method
Multi-points -100/+115 69.9 1.000
Continuous desorption technique -100/+115 69.8 0.998
Reproducibility by the method of -100/+115 69.8 0.998
continuous desorption ~100/+115 68.6 0.993
~100/+115 70.2 0.991
Mean 69.5 0.994
Sud 0.7 0.003
~-150/+200 70.3 0.992
-150/+200 71.0 0.999
~150/+200 71.5 0.997
Mean 70.9 0.996
Std 0.5 0.003
Particle size effect -80/+100 68.5 0.998
-100/+115 69.6 ~ 0.994
-150/+200 70.9 0.996

and the internal surface will then comprise the walls of all

cracks, pores and cavities which are deeper than they are
wide.

To simplify calculations, a spherical particle model is
proposed for the evaluation of the particle size effect on the
external surface area of coal. In this model, the coal
particle is assumed to be spherical. The relationship between
the specific external surface area and the coal particle
diameter has been derived in Chapter 9. The main results are
summarized here as follows:

S, = Nnd? (13)

where S, is the specific external surface area (m?/g), 4@ the
diameter of coal particle, and N the number of the particles
per gram of coal,
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N = p':d’ (14)

where p is the density of the coal. Substituting Equation 14
into 13, we have

=5
So = 25 (15)

If it is assumed that the particle size distribution of coal
samples is normal, i.e., the diameters of the ccal particles
between two spemfic sieves can be represented by the mean
openings of the sieves, the specific external surface area can
be calculated by Equation 15. The specific external surface
areas estimated for different particle sizes of Sub 3 seanm
coal are shown in Table 10.3. Comparison of the specific

Table 10.3  External surface areas of different particle sizes
calculated by spherical particle model

Particle size Mean diameter Se* CO2 Surface area
mesh mm mzlg m 2/5
-80/+100 0.165 0.028 68.5
-100/+115 0.137 0.034 69.6
-150/+200 0.090 0.051 70.9

* 1.3050 g/cc used as the deasity of Sub 3 seam coal which is
independent on particle size (Table 9.3)

external surface areas with the measured Co, surface areas
indicates that the coal has mostly internal surface area. The
results provide a good explanation for why no effect of
particle size on the CO, surface area was observed.

The slow depressurization technique or continuous gas
desorption method offers a relatively simple and quick
technique for obtaining the surface area at higher pressures.
One measurement of the CO, surface area with thousands of data
pomts required only 8 hours by this method. However, the
equilibrium time for each adsorption point measured at low
pressure and ~78 °C (195 K) was 12-24 hours (Walker et al.,
1959; Wann, 1990). Therefore, one determination of the CO,
surface ar=a with 5 points to fit the BET equation requires at

least 60-120 hours by the low pressure and low temperature
method.
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10.4 Conclusions

A novel technique using slow depressurization or
continuous gas desorption has proven to be a simple and rapid
method for determining the CO, surface area of coal at 298 K.
The specific surface areas for the different particle sizes of
a high volatile subbituminous Sub 3 Utah coal, which include -
80/+100, -100/+115, and ~150/+200 mesh, are aoout 70 m?/ (g Ary
coal). Particle size effects on the CO, surface area were not
observed within experimental error. A spherical particle
model was proposed to estimate the specific external surface
area. The results indicate that the coal has mostly internal
surface area. It also provides a good explanation for why no
effect of particle size on the CO, surface area was observed.
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11. GAB EVOLUTION IN THE PROGRAMMED-TEMPERATURE
PYROLYSIS OF COAL

12.1 Introduction

Simulation of the natural evoclution of gases during
coalification is an important topic in coalbed methane
studies. The methane content in a coal seam depends on the
accumulation of methane during formation in the coal seam by
coalification and methane loss by diffusion (Bodily et al.,
1991; Haung et al., 1991). Some methane could flow into upper
seams from lower seams, but this would be a small contribution
in most cases. Although the 1large differences in
temperature/pressure/time conditions between natural and
artificial maturations cause errors in the simulation of
maturation from laboratory coal pyrolysis experiments, methane
production in cecal pyrolysis can be used as a measure of the
propensity to form methane during further coalification. This
information is also useful in estimating the relative rate of
methane formation in a coal seam at current times.

The pyrolysis of coal is generally defined as the thermal
decomposition of coal in an inert atmosphere. Other terms may
be applied, such as thermal decomposition, devolatilization,
and carbonization (Speight, 1983; Gavalas, 1982). The
products of coal pyrolysis are gas, carbonaceous residue (char
or coke) and liquids (including tar, oil and wvater).

Coal pyrolysis is the initial step in most coal
conversion processes, especially important in liquefaction and
gasification processes. It accounts for up to 70% of the
weight 1loss of coal. To study thermal decomposition,
investigators have focused on how various parameters change
with extent of decomposition. These parameters include effect
of ccal rank (Weimer and Ngan, 1979; Suuberg et al., 1978;
Arendt and van Heck, 1981; Tyler, 1979), heating rate (Ciuryla
et al., 1979; Strangeby and Sears, 1981), temperature profile
(Wang and Shou, 1980; Lester et al., 1982), pressure (Morris
and Keairns, 1979; Suuberg et al, 1980), particle size
(Freihaut et al., 1977), surrounding gas (Morris and Keairns,
1979; Suuberg et al., 1980), weight loss (Speight, 1983;
Gavalas, 1982; Howard, 1981), volatile evolution (Serio et
al., 1987; Juntgen and van Heek, 1979; Campbell, 1978; Solomon
et al., 1986), functional groups, (Serio et al., 1987; Niknis
et al., 1988) and other factors (Howard, 1981; Lowry, 1963).
However, few of the researchers have focused their studies on
gas evolution during coal pyrolysis. In this study, a
programmed~temperature pyrolysis system was used to
investigate gas evolution during coal pyrolysis at a slow
heating rate. The characteristic parameters of gas evolution
during coal pyrolysis, such as production of selected gases
and total gas and liquid yield are correlated with coal
analytical data including proximate analyses, ultimate



analyses and carbon structural data from ¢ NMR.

11.2 Expsrimental
11.2.1 Pyrelyvasis

A programmed-temperature pyrolysis system running at
atmospheric pressure is shown in Figure 11.1a. The details of
the pyrolysis reactor, which has been designed to avoid
plugging of the coal during pyrolysis, is illustrated in
Figure 11.1b. A thermocouple extending to the center of the
coal was used to record the pyrolysis temperature. The signal
was first amplified by a K-type thermocouple module (Wahl
Instruments, Inc.) and collected by a PC at 1 Hz, The
temperature of the reactor was controlled by a temperature
controller (CN2042K, OMEGA Engineering, Inc.). Linear heating
was possible up to 12.5 °C/min, at which heating rate the
furnace was operating at about 90% of capacity. To minimize
the dead volume of the pyrolysis system, small diameter tubing
with 4 mm i.d. and short lengths was used to connect all the
instruments. Pyrolysis products including gases and liquids
were swept from the reactor by flowing helium or argon and
carried through a cold trap (at 0 °C) where tars, heavy
hydrocarbons and water were precipitated.

Methane in the liquid-free gas stream was analyzed by an
on-line Methane I.R. Analyzer (UNOR 6N Infra-Red Methane Gas
Analyzer, H. Maihak AG, Ltd.) and the gas was then passed
through a gas chromatograph (Series 580, GOW~MAC Instrument
Co.) where the gas composition was analyzed. Total flow was
detected by a mass flow monitor (Sierra Instruments, Inc.).
Signals from the methane analyzer, gas chromatograph and mass
flow monitor were all recorded by a PC computer.

The flow rate of the inert carrier gas (helium or argon)
was set at about 30 ml(STP)/min during the coal pyrolysis.
About 2 g of coal sample was used for each pyrolysis run. The
system was first purged using the carrier gas at the
experimental flow rate (about 30 ml/min) and room temperature
for at least 2 hours to replace the air in the reactor and
tubing. The delay of the gas stream in the dead volume of the
system was accounted for by a correction to the delay time.
After each pyrolysis experiment, all tubing including reactor
tubing and tar-trap column were thoroughly washed using THF
sclvent to avoid plugging and accumulation of tars.

11.2.2 Gas Chromatograph

The chromatograms of the pyrolysis gases were obtained
"using the dual column gas chromatograph fitted with a thermal
conductivity detector (TCD). The response signals from the
TCD were first amplified by a PC isolated signal conditioning
module (Wahl Instruments, Inc.) with an input of +25 mV and
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output of +5 V, and the amplified signals were collected by a
PC equipped with a data acquisition and control board (DT
2801, AST Research, Inc.) at a sampling rate 10 Hz. A gas
sample valve with a sample loop of 0.25 ml was used to
introduce a gas sample from the pyrolysis gas steam into the
chromatograph for reproducibility and convenience. A Haysep
Q column supplied by GOW-MAC Co. was used to separate the
pyrolysis gases. The column temperature was set at 50 °C and
the detector temperature at 60 °C. The flow rate of the GC
carrier gas was 20 ml(STP)/min. Carbon monoxide, carbon
dioxide and 1light hydrocarbon gases, such as methane,
ethylene, and ethane were detected with the detector current
at 180 mA and helium as carrier gas. Hydrogen was detected
using argon as carrier gas and the detector current was set at
100 mA.

A gas mixture from Air Products Co. with the composition
of methane 0.947 Vol.%, ethane 0.501 Vol.%, ethylene 0.107
Vol.%, propane 0.095 Vol.%, carbon monoxide 0.967 Vol.$%,
carbon dioxide 2.05 Vol.% and the rest balanced by helium was
used to calibrate the TCD under gas chromatograph operating
conditions. Pure gases which were analyzed during coal
pyrolysis were also used for GC calibration. The calibration
results show very good linearity of concentrations versus
detector response within the range of the gas composition
observed in coal pyrolysis. One gas analysis required about
10 minutes for helium as carrier gas and 2 minutes for argon
as carrier gas.

1i.2.3

Ten Utah ccals, one Colorado coal and eight Argonne
Premium Coal Bank samples (Vorres, 1989) were used in the
study of coal pyrolysis. The proximate and ultimate analyses
of the coals are given in Table 6.1. The 12 carbon structural
parameters from the '>C NMR tests for the 19 coals are given
in Table 6.2, where the NMR data for the 8 Argonne Premium
Coals are from Solum et al. (1989). The maceral analyses
(Solum et al., 1989; Sommer et al., 1991) and other analytical
data are listed in Table 6.3.

The Utah coal samples and one Colorado coal were first
ground and then sieved into three fractions, i.e., +60 mesh, -
60/+100 mesh and -100 mesh. The eight Argonne Premium Coal
Bank samples were used as-received. They are carefully
collected and preserved.

11.3 Results and Discussion

11i.3.1 Primary Experimental Results on_ Coal Pyrolysis

The heating profile during the programmed-temperature
pyrolysis of Sunnyside coal at =-60/+100 mesh is shown in
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Figure 11.2. There was a slight deviation from linearity at
the temperature of initial rapid devolatilization for some
coal samples. About 4,500 temperature measurements (sampling
rate of 1 Hz) were taken in the range of gas evolution, e.q.,
from 100 to 900 °C, and the heating was found to be linear
with a correlation coefficient greater than 0.9999. The
heating rate was controlled at 12.2 °C/min.

Methane and total gas evolution were measured in each
pyrolysis run by the methane I.R. analyzer and mass flow
monitor. Methane, carbon dlDdee, carbon monoxide, ethlyene
and ethane gases were analyzed using the GC with helium as the
carrier gas, and hydrogen and methane were measured in an
additional experiment using argon as the carrier gas. The
methane concentrations as determined by the methane I.R.
analyzer from triplicate experlments for the Sunnyside coal at
-60/+100 mesh are shown in Figure 11.3. The results are
typ1ca1 of the reproducibility obtained for other samples.
The yield of methane, initial evolution temperature and
temperature of maximum evolution (e.g., methane peak
temperature) for the three runs are very close. The methane
concentrations determined by gas chromatography in the runs
with helium and argon as the carrier gas are identical to each
other and also similar to those obtained with the methane I.R.
analyzer.

The gas chromatograms obtained at different temperatures
u51ng helium as carrier gas are shown in Figure 11.4a. A
similar plot for argon as carrier gas is shown in Flgure
11.4b. The concentrations of each individual gas species
obtained from the gas chromatograms are shown in Figure 11.5.
The solid lines were drawn by a curve~fitting program using
the Polynom1a1 Fitting (PF) technique. Pr1n01p1es of the PF

technique and source code of the program are given in Appendix
E.

The rate of the gas evolution can be determined from the
gas composmtlons and the total flow rate during coal
pyrolysis. The results for Sunnyside coal at -60/+100 mesh
are illustrated in Figure 11.6. The cumulative gas production
from integration of Figure 11.6 with respect to time is shown
in FPigure 11.7. The pyrolysis temperature was held at 910 °C
for about 10 min until gas evolution approached completlon.
Hence the cumulative gas production includes contributions
from the both the linear heating period and the isothermal
period. The sum of the gas yields agree with the total gas
evolution. As expected, the coal pyrolysis results obtained
in this study agree with those reported in the literature
(Weimer and Ngan, 1979; Suuberg et al., 1978; Howard, 1981).

11.3.2 Effect of Particle Bize

The effect of particle size on coal pyrolysis reactions

11-5



1000

1

900

800}

600

400}

Temperature, °C

200

100

Sample: Lower Sunnyside

sunnyside

Heating Rate: 12.2 C/min
Range: 100- 900 'C
R Squared: 0.9999

n A

Figure 11.2

1000 2000 . 3000 2000 5000 6000

Time, s

Heating profile for programmed-temperature
pyrolysis of coal,

1

Sample: Lower Sunnyside

Sunnyside
Triplicate runs

25
* 20}
-~
O
>
g .
9 st
“ .
]

3]

i)

[

8 10

6

Q

e

2 s}

&

[

x
0
0

Figure 11.3

1000 2000 3000 4000 5000 6000
Time, 8

Reproducibility of methane formation for
triplicate experiments,

11~6



1l l.hh‘ ok

25

Sample: Lower Sunnyside
> Sunnyside 800C_ p—
o 20t He as carrler gas ]
g
9
M : 6001
NRH
o Pt e st N,
ﬁ ——'\A
@
9 . ~
g 10f 400C S~ .
AV SN NS,
g ——
N
bt —
a st . AV N — F
i 200C
0 ] i N 2 a2
0 100 200 300 400 500 600
Arbitrary retention time, s
18 v - . —
Sample: Lower Sunnyside . ﬂ
I 161 Sunnyside 900 A\ )
- 1
¢ 14} Ar as carrler gas ﬂ X ]
5 800 QA
[*] HRA \S
& 12t : \\—— ]
f A
] . 4
10f 700C .
’6‘ k.&
b gl — J
! 600'C —
° 6_ ——” .
b —
“ L)
8 4fF  s00¢C -
a R
2 2} 4
L
0 n 2 e, -l
0 50 100 150 200 250
Arbitrary retention time, s
Figure 11.4 Gas chromatograms: a, helium carrier gas;

b, argon carrier gas

11-7

(L R TTA R RATITEI Y EE N AU V|



40

“
§ 10l H2
5 10}
s
S o
g 0 5000
o}
® 3 5
)
>l o A orcang
g 3 xic2H4 |
o4
o 2k .
500 ‘
7] 1y )
g 0 0 ESR—
s o S000 0 5000
Tine, s Tine, @
Figure 11.5 Pyrolysis gas yields.
0.16 v v T ¥ B o v A\l PO
. ,I ‘.‘
~ 014} / W2
g Sample: Lower Sunnyside ! 'q\
'.5,' 0.12f - Sunnyside ," \ .
2 /
2 ’ \
2 0.1" o' ‘\’ -
5 ;"' \“\\
E o008} :
g /
2 006}
]
;) 0.04
g °
2 0.02+F
0 I — & .
0 100 200 300 400 500 600 700 800 900
Temperature, °C
Figure 11.6 Gas evolution for lLower Sunnyside coal,

11-8



a iy ! ! ] ]
? | 4kl Deunt Bnnga e R
£ M AT yﬁﬁ‘
L
q 1M
b | (i
i o 0 !
j o p 4?/ e
~ A it ’ G
: , | A gt oo L Oi; baw |
W W jive 117]] A0 AN 600
' ¢ ‘m‘; A

Pl 4 i Ak Lyl yad praduet Len for Loway Aunnyulde
3] 1

bacoman WO EDonk g oamkbinkion af the physica) and
sdin Hﬁ‘ F“’ﬂﬂ“‘“*w bHRHDE AN A ek A F wipeE Dvental oondltlong
b ek L”ﬁ hx‘u yide prwviann  bionons Eeothernn). and nons
Hid i w HtLitH Ain perOHlﬁn Whlv will qunﬂvally poour at
T TR I I pﬂ?i‘ﬁ W okhem Whan hwak and/or make tranefar
SETUT I L N TT T ?alp‘:sawtiunay it ohemioal varotlon rates
TR Y trg J&@u abiblsnbinn wE & soal particle, the rate
winghd b Diofspeiobind HE Fhe partiele wlgn,

thae Wi imed Wi 1ar&}n\n Wi o voal  pyrolysid  was
At nn el o s whiurbed sRalu, Liney e madium volatlle
bkt vkt (4 RRAR)  HHRD Fhw high volaktile wnd  gassy
l&qﬁfﬁ‘ﬂﬁ Vhsaiig By nide auam) coal and the high volaklle
Wi ﬂ1n TTLLL Qb¥i§nu nna‘ (UppuE 0 Egnny woam) A =100 mash
Foah Dane A i Vi wenh Fvankdun and a 160 nerh fraotion
HHAH rnﬁﬂ bred Hilw ?&udv; Wlw i) b of pethane avalakion
[ A Ewy et rutt v li wlgwn prasklonp using Dutoh  Ovesk,
ﬁunuga}du vl #hyd i pnale Are Hhow b Flgnres LL0ed 1010,
Fosap orh L of VR bR ER ) ra?uvau LV af 1 00 with thowa In
vyl 44 Pipdirakun Hhink e wFfant of partiole wine on ¢l
fft“‘}”‘“ i nhayo?nﬂ WiHEE Ehe o bsnk pyeolys e gondlits one
JE nopors Leniba) HEdHE,

| Hiti hhﬂ}an@ﬁr‘ubth AYAMRENER  OF  Che  programnad:
bikgerd tb iy e el yndeg HOeR o AN (it il tempayatures, peak

(BRI




25

‘ Sample; g Seam
» Dutch creex
'5; 20 -100 mesh :
> il
_§ +60 mesh ' E
ry) !
u !
g ¢
o
g 10
]
]
g s
[
0
0 500 600 700 800 %0
Time, g
Figure 11.8 Effect of Particle gjize on methane evolution
for putch Creek Coal,

————

Sample; Lowey Sunnyside

Sunnysjiqge

“

.3 — -100 mesh

b‘ ----- -6010 +100 mesh
a

S e 460 mesh

5

§

u

5

(4]

N—M
1000

4000 3000 6000

Time, g

Figure 11.9 Effect of Particle gize °n methane evolution
for Lower Sunnyside Coal,

11-10

LI O]



16 v v v

14+ Sample: Upper O'Connor A B
v Skyline
9 nrr — -100 mesh -
Lo IR -60 to +100 mesh
€ 10F +60 mesh ]
ord
5
oo
o
0
£ 6r -
o
0
g 4f 1
5
2 2t i
%) 100 200 300 400 500 600 700 800 900

Time, ®

Figure 11.10 Effect of particle size on methane evolution
for Skyline coal.

temperatures, and cumulative yields of different gas species
are identical for different particle sizes of each coal within
the experimental error. This further supports the above
conclusion regarding the effect of particle size on coal
pyrolysis under the pyrolysis conditions used. Therefore, the
remaining Utah coals were studied using only the -60/+100 mesh

fraction and the eight Argonne Premium Coal Bank samples using
an as-received -20 mesh fraction.

It is noted that the particle size effect might be
expected at higher heating rates, under which conditions the

particle size may become important due to heat and mass
transfer.

11.3.3 Gas Evolution in Coal Pyrolysis

The plots shown in a previous section (11.3.1) for the
pyrolysis of -60/+100 mesh Sunnyside coal were used as an
example to demonstrate the details of the experimental
results. Among those results shown in Figures 11.3-11.7, the
most important and characteristic pyrolysis curve is the rate
of gas evolution as a function of temperature, where the rate
has been corrected to 0 °C and 1 atm (STP) on a duf coal
pasis. From this curve, several characteristic parameters of
the programmed-temperature coal pyrolysis for each gameous

11-11
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species, such as initial temperature, peak temperature,
maximum rate (the rate at the peak temperature) and total gas
yield are obtained. Secondary results, for instance total gas
evolution rate and cumulative gaseous product yield as a
function of temperature, may also be obtained from these data.
For the remaining coals only the plots of the gas evolution
rate as a function of temperature are shown. The rates of gas
evolution plotted against temperatures for the remaining nine
Utah coals are shown in Figures 11.11-11.19. Similar
pyrolysis behavior is observed for all Utah coals. This may
be due to the fact that the Utah coals are all ranked as high
volatile bituminous.

A similar plot for a medium volatile Colorado coal (Dutch
Creek B seam) is shown in Figure 11.20. Compared with the
high volatile Utah coals, the medium volatile Colorado coal
shows higher initial temperatures for gas evolution. The
characteristic parameters of coal pyrolysis for these western
coals are given in Table 11.1.

The western coals cover a relatively narrow range of
rank, with only the Dutch Creek, Colorado coal outside of the
high volatile bituminous range. Thus, the Argonne National
Laboratory Coal Bank samples covering the range from lignite
to low volatile bituminous were used to examine the effect of
coal rank on the gas evolution during coal pyrolysis. Plots
of the gas evolution rate versus temperature for each of the
eight samples are shown in Figures 11.21-11.28. The
characteristic pyrolysis parameters of the coals are listed in
Table 11.2.

From the cumulative gas production data and char yields,
liquid yields including tar, oil and water can be estimated by
difference. The gas, char and liquid yields for the coals
used 1in this study are given in Table 11.3.

11.3.4 Coal Pyrolysis and Ceoalification
The gas ylelds from coal pyrolysis have been used as a
measure of gas formation in coal maturation, Oxygen=~

containing gases are evolved during the early stages of
coallification, At a later stage, methane ls evolved as the
allphatic groups in the ooal react, At the stage where
anthracites are formed, hydrogen is evolved. Comparison of
the gas evolution stages in coallificatlion with the temperature
dependence of the gas evolution during programnmed-temperature
coal pyrolysls indicates that coal pyrolysls parallels the
coal maturatlon process, but higher temperature are regnlred
for ocoal pyrolysis to make up for the muoh shorter time
invelved In the experiments., In faot, as whown In the plots
of gus evolution rate versus temperature, €O, and CO gneow
ware flrest evolved during the low-temparature stage of coal
pyrolysis. At a higher«tempearature, methane Ineluding other
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Table 11.1 Characteristic parameters of thé programmed-
temperature pyrolysis of the ten Utah coals and
one Colorado coal.

Chﬁncterim‘c tempersture, C  Max. rate® Yield* Percent

Initial Peak ml/(sec.)(g) ml/g
Castlegate A (Aberdeen)
CH4 348 524 0.066 67.6 ‘ 19.3%
C2H4 410 . 487 0.0020 0.9 0.3%
C2H6 410 487 0.0151 6.9 2.0%
H2 391 749 0,148 199 56.7%
CO 176 744 0.0319 59.2 16.9%
C02 119 471 0.0141 ‘17.2 4.9%
Total: 351 99.9%
Lower Sﬁnnz side (Aggg‘z
CH4 335 ‘ 527 0.055 60.4 17.4%
- C2H4 400 504 0.0036 0.7 0.2%
C2H6 400 504 1 0.0286 - 87 1.6%
H2 378 730 0.198 200 57.6%
CO 168 732 0.0192 64.2 18.5%
CO2 97 504 0.0044 16.5 4.8%
Total: 348 100.1%

Castlegate A (Beaver Creek #8)

CH4 340 482 0.0642 59.1 19.5%
C2H4 410 498 0.0018 0.8 0.3%
C2H6 410 498 0.0151 6.9 2.3%
H2 408 820 0.134 164 54.1%
co 172 765 0.0291 54.2 17.9%
Cco2 108 473 0.0118 18.1 6.0%

Total: 303 100.0%

Sub-3 (Casltegato)

CH¢ 298 492 0.157 69.3 18.7%
C2h4 376 504 0.0036 1.0 0.3%
C2H6 376 504 0.0286 7.9 21%
H2 365 129 0.198 219 59.0%
co 164 ™ 0,0456 45.5 15.0%
CO2 108 304 0.0131 18,1 4.9%

Total: 371 100.0%
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Table 11.1 (Continued)

11-19

Characteristic temperature, C  Max. rate® Yield*  Percent
Initial Peak ml/(sec.Xg) ml/g
Gilson (Pinnacle)
CH4 347 541 0.052 55.1 15.8%
C2H4 425 505 0.0016 1.0 0.3%
C2H6 425 505 0.0133 5.6 1.6%
H2 391 782 0.156 198 56.7%
coO 167 760 0.0453 68.5 19.6%
CO2 99 473 © 0.013 21.‘1 6.0%
| Towl: 349  100.1%
Upper O'Connor (Skyline)
CH4 269 554 0.052 60.5 17.0%
C2H4 378 502 0.0016 11 0.3%
C2H6 378 502 0.0122 7.2 2.0%
H2 352 769 0.169 199 56.1%
co 154 768 0.0516 65.1 18.3%
c0o2 90 ‘ 442 0.0138 22.2 6.3%
Toul: 355 100.0%
Rock Canyon (Soldier Creek)
CH4 300 539 0.057 64.1 17.9%
C2H4 346 487 -0.0016 0.8 0.2%
C2H6 346 487 0.0142 1.5 2.1%
H2 384 762 0.170 205 57.2%
co 151 765 0.0456 58.1 16.2%
CO2 88 470 0.0131 22.6 6.3%
Total: 358 99.9%
unnyside (Soldier k
CH4 368 538 0.0594 61.9 21.6%
C2H4 428 512 0.0017 1.0 0.3%
C2H6 428 512 0.0147 6.5 23%
H2 398 818 0.136 164 57.3%
co 183 774 0.0231 36.5 12.8%
Co2 123 495 0.0107 15.9 5.6%
Total: 286 299%




Table 11.1 (Continued)

Characteristic temperature, C  Max. rate® Yield* Percent
Initial Peak ml/(sec.)(g) ml/g
Upper Hiawatha (Sufco)
CH4 294 517 0.0538 60.4 17.1%
C2H4 369 483 0.0016 0.8 0.2%
C2H6 369 483 0.0130 5.9 1.7%
H2 368 m 0.149 199 56.4%
CcoO 152 748 0.0490 " 60.8 17.2%
cO2 86 437 - 0.0168 26.2 7.4%
Total: 353 100.0%
Lower Sunnyside (Sunnyside)
CH4 309 500 0.0683 62.4 18.6%
C2H4 387 482 0.0018 0.9 0.3%
C2H6 387 482 - 0.0153 7.3 2.2%
H2 383 764 0.160 208 61.9%
CO 160 741 0.0257 44.7 13.3%
CcO2 91 481 0.0089 12.4 3.7%
Total: 336 [ X} 1
B seam (Dutch Creek, Colorado)
CH4 419 502 0.157 73.5 18.3%
C2H4 450 505 0.0036 0.8 0.2%
C2H6 450 505 0.0286 7.5 1.9%
H2 444 731 0.198 298 74.2%
co 181 732 0.0192 17.0 4.2%
CO2 129 505 0.0044 5.0 1.2%
Total: 402 100.0%

* On a daf basis; ml at Si'P
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Table 11.2 Characteristic parameters of the programmed-temperature pyrolysis of
the Argonne Premium Coal Bank sampies

Yield*

Characteristic temperature, C  Max. rate® Percent
Initial Peak ml/(sec. }(g) ml/g
Upper Freeport (PA), Med. Vol. Bit.
CH4 405 508 0.162 71.5 19.7%
C2H4 416 504 0.0018 0.5 0.1%
C2H6 416 504 0.0252 7.2 2.0%
H2 445 724 0.173 254 70.0%
co 166 691 ‘0.0118 22.9 6.3%
co2 79 512 0.0043 6.7 1.8%
Total: 363 100.0%
Wyodak-Anderson (WY), Subbituminous
CH4 362 575 0.0401 47.8 12.5%
C2H4 385 508 0.0017 0.8 0.2%
C2H6 385 508 0.0092 4.2 1.1%
H2 365 780 0.146 193 50.4%
co 163 732 0.0498 82.8 21.6%
co2 71 447 0.0409 54.3 14.2%
Totxl: 383 100.0%
Illinois #6 (IL), High Vol. Bit.
CH4 384 573 0.0421 47.7 19.4%
C2H4 388 504 0.0014 0.7 0.3%
C2H6 388 504 0.0116 6.1 2.5%
H2 387 807 0.109 143 58.1%
co 183 312 0.0251 33.3 13.5%
CO2 106 483 0.0081 15.5 6.3%
Total: 246 100.0%
Pittsburgh #8 (PA), High Vol. Bit.
CH4 419 485 0.0926 65.3 21.1%
C2H4 445 487 0.0026 0.8 0.3%
C2H6 445 487 0.0281 8.4 2.7%
H2 429 782 0.139 200 64.5%
co 162 749 0.0139 27.1 8.7%
Cco2 106 486 0.0091 8.5 2.7%
Total: 310 100.0%

11l-25



Table 11.2 (Continued)

Characteristic temperature, C  Max. rate®* Yield® Percent
Initial Peak ml/(sec.)(g) ml/g
Pocshontys #3 (VA), Low Vol. Bit.
CH4 420 520 0.118 72.2 19.2%
C2H4 428 529 0.0016 0.5 0.1%
C2H6 428 529 0.0i71 5.9 1.6%
H2 447 799 0.216 277 73.7%
CcO 141 750 0.0136 13.2 3.5%
CcO2 87 529 0.0061 7.0 1.9%
Total: 376 100.0%
Blind Canvon (UT), High Vol. Bit.
CH4 369 572 0.0564 65.2 20.9%
C2H4 387 512 0.0026 1.2 0.4%
C2H6 387 512 0.0156 7.7 2.5%
H2 395 811 0.154 173 55.3%
Co 139 807 0.0313 48.1 15.4%
CO2 68 488 0.0122 17.4 5.6%
Towsl: 313 100.0%
Lewiston-Stockton (WV) High Vol. Bit. _
CH4 352 543 0.0532 54.7 19.5%
C2H4 440 529 0.0018 0.7 0.2%
C2H6 440 529 0.0132 6.0 2.1%
H2 426 804 0.138 179 63.7%
co 140 768 0.0160 313 11.1%
CO2 9 521 0.0057 9.5 3.4%
Total: 281 100.0%
Beulgh-Zsp (ND), Lignite
CH4 355 570 0.0240 29.0 10.4%
C2H4 356 465 0.0007 0.4 0.1%
C2H6 356 465 0.0039 2.1 0.8%
H2 354 769 0.0900 135 48.3%
CcO 115 668 0.0372 62.5 22.4%
CO2 52 412 0.0389 50.3 18.0%
Totsl: 279 100.0%

* On » daf besis; ml at STP
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Table 11.3 Gas, char and tar yields* in coal pyrolysis

No. Seam State Rank Gas yield  Char yield Liquid yield**
wt% wt% wt%

Aronne Premium Coal Back samples

1 Upper Freeport PA Med. Vol. Bit. 12.6 723 15.1
2 Wyodak-Anderson WY Subbituminous 26.8 46.2 27.0
3 lllinois #6 IL  High Vol. Bit. 128 517 29.5
4 Pittsburgh (#8) PA High Vol. Bit. 12,7 61.9 25.4
5 Pocahontas #3 VA Low Vol. Bit. 11.5 84.6 3.9
6 Blind Canyon UT High Vol. Bit. 16.8 56.8 26.4
7 Lewiston-Stockton WY High Vol. Bit. 12.2 65.3 22.5
8 Beulah-Zap ND Lignite 21.3 49.8 28.9
Utah coals
9 Castlegate A, AB UT High Vol. Bit. 18.4 60.1 21.5
10 L. Sunnyside, Apex UT High Vol. Bit. 18.2 67.7 i4.1
11 Castlegate A, BC UT High Vol. Bit. 17.0 61.9 21.1
12 Sub-3 UT High Vol. Bit. 18.6 66.5 14.9
13 Gilson UT High Vol. Bit. 19.3 72.2 8.5
14 Upper O'Connor UT High Vol. Bit. 19.7 63.2 171
15 Rock Canyon UT High Vol. Bit. 19.2 71.0 9.8
16 L. Sunnyside, SC UT High Vol. Bit. 14.6 65.9 19.5
17 Upper Hiawatha UT High Vol. Bit. 19.7 68.5 11.8
18 L. Sunnyside, SY UT High Vol. Bit. 15.4 67.2 17.4
Colorado coal
19 B Seam CO Med. Vol. Bit. 12.1 84.1 3.8

Abbreviations: AB, Aberdeen; BC, Beaver Creek #8;, SC, Soldier Creck; SY, Sunnyside
* On & daf basis; ** Liquid including tsr, oil and water calculated by difference
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hydrocarbon gases was produced from the decomposition of
aliphatic groups in the coal and/or the methanation of coal.
At the stage where chars were formed, hydrogen gas was evolved
as a major component.

The ultimate and proximate analyses of the pyrolysis
chars from ten Utah coals and one Colorado coal are given in
Table 11.4. All chars show similar properties with
approximately 0.6 wt$ H and 97 wt% C. About 60 - 80 percent
of the nitrogen and sulfur are retained in the char. A van
Krevelen plot (van Krevelen, 1961), e.g., H/C versus C/C, for
the coals, chars and typical materials (Speight, 1983) (i.e.,
wood, peat, lignite, subbituminous, bituminous and anthracite)
is shown in Figure 11.29a. The same plot expanded for the
range of the coals and chars is shown in Figure 11.29b. As
expected, coal pyrolysis follows the natural coalification

trend. To convert the coals to chars, both hydrogen-
containing and oxygen-containing species must be liberated
from the coal during pyrolysis. The same gas evolution

behavior has been found in the coalification process. This
indicates that coal pyrolysis can be used to simulate the
coalification process to some degree and the propensity of the
coal to form additional methane can therefore be estimated by
the methane production during coal pyrolysis.

11.3.5 Correlations

The dependence of production of different gases in coal
pyrolysis on coal a rank parameter, carbon content, is shown
in Figures 11.30~11.34. Both hydrogen and methane production
increase with an increase of carbon content. However, methane
production shows an approach to a constant level at carbon
contents larger than 95 wtk%. The production of the C,
hydrocarbon gas fraction (including ethane and ethylene)
increases with increasing carbon content initially. After
reaching a maximum at about 85 wt%, it decreases with
increasing carbon content. Both carbon monoxide and carbon
dioxide productions decrease with increasing carbon content.
However, the carbon dioxide production shows an approach to a
constant value at carbon contents larger than 95 wt%. The
correlation of the gas, liquid, and conversion (gas + liquid)
yields of coal pyrolysis with carbon content is shown in
Figure 11.35. As expected, the yields of gas, ligquid and
conversion decrease with increasing carbon content. Liquid
yield shows more sensitivity to carbon content than gas yield.

To evaluate the contribution of aliphatic groups in coal
to methane formation during coal pyrolysis, a plot of
pyrolysis methane production versus the total fraction of
aliphatic carbon for the eight Argonne Premium Coal Bank
samples is shown in Figure 11.36. Obviously, there exists an
unexpected negative correlation, although there is scatter in
the results. This indicates that methane formation from the
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C+ 2H, ~ CH,.

There is a significant amount of methane produced by the
hydrogenation reaction under high pressure of hydrogen (Morris
and Keairns, 1979; Suuberg et al., 1980:; Sundaram et al.,
1982). A comparison of gas yields from pyrolysis using a
helium atmosphere and a hydrogen atmosphere at 69 atm pressure
is given in Table 11.5 (adapted from Suuberg et al., 1980).
Methane yields during coal pyrolysis in a hydrogen atmosphere
are four to seven times higher than those in a helium
atmosphere. It is obvious that the main contribution to
methane formation in hydropyrolysis is the hydrogenation
reaction. It is interesting to compare total CO, €O, and H,0
formation in the two atmospheres. Apparentl]y, the %ydrogen
atmosphere depjpresses CO and Co, formation, but favors water
formation. This can be explained by a proposed hypothesis
that the consumption of oxygen groups in coal during
hydropyrolysis is by competitive reactions:

l. Formation of CO and CO,:
Coal-0 = €O + Coal,
Coal-00 = CO, + Coal;

2. Formation of H,0
Coal“‘oo +2H2 - zﬂzo + Coal'

Coal-0 + H, - H,0 + Coal.

When an H, atmosphere is used in coal pyrolysis, the oxygen-
containing groups in coal can partially react with H, to form
H,0. Therefore, compared with coal pyrolysis 1in a He
atmosphere, the hydropyrolysis of coal produces more water,
and less CO and CO,.

Since the decomposition of aliphatic groups in coal is
not a main contributing factor for methane formation during
coal pyrolysis, the methanatlon of carbon in coal by Coal=CH,
(x = 0 to 3) reacting with H" and/or by hydrogenation becomes
important. A plot (Figure 11.37) of methane production versus
hydrogen production during coal pyrolysis shows a positive
correlation. This supports this hypothesis. Since these
pyrolysis experiments were performed at atmospheric pressure
and the pyrolysis products including both gas and ligquid were
swept from the reactor using inert helium or argon as carrier
gas, the contribution from the hydrogenation reaction to
methane formation was negligible. Therefore, the
concentration of activated hydrogen (H') determines both
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Figure 11.37 Pyrolysis methane yield versus pyrolysis
hydrogen yield,

”

methane and hydrogen production. The activated hydrogen, H,
which is generated during coal pyrolysis, may undergoes three
types of reactions to form three kinds of product. They are
1. Methane production:

Coal-CH, + H* ~ Coal-CH,,, (x=0-2)

Coal-CH, + H* - CH, + Coal.

For other hydrocarbon gases, such as ethane
formation, the mechanisms are:
Coal-CH,~CH, + H* = Coal-CH,-CH,,, (x =0~ 3)

2. Hydrogen preduction:
' H* + H* = H,.

3. Water production:
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Coal-0O + H* = Coal-OH
Coal-OH + H* = H,0 + Coal

H' may also react with § and N groups in coal to form H,S and
NH,. Since most of S and N in coal is either retained 1n the
char or goes to form tar, the formation of H,S and NH, is
negligible.

If the proposed mechanisms for methane, hydrogen and
water formation are true, there should exist a competitive
effect of H' consumption during coal pyrolysis. The
correlation of pyrolysis methane production and hydrogen
production with oxygen content in coal are shown in Figures
11.38 and 11.39. As expected, negative correlations were
observed. The higher the oxygen content in coal, the more the
activated hydrogen will be consumed by reacting with the
oxygen-containing groups in coal. Since both methane and
hydrogen production depend on the concentration of K, as
shown in Figure 11.37, they have positive correlations with
each other. To combine the effects of the hydrogen content,
a promoting factor, and oxygen content, an inhibiting factor,
on methane and hydrogen productions during coal pyrolysis, the
ratio of H to 0, H/O, is correlated with methane and hydrogen
production. The results are shown in Figure 11.40 and 11.41.
As expected, strong positive correlations of methane and
hydrogen production with the H/0 ratio are observed in the
plots. Both methane and hydrogen productien increase rapidly
with an initial increase of H/0. Above a value of H/0 of 3,

both the methane and hydrogen production approach constant
values.

Pyrolysis methane yields are plotted versus coalbed
methane content in cocal seams in Figure 11.42. The Utah coals
show increasing coalbed methane with increasing pyrolysis
methane. The colorado coal, shown by the star, lies off the
trend. All of the gassy seams have shale roof rock, which is
impermeable to gas transport. However, the geologic history
of the Utah and Colorado coals is different and the natural
fracture and cleat patterns in coal seams might be quite
different. Pyrolysis methane can be used to evaluate the
relative rate of formation of methane by coalification
processes at the present time. It is found to be a function
of both rank and maceral composition. The correlation
indicates that the methane content appears to depend on the
recent evolution of methane through coalification processes
and not on the total gases produced during the cocalification
process. In other words, the results show that the present
rate of methane formation is important in determining methane
content for coals of similar rank in the same formation. The
major fracture systems would be similar for all beds in the
field and the rate of methane formation by pyrolysis generally
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would increase with depth of burial of the seam or the
temperature to which the coal has been exposed. In less
mature coals, hydrogen in coal is evolved as water, while in

higher rank coals, the hydrogen tends to be evolved as methane
and hydrogen.

11.3.6 Redistribution of H, O and C in Coal Pyrolysis
Products

. It is interested to investigate the redistribution of H,
O and C in coal pyrolysis products. As shown in Table 11.4,
all chars show similar properties with approximately 0.6 vt%
H, up to 0.9 wt% O and 97 wt$ C. About 60 - 80 percent of the
nitrogen and sulfur are retained in the char. From the data
of proximate and ultimate analyses of coals (Table 6.1) and
gas productions (Tables 11.1 and 11.2), the correlation of
hydrogen content in gas products with the hydrogen content in
coal is shown in Figure 11.43. The dashed line in the plot
represents the maximum hydrogen content in gas products,
assuming that all hydrogen in the coal goes to the gaseous
products. It is obvious that, based on percent of hydrogen in
coal, more hydrogen transfers to gaseous products after coal
pyrolysis for higher rank coals. This effect becomes clearer
when the percent hydrogen in gas products after coal pyrolysis
is plotted against carbon content, a coal rank parameter, as
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Figure 11.43 Hydrogen content in gaseous products.

shown in Figure 11.44. The correlation of oxygen content in
gas products with the oxygen content in cocal is shown in
Figure 11.45. The higher the oxygen content in coal, the more
the oxygen in the gaseous products. The effect of coal rank
on the percent oxygen in the gaseous products after coal
pyrolysis is shown in Figure 11.46. The data shows a great
deal of scatter. This indicates that the percent oxygen in
gas products after coal pyrolysis is independent of the coal
rank parameter. The effect of coal rank on the percent carbon
in gas products after coal pyrolysis is shown in Figure 11.47.
As expected, carbon in gaseous products after coal pyrolysis

decreases with an increase of cecal rank and most of the carbon
is retained in the char.

11.4 Conclusions

Gas evolution in programmed~temperature pyrolysis of coal
with a slow heating rate is a good approach to understanding
gas production in the coal maturation process. Carbon dioxide
and carbon monoxide gases are first evolved at low-temperature
stages of coal pyrolysis. At a higher-temperature stage,
methane including other hydrocarbon gases was produced from
decomposition of aliphatic groups in the coal and the
methanation of carbon in coal. At the stage where chars were
formed, hydrogen gas was evolved as a major component. This
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temperature dependence of gas evolution during the coal
pyrolysis parallels gas evolution stages in coalification.
Based on the data of the ultimate and proximate analyses of
the pyrolysis chars, coal pyrolysis follows the natural

coalification trend in a van Krevelen plot.

The rate of gas evolution during coal pyrolysis has been
found to be independent of particle size for the three
selected coals, i.e., medium volatile Dutch Creek (B seamn)
coal, high volatile and gassy Sunnyside (Low Sunnyside seam)
coal, and high volatile and non-gassy (Upper O'Connor seam)
Skyline coal. This indicates that chemical reaction rates
control the thermal devolatilization of a coal particle under
the coal pyrolysis conditions used in this study.

Both hydrogen and methane production increase with an
increase of carbon content. The production of C, hydrocarbon
gases (including ethane and ethene) increases with increasing
carbon content initially, reaches a maximum at about 85 wt%
carbon, and then d:creases. Both carbon monoxide and carbon
dioxide production decrease .with an increase of carbon
content.

The correlation of the pyrolysis methane yield with the
total fraction of aliphatic carbon in coal has been found to
be negative. This indicates that the contribution of
aliphatic groups in coal to methane formation in coal
pyrolysis is not dominant. Methane production is positively
correlated with hydrogen production and negatively correlated
with oxygen content in coal. A mechanism for the methane
production, hydrogen production and water formgtion during
coal pyrolysis via an activated hydrogen H, which is
generated during coal pyrolysis, has been proposed and the
correlations explain the experimental results very well. The
competitive effect of H' consumption is confirmed by the
correlation of methane production with the ratio of H/0 in
coal.

Coalbed methane content increases with an increase of
pyrolysis methane yield for Utah gassy coals. This indicates
that the methane content in a coalbed appears to depend on the
recent evolution of methane through coalification processes
and not on the total gases produced during the coalification
process. The pyrolysis rethane can be used to evaluate the
relative rate of formation of methane by coalification
processes at the current time.

The pyrolysis chars have similar properties with
approximately 0.6 wt% H, up to 0.9 wt% O and 97 wti C. About
60 - 80 percent of the nitrogen and sulfur are retained in the
char. Oon a percent basis, more hydrogen transfers into
gaseous products after coal pyrolysis for higher ranks of
coal. The higher the oxygen content in coal, the more the
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oxygen in the gaseous products. No effect of coal rank on the
percent oxygen in gaseous products after coal pyrolysis was
observed. Carbons in gas products after pyrolysis decrease
with an increase of coal rank.
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12. KINETIC8 AND THERMODYNAMICS8 OF
WATER DESORPTION FROM COAL

12.1 Introduction

Moisture is associated with cocal as adsorbed water on the
coal surface and as liquid water in the larger cracks,
fissures, and pores (Bond et al., 1950; Kreulen and Selms,
1950; Schafer, 1972; Murray and Evans, 1972). Prior to
methane drainage, coal seams are commonly dewatered to remove
water from the cracks. Adsorbed water retained in coal can be
expected to compete with methane for adsorption sites and to
reduce the capacity of methane adsorption (Joubert et al.,
1973, 1974; and Kim, 1977). It can also have an influence on
the transport of methane through the coal due to swelling and
decreased permeability effects (Evans, 1973; Harpalani and
Schraufnagel, 1990). Therefore, the desorption of water from
coal plays an important role in ccal-bed drainage and methane
recovery.

To minimize transport costs, moist coals must be
converted into high~grade forms of energy on an unit mass
basis, and the first step in such conversion is always the
evaporation of water. This drying process is also necessary
for most coal utilization processes, such as, coal combustion,
pyrolysis, gasification, and liquefaction. In order to
estimate how much energy has to be input and the rate of the
drying process, it is essential to study the kinetics and
th:rmodynamics of water desorption from coal.

In this study, the eight Argonne Premium Coal Bank
samples were investigated by thermal gravimetric analysis
(TGA) and 4’ “ferential scanning calorimetry (DSC). Although
the present work on the kinetics and thermodynamics of water
desorption is confined to these eight samples, the proposed
kinetic model and the heats of water desorption from these
coals should be generally applicable to most other coals.

12.2 ExXperimental

A DuPont 951 TGA (Thermogravimetric Analyzer) and 910 DSC
(Differential Scanning Calorimeter) connected with a TA 2000
module were used in this study. The proximate and ultimate
analyses of the Argonne Premium Coal Bank samples are given in
Table 6.1. The eight samples in this bank are carefully
collected and preserved. They represei.t a range of coal rank
from lignite to low volatile bituminous.

About 50 mg of coal sample was used for the TGA runs.
Around 20 mg of coal sample was sealed in aluminum sample pans
and used for the DSC tests. The experimental conditions for
both TGA and DSC tests were initial temperature of 25 °C and
isothermal control for 1 minute, followed by heating at a rate
of 5 °C/min up to 150 °C and isothermal control for 10



minutes. Thirty ml/min of helium was used as carrier gas in
the TGA tests. Under these conditions, the coal samples were
completely dried after the tests.

12.3 Results and Discussion

12.3.1 Interaction of Ccal and Water

Considering the properties of water and coal structure,
we can classify the interactions between adsorbed water and
the coal surface into three categories:

1. Water adsorbed on coal by normal interactions, such
as dispersion forces, induced dipole interactions
(polar or w-electrons), and/or permanent dipole
interactions. These types of interactions are
dominant factors only in coals of 1low oxygen,
nitrogen, and sulfur content (i.e., high rank
coals).

2. Water adsorbed on coal by "primary® hydrogen bonds
with oxygen, nitrogen, and sulfur functional groups
on the coal surface. This type of interaction is a
governing factor only in high oxygen, nitrogen, and
sulfur content coals (i.e., low and middle rank
coals).

3. Water condensed on coal by "secondary" hydrogen
bonds, i.e., the hydrogen in water interacting with
adsorbed water rather than the polar sites of the
coal surface. This happens only in the coals which
have either very high oxygen, nitrogen, and sulfur
content or very large pore volume.

Since the interaction of the hydrogen bonds between
adsorbed water and the coal surface is much stronger than the
other types of interaction, the equilibrium water content or
coal-bed moisture is determined by its oxygen, nitrogen, and
sulfur content. A plot of equilibrium moisture against total
oxygen, nitrogen, and sulfur content for the eight Argonne
Coal Bank samples, ten Utah coal samples and one Colorado coal
sample is shown in Figure 12.1. As expected, the moisture
increases with increasing total oxygen, nitrogen, and sulfur
content. The empirical eguation to estimate the equilibrium
moisture by total oxygen, nitrogen, and sulfur is given by

Equilibrium moisture = (0.659 + 0.00187 (O+N+S)*)? (1)
with a correlation coefficient of 0.97.
The relative oxygen, nitrogen, and sulfur contants in the

eight Argonne Coal Bank samples are shown in Figure 12.2. It
is obvious that the nitrogen content in these eight samples is
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nearly constant at 7.0 ¢ 0,1 mmol/(g d.a.f. coal). Except for
Illinois #6, the suifur content changes little with different
samples. More importantly, the Pauling electronegativity
(Pauling, 1960; Pauling, 1970) for oxygen, nitrogen and sulfur
are 3.5, 3.0, and 2.5 respectively. Therefore, the oxygen-
containing functional groups on the coal surface have a much
stronger hydrogen bond with water than those of nitrogen- or
sulfur-containing groups. The oxygen content is a dominant
factor for the equilibrium moisture. This inference is
coincident with the results of the effect of surface oxygen on
water adsorption reported by Kaji et al. (1986). A plot of
the equilibrium moisture against the oxygen content as shown
in Figure 12.3 gives the same pattern as Figure 12.1.

The empirical eguation to estimate the equilibrium
moisture by the oxygen content alone is given by

Equilibrium moisture = (0.896 + 0.00244 (Oxygen)?)? (2)

with a correlation coefficient of 0.98. This equation gives
a little better correlation than that of Equation 1.

12.3.2 Heats of Desoxption

To quantify the interaction between water molecules and
the coal surface, the heats of desorption of moisture were
measured by DSC. The results for the eight Argonne Coal Bank
samples are shown in Figure 12.4. In ovrder to calculate the
heats of water descrption, it is crucial to determine the
baseline properly. As shown in Figure 12.5, there obviously
is no easily identifiable baseline point for water desorption
in the high temperature range. Since the samples were sealed
in aluminum pans, desorbed water was retained in the pans when
the cell was heated. This was confirmed by weighing the
sample before and after tests. 1If, compared with the heat
effect of water desorption, the difference between the heat
capacity of gaseous water and that of adsorbed water can be
ignored, the heat capacity of the sample cell remains
constant. Therefore, the baseline for water desorption can be
determined from the low temperature range.

The suitability of this method was confirmed by a test of
water desorption from a 900 °C coal char, which was produced
by temperature-programmed pyrolysis of Blind Canyon coal in a
helium stream with a low heating rate of 12 °C/min. The
results are shown in Figure 12.6. As expected, a straight
baseline in the high temperature range was obtained. It is
coincident with that from the low temperature range. Since
water can fill the pores in char (Toda and Toyoda, 1974), the
equilibrium moisture of this char is 6.15 wt%, and its heat of
water desorption is 40.4 kJ/mol, which is almost equal to the
heat of vaporization of water, 40.6 kJ/mol. The baseline
corrected DSC curves for the samples are shown in Figure 12.7.
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It is obvious that the peak temperatures for various samples
are different. Figure 12.8 shows the results of the heat flow
normalized by moisture content. As observed in this figure,
the same pattern of desorption was followed for the coals of
low moisture content, from 0.6 to 5 wtk. The heat of
desorption of moisture varies from 25 to 35 kJ/mol depending
on the moisture content, and has an average value of 30
kJ/mol. The results are summarized in Table 12.1.

The correlation of the heats of water desorption with
oxygen content is shown in Figure 12.9. The heat of water
desorption increases with increasing oxygen content up to
about 4 mmol/(g d.a.f. coal), and then it remains nearly
constant from 4 to 10 mmol/(g d.a.f. ccal). Above oxygen
contents of 10 mmol/(g d.a.f. coal), it increases again with
increasing oxygen, and approaches 40 kJ/mol, the heat of
vaporization of water. This phenomenon can be explained by
the behavior of hydrogen bonds of the adsorbed water meclecules
on coal surfaces with different oxygen content. The hydrogen
bonds of water molecules in pure water (a), on a coal surface
with low oxygen content (b), and with high oxygen content (c)
are illustrated in Figure 12.10. For each water molecule,
four hydrogen bonds are formed in pure water, two hydrogen
bonds on the low surface oxygen of a coal, and three hydrogen
bonds on the high surface oxygen of a coal. If we assume that
the strength of hydrogen bonds in these instances is similar,
the order of heat effects for water desorption should be -4H,
> -AH, . . > -AH . The same order of the heats o
water“ 'g:sg{%@ion hgél gégﬁn ! observed in these experiments.
These results suggest that the contribution from the hydrogen
bonds of case (b) in Figure 12.10 to the heat of water
desorption becomes significant as oxygen content increases.
Therefore, the heat of water desorption increases with
increasing oxygen content. For a range of oxygen content,
this type of hydrogen bonds becomes dominant, and determines
the heat of water desorption. Thus, the heat of water
desorption remains nearly constant in this range. As oxygen
content further increases, the hydrogen bonds of case (c) in
Figure 12.10 become important, and the heat of water
desorption increases again with increasing oxygen content. It
approaches the heat of vaporization of water where multilayers
of water adsorption take place.

It should be pointed out that the strength of hydrogen
bonds for various functional groups on the coal surfaces is
different. Carboxylic acid (-COOH), carboxylate ion (-CO07),
carboxylate, carbonyl, dialkyl ether (R-O-R'), diaryl ether
(Ar-O-Ar'), aralkyl ether (R-O-Ar), alcoholic hydroxyl (R-OH)
and phenolic hydroxyl (Ar-OH) are the most important oxygen-
containing functional groups on the coal surfaces. Carboxylic
acid, carboxylic ion, and carboxylate can form very strong
hydrogen bonds with water molecules, even much stronger than
those in pure water. A very high heat of water desorption,
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58.7 kJ/mol, on the Yallourn Brown lignite coal has been
observed by Allardice and Evans (1978) at a low moisture
loading, equivalent to about 0.6% of its equilibrium moisture.
The analysis of this lignite coal shows that it has a quite
high oxygen content, 25.8 wt%, and 19% of the oxygen is in the
form of free carboxylic acid, 3.5% as carboxylate, 30% as
phenolic hydroxyl, and 11% as carbonyl (Murray and Evans,
1972). Therefore, the high heat of water desorption on this
lignite is expected to correlate with the very strong hydrogen
bonds that are formed between water molecules and carboxylic
acid, carboxylate, and carboxylic ion on the coal surfaces.

12.3.3 Kinetics of Desorption

The kinetic behavior of water desorption on the eight
Argonne coal bank samples has been investigated by TGA. The
rate of percent weight loss during water desorption for these
samples is shown in Figure 12.11. A kinetic rate expression,

dw, W,
. " - ._...1 9 = #9ya 3
Iy W, dt k( 5 e, (3)

(-]

was used to model the rate of moisture loss. In this
expression, r, is the water desorption rate, k the rate
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constant, W, the sample size, W, the moisture content, and n

3 (] zo 2 .
the kinetic order of water rfesorption. If an Arrhenius

temperature dependence is assumed for water desorption and

Wy,0
XH,O = "—"‘v-"" ’ (4)
c
we have
dX, o Eq, un
Iy = ---EE'— = Aexp(-ﬁ)x,,,o ) (5)

where A is the pre-exponential factor, E, the activation
energy for desorption, and R the gas constant. Equation 5 can
be linearized as follows:

In(r,) = 1n(A) - -g;;-, + nln(X,o) - (6)

A least squares method was used to calculate the kinetic
parameters. The comparison of the desorption rates against
temperature of TGA data with modelling results for two typical
samples are illustrated in Figure 12.12. The moisture loss
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from TGA data and the modelling curves for these samples are
shown in Figure 12.13. From these figures, it is apparent
that the kinetic modelling gives a good description of water
desorption. The estimated kinetic parameters and
corresponding correlation coefficients are tabulated in Table
12.2. The activation energy for water desorption varies from
27 to 78 kJ/mol, with an average value of 49.2 ki/mol. The
activation energy of water desorption and pre-exponential
factor increases with increasing moisture. These correlations
are shown in Figures 12.14 and 15.15 respectively. As
expected, the more moisture in the coal, the higher the pre-
exponential factor. This reflects that the pre-exponential
factor, A, is somehow representative of the available sites
for water desorption. The greatest difference is shown
between the Pocahontas coal which has very little moisture and
oxygen content and the Wyudak-Anderson and Beulah-Zap coals
which have large amounts nf water and high oxygen contents.
For most samples, the activation energy of water desorption is
very close to the heat of vaporlzatlon of water, 40.63 kJ/mol,
indicating that the adsorbed water is in a state similar to
the liquid state as far as hydrogen bonding is concerned.

Except for the Beulah-Zap 1lignite coal (32 wt%
equilibrium moisture) with a kinetic order of 2.7, the kinetic
order of water desorption is around 2 and 1ndependent of
moisture content. There are several possibilities for the
hydrogen bonded water molecules to be desorbed from the coal
surfaces. Each mechanism may give a particular molecularlty.
If only water-water hydrogen bonds are broken in Figure
12.10(b) or (c), they cause no desorption, and the water-water
hydrogen bonds can be formed again. If water-water hydrogen
bonds are broken first, followed by breakage of hydrogen bonds
between water molecules and oxygen-containing groups on the
coal surfaces, it will give a molecularity of 1. In this
case, the kinetic order of water desorption should be 1. If
water-water hydrogen bonds are stronger than those between
water molecules and oxygen-containing groups on the coal
surfaces, the hydrogen bonds between water molecules and
oxygen- contalnlng groups on the coal surfaces will be broken
first, and associated water desorption takes place. Thus, it
will give a molecularity of 2 for a coal surface with low
oxygen content, and 3 for a coal surface with very high oxygen
content. The kinetic orders of water desorption should be 2
and 3 respectively. Comparing the molecularity of water
desorption in different cases with the kinetic order obtained
from the experiments, the water desorption agrees with an
associated water desorption mechanism, i.e., the kinetic order
of water desorption is 2 for a coal surface with low oxygen
content and 3 for a coal surface with very high oxygen
content. When the oxygen content is in the range between
these two extremes, the contribution of the water desorption
with a kinetic order of 3 increases with oxygen content.
Therefore, the experimental Xkinetic order for Beulah-Zap
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lignite is 2.7, which is between 2 and 3.
12.4 Conclusions

Moisture in coal is positively correlated with oxygen
content. This is due to the formation of hydrogen bonds
between water and oxygen functional groups on the coal
surface. The rate of moisture desorption can be described by

E
Iy = KXo = Aexp(—jé%)xﬁo (7)

and the activation energy of moisture desorption, E,, varies
from 27 to 78 kJ/mol depending on the moisture content, with
an average value of 49.2 kJ/mol. Except for the Beulah-Zap
lignite coal (32 wt% equilibrium moisture) with a kinetic
order of 2.7, the kinetic order of water desorption is about
2 and independent of moisture content. These results show
that there exist hydrogen bonds between water molecules and O,
N, S groups on the coal surface, and the desorption of water
follows an associated water desorption mechanism.
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13. CONCLUSIONSB

Coalification of biomass involves biochemical and
geochemical reactions that convert plant material to
carbonaceous solids. The major products of the coalification
process are methane, carbon dioxide, water, and traces of
other components such as low-molecular-weight hydrocarbons,
nitrogen, and hydrogen. Oxygen-containing gasecus species are
produced in the early stages of coalification, while hydrogen~
containing gaseous species predominate at the later stages.
Coal rank is a measure of the progress along the coalification
pathway. Water, methane, carbon dioxide, and other
hydrocarbons adsorb on the coal micropore surfaces and might
be expected to be retained in the coal seams. Other gases
would remain as gases in the pore space and would not be
expected to be retained in large volunmes. Only traces of
carbon dioxide are found in higher-rank coal seams, which
might be explained by the solubility of carbon dioxide in
water. Methane is the predominant gas recovered from coal
seams.

The gas content of a coal seam will depend on the gas
formed in the seam, transport of gas from the seam, and gas
transport into the seam. Transport into the seam is usually
not significant. The rank of coal, the maceral content, and
the degree of maturation will determine the amount and type of
gases formed in the sean. Adsorption coefficients,
temperature history, pressure, permeability of coal, and
permeability of roof rock will determine the transport of
gases from the seam.

The Wasatch Plateau and Book Cliffs coal fields are of
similar chemical and physical structure and were formed under
similar geological conditions. The Book Cliffs coal field
contains gassy coal seams, while only isclated pockets of
methane are found in the Wasatch Plateau coal field. Methane
content measured in the Book Cliffs field varied from about 3
to 9 cm’/g. The methane content decreased with increasing
meisture content and with present bed depth. Methane content
showed a decrease with increased coal permeability.

The influence of tectonics (geological structures) such
as folding and faulting on coalbed gas content has been
considered. 1t is understood that the gas content of a seam
changes smoothly over an area which may vary uniformly in rank
(Creedy, 1988). However, folding may disrupt this by
providing a pathway for incropping seams to lose some gas.
Over geological time, faults have provided channels for gas
migration. Figure 4.1 shows the Joes Valley, Pleasant Valley,
and North Gordon fault zones oriented from north to south in
the Wasatch Plateau and Emery coal fields. Their presence
contributed to the low gas content in coal mines in these
fields. On the other hand, the Book Cliffs field contains
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high gas volumes as there are no faults (with the exception of

the region of the Sunnyside mines where only a minor faults
occur) .

The Sub 3 seam of the Castlegate mine is the lowest
minable seam in the Book Cliffs coal field. The largest
methane content of 8.95 nﬁ/tonne was measured in this sean.
Methane content shows a decreasing trend towards the Sunnyside
mine with 3.7 m’/tonne of methane measured for this location.
Figure 4.3 shows a cross-section of the Sunnyside coal mines
area. The strata may contain permeable disturbances as
described by Alpern (1970). The dip of the strata is
evidently favorable for the migrapion of gas from the
Sunnyside seam, accounting for the lower methane content.
Unfortunately, the Sunnyside Coal mines closed in 1990 and it
was not possible to further investigation this possible
explanation for differences in methane content.

Gas chromatography was used tc measure thermodynamic
constants of gas adsorption on the coal surfaces. The
weighted mean retention time proved to be a characteristic gas
retention variable for the non-ideal elution process. Gas
adsorption coefficients calculated from this weighted mean
retention time agree with those obtained by a static method.

Molecular interactions for gas adsorption are classified
into two groups, non-specific adsorption and specific
adsorption. Non-specific adsorption, such as for Ar, N,, and
0,, is caused by dispersion and repulsive forces or van der
Waals interactions. Specific adsorption, e.g. €O, CO,, and
C;H,, is caused by additional specific electrical interactions,
such as induced dipole interaction forces provoked by the
polar atoms or m-electrons in the molecule, and/or permanent
dipole interaction forces. The heats and coefficients of
specific gas adsorption are higher than those for non-specific
gas adsorption. The n-paraffin gases (e.g. methane, ethane,
and propane) have no specific electrical interactions with the
coal surface, but they show unusually high heats and
coefficients of adsorption. This is explained by a very
strong affinity for the coal surface.

All molecules except water, have higher heats of gas
adsorption than heats of vaporization. This indicates that
the molecule-coal surface interactions are stronger than
molecule~molecule interactions. In the case of water adsorbed
on medium volatile bituminous Upper Freeport coal, the heat
of water adsorption is much 1less than the heat of
vaporization. This shows that the interaction between water
molecules must be greater than the interactions with the less
polar coal surface.

The strength of the van der Waals interaction increases
linearly with the number of electrons in the molecule. Water,
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‘carbon monoxide, carbon dioxide, and hydrocarbon gases have
stronger interactions with the coal surface than nitrogen and
oxygen, while the noble gas, argon, has a weaker interaction.
Argon and oxygen gas adsorption show no specific adsorption
effects. Carbon monoxide has a specific adsorption effect,
but no effects from coal rank. Methane shows specific
adsorption effects on coals, and the effects increase with
increasing carbon content. The correlation of the specific
adsorption effects with various gases is in the order
propylene > carbon dioxide > propane > ethane > methane >
monoxide. The correlation of the specific adsorption effects
with coal carbon content is in the order propylene > propane
> ethane > carbon dioxide > methane > carbon monoxide. These
two orders are not exactly parallel. However, in the
hydrocarbon gas series, they are not orly parallel with each
other but also parallel with the order of the heats of
adsorption. This indicates that the interactions of gas
molecules with coal surfaces increase with increasing rank of
coal and size of molecule. The adsorption coefficient of C,H
shows a strong dependence on the N, surface area, while the
adsorption coefficients of other gases are strongly correlated
with coal rank parameters.

Diffusion of g¢gas components is important for gas
adsorption at lower temperatures (< 50 °C). The correlation
of continuous adsorption with the detected equilibrium
adsorption and the adsorption characteristics of coal of
different particle sizes lead to this conclusion.

Smaller molecules such as argon, nitrogen, and carbon
dioxide have access to the internal surface of coal in
diffusion-dominated regimes, while methane does not access the
most internal surfaces of coal. Affinity of gas molecules for
coal affects both the adsorption capacities and diffusion
characteristics. The adsorption capacities of the different
gases are in the order of CO, > CH, > CO ~ N, ~ Ar ~ O,.

In the 1low pressure range, the methane adsorption
isotherm becomes linear with pressure. The isosteric heat of
methane adsorption on Castlegate Sub 3 seam coal was 14.9
kJ/mol.

Water adsorbed on coal inhibits methane adsorption. The
methane adsorption capacity of Castlegate Sub 3 seam coal with
2.53 wt% moisture was only 59% of that of the dry coal.

Continuous gas -desorption at slow rates was used to
determine the CO, surface area of coal at 298 K. The specific
surface areas for the different particle sizes of a high
volatile subbituminous Sub 3 Utah coal are about 70 m?/g (dry
coal). This is lower than expected and is probably due to
errors in the total adsorbed carbon dioxide determination from
slow evolution at low pressures, below the detection limits of
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the mass flow meter. The measurements were reproducible.
Particle size effects on the CO, surface area were not
observed within experimental error. A spherical particle
model was used to calculate the specific external surface
area. The coal has mostly internal surface area and hence, no
effect of particle size on the CO, surface area was observed.

Gas evolution in programmed-temperature pyrolysis of coal
with was used to understand gas production during the coal
maturation process. Carbon dioxide and carbon monoxide gases
are evolved at low~temperature stages of coal pyrolysis. At
a higher-temperature stage, methane and other hydrocarbon
gases were produced from decomposition of aliphatic groups in
the coal and the methanation of carbon in coal., At the stage
where chars were formed, hydrogen gas was evolved as a major
component. The temperature dependence of gas evolution during
coal pyrolysis parallels gas evolution stages in
coalification. The rate of gas evolution during coal
pyrolysis was found to be independent of particle size for the
three selected coals, i.e., medium volatile Dutch Creek (B
seam) coal, high volatile and gassy Sunnyside (Low Sunnyside
seam) coal, and high volatile and non-gassy (Upper O'Connor
seam) Skyline coal. This indicates that chemical reaction
rates control the thermal devolatilization of a coal particle
under the coal pyrolysis conditions used in this study.

Both hydrogen and methane production increase with an
increase of carbon content. The production of C, hydrocarbon
gases increases with increasing carbon conteni initially,
reaches a maximum at about 85 wt% carbon, and then decreases.
Both carbon monoxide and carbon dioxide production decrease
with an increase of carbon content.

The correlation of the pyrolysis methane yield with the
total fraction of aliphatic carbon in coal has been found to
be negative. This indicates that the contribution of
aliphatic groups in coal to methane formation in coal
pyrolysis is not dominant. Methane production is positively
correlated with hydrogen production and negatively correlated
with oxygen content in coal. A mechanism for methane
production, hydrogen production and water formation during
coal pyrolysis via an activated hydrogen H', which is
generated during coal pyrolysis, has been proposed. The
correlations explain the experimental results well. The
competitive effect of H' consumption is confirmed by the
correlation of methane production with the ratio of H/0 in
coal.

Coalbed methane content increases with an increase of
pyrolysis methane yield for Utah gassy coals. This indicates
that the methane content in a coalbed appears to depend on the
recent evolution of methane through coalification processes
and not on the total gases produced during the entire
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coalification process. The methane content for the Colorado

coal is less than would be expected based on the behavior of
the Utah coals.

Moisture in coal is positively correlated with oxygen
content. This is due to the formation of hydrogen bonds
between water and oxygen functional groups on the coal
surface. The rate of moisture desorption can be described by

E
Iy = kXygo = Aexp(—uﬁ—;—,)x,,’:o (7)

and the activation energy of moisture desorption, E,, varies
from 27 to 78 kJ/mol depending on the moisture content, with
an average value of 49.2 kJ/mol. Except for the Beulah-Zap
lignite coal (32 wt% equilibrium moisture) with a kinetic
order of 2.7, the kinetic order of water desorption is about
2 and independent of moisture content. These results show
that there exist hydrogen bonds between water molecules and O,
N, S groups on the coal surface, and the desorption of water
follows an associated water desorption mechanism.

The strength and amount of water adsorption on the
surface of coals depends on the number and polarity of
heteroatom functional groups on the coal surface. For highly
polar groups such as carboxyl groups, the heat of water
adsorption is greater than the heat of vaporization. A model
is proposed to explain water adsorption processes.
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ABBTRACT

The desorptive properties of methane in selected
western coal seams were studied through actual field
measurements using a manual bubble 'desorbometer' and
later verified through laboratory modelling. Data were
reduced using a power decay function, a quadratic
function, and an exponential function. Methane
desorption characteristics from individual coal seams
were shown theoretically to be a good estimator of a
seam's total methane content to within +20%.

A laboratory was set up and equipped to properly
analyze and reduce field data, in addition to providing
a controlled model for studying methane adsorption
properties on coal. The results of the field tests
indicate that all three theoretical desorption functions
provide a satisfactory model of the desorption process
based on estimated and actual gas contents, and on
superior coefficient of regression.

The estimated gas content for four western coal
mines are presented based on computer reduction of data
obtained from field and laboratory tests. One of the
investigated coal seams is located in Colorado (B seam of
the Dutch Creek Mine in Carbondale) and three are located
in Central Utah (Rock Canyon seam of the Soldier Creek
Mine), Lower Sunnyside (Sunnyside Coal Mines) and Sub 3
(Castle Gate Mine) seam). Their average methane content
ranges from 1.8 cc/g to 5.5 cc/g. Graphic results from
laboratory tests indicated the power function may provide
a more accurate model of the desorption process than the
other two theories discussed.
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INTRODUCTION

Coalbed methane creates potential hazards in
underground mines. Consequently, the methane content of
a coal seam is an essential parameter for mine
ventilation designs and for feasibility studies of
methane drainage systems. This parameter is important as

well in assessing gas outburst potential. However,
coalbed methane is also a valuable source of clean
energy. Presently, the most utilized method for gas

content determination in U.S. gassy coal mines is the
direct method developed by the U.S. Bureau of Mines
(McCulloch, 1975).

Testing methods used in Germany and France for
determining in situ gas content have been studied and
modified for use in western coal seams. The so-called
"bubble desorbometer method" was used in this research
work. The method is described and the results are
compared with results obtained frcm the direct method.

BACKGROUND AND TEST PROCEDURE FOR DETERMINING
COALBED GA8 CONTENT '

The gas content is measured in volumes of gas in a
given unit weight of coal. The methane gas in coal is
found as a free gas in actual void spaces, and the gas
adsorbed to the internal surface of coal. The volume of
free gas is directly related to the porosity of coal, and
in most coals makes up only 3 - 5% of the total gas
content (Firedamp Drainage Handbook, 1980).

Residual gas content is measured as the total gas
(methane) volume per unit weight of coal reatained in the
coal at 0.145 psi (1 kPa) atmospheric pressure and in a
pure methane environment.

French and German Influences

Researchers at France's National Coal Institut
(CERCHAR) studied methane properties in coal, gas
content testing procedures and development of drainage
systems.

They proposed a method in which long boreholes are
drilled from an entry horizontally into the seam, or a
vertical borehole intersecting the seam. Coal samples
are taken every one to two meters from a horizontal bore-
hole depth until a relatively constant gas content is
reached. When using vertical boreholes, many boreholes
at various intersections of the seam must be drilled.
Samples consist of 0.35 ounce (10 grams) of core or
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cuttings screened to include‘only particles above 0.079
inch (2 mm) which are immediately sealed into a
transportable container.

Researchers at the German Mine Ventilation Institute
in Bochum, Germany developed a similar procedure for
testing the gas content in coal seams in situ. Coal
samples collected rirom bottom of horizontal boreholes are
tested at the face. A bubble desorbometer (Fig. 1) is
used directly at the face to estimate the methane content
within minutes of the sample removal. The methed is
similar to the French methed in the sampling procedure
and determination of the quantity of residual gas and gas
desorbed after the sample is sealed in a container, but
differs in the theory and determination of the lost gas
given off before the sample is tested and sealed. The
coal sample, in a form of fine cuttings, is collected
from every 1 to 2 meters of the borehole depth until a
relatively constant gas content value is reached.

‘ The collection of samples .is facilitated by using a
special sample collection device. After the collection,
the sample is screened to a size of 0.015 to 0.025 inch
(0.4 to 0.63 mm). An amount of 0.14 to 0.17 ounce (4 to
5 g) are placed into the cell of the desorbometer. The
desorbometer is manually operated, but an automatic
electronic desorbometer is also available.

T
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Figure 1. Manual bubble desorbometer.
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Modified Method for Determining the
Gas Content in Coal Seams

Both the French and German methods were modified to
arrive at a procedure best suited for the conditions and
equipment available for Western Coal bed evaluation. The
respective theories for estimating the lost gas used by
the French and Germans were used for a comparative basis

in this study. The modified procedure is herein
presented:

BUBBLE

DRILLING FOR SAMPLE gESEESUMETER
r/(/

’ N
SAMPLE SCREENING
SAMPLE
SAMPLE COLLECTOR CONTAINER ™
SCREEN
SEALED - BAHSNCE
BURETSN_ —\ ¢
SIX-CELL ==
MILL INFRARED
METHANOMETER

—-©
o0

Figure 2. Flow chart of methane content determination.

Determination of Q1

Q1 is defined as the quantity of gas given off and
lost from the time the sample is originally disturbed to
the time it is sealed in a transportable container.
Drill cuttings from horizontal boreholes are collected
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and sieved to a size of 0.0078 to 0.015 inch (0.20 to
0.40 mm). The sample is then placed and sealed in the
bubble desorbometer cell. The desorbed gas from the
sample pushes a slug of colored glycol through a small
diameter nylon tubing. A movement of the slug (bubble)
of one full circle around the desorbometer corresponds to
a volume of 7.5 x 107 cu.in (1.233 x 10”3 m3) of gas.
This value 1is referred to as the Kd factor of the
desorbometer. The tubing of the desorbometer is
graduated volumetrically, enabling recording of the
amount of the released gas at periodic time imtervals
(i.e., every 30 seconds). A maximum of 18 circles can be
read on the desorbometer, but normally only 3-6 are
required for the test. Figure 2 shows the flow chart for
the test procedure.

The theory and function descriping the desorption
process with respect to time is one of the main
parameters tested in this study. The French use a
cuadratic expression, the Germans a decaying power
function and the modified test uses a decaying
exponential function. These functions are summarized in
Equations (1), (2) and (3) for the French, German and
Modified methods, respectively:

01 = k t; - k tg (1)

Q1 = [V1/(1-Kp)] x tp (17Kt (2)

Q; = (rg/~ky) (e("Ke-t1)-a) (3)
where,

typ = the time elapsed from sample disturbance to
insertion of the sample into the
desorbometer;

t; = the elapsed time to the end of the tésting
period in the desorbometer (for the French
method, t; = 2tg);

Vl = the specific desorption rate at 1 minute
after initial sample disturbance;

Kt = the desorption constant specific for the

coal seam; t; is the elapsed time to the
end of the tests in the desorbometer:;



the initial desorption rate when the sample

Y =
0
is initially disturbed;
kt = the desorption constant specific for the
coal seam as outlined in the exponential
method,

The constants V,, Ks and kt are determined
from data obtained from ghe esorbometer. The
volumetric desorption rate against the cumulative
desorption time since initial drilling on a log-log
paper for the German method (power decay function), and
on semi-log paper for the modified method (exponential
decay function), a straight line results with a slope
of Ky or k¢, respectively (Fig 3a and Fig. 3b).

Utah Mine No. 2 - Hole Depth = 6.10
Slope = 1.02

E
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Figure 3a. Slope K plotted Figure 3b. Slope k,

on log-log paper (power decay plotted on semi-log

function). paper (exponential

decay function).

Determination of Q2

The volume Q2 is defined as gas desorbed after the
sample is sealed in the transportable container and
before the container is opened in the lab for further
tests. This volume is determined from the gas pressure
and methane content in the transportable containers.
Upon arrival at the laboratory facilities, the
container pressure, lab temperature, ambient
temperature and methane concentration in the container
are measured. The volumetric percent of methane gas in
the container is calculated by the following formula in
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which the volume displaced by the coal sample itself is
taken into account.

Vg = Vp X (P/Pp) - MR/P (4)
where,
Vg = the free (increased) volume in the
transportable container (cu.in or cm3):
Vp = normal volume of the transport container
(cu.in or cm”);

P = gas pressure in the container (psi or
pascals) adjusted for temperature and
pressure changes;

Py = ambient pressure (in p51 or kPa = 1000
mbar) ;
MR = mass of the sample (ounces or grams) ;

density of the coal (lbs/cu.ft or g/cm3).

o)
]

The specific volume g2 is then found by:

g2 = (Vg x c)/(Mk x 100) (5)
where,
g2 = specific volume of released methane in
transportable container (m /t) or
(cm3/gm)
c¢ = concentration on methane in container (%
volume)
Mk = ash-free mass of the cocal sample

The ash content of the coal is determined
immediately after milling the sample, and the ash free
mass is calculated.

it

MK MT x (100 - 1.1A)/100 (6)

where,

»
I

the ash content (% weight).
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Determination of Q3

Q3 is defined as the volume of the gas released
from the sample after it was removed from the
transportable container and crushed in the testing
mill. The specific volume of the released gas, g3 is
measured by use of liquid-filled burets (Fig. 4).

The specific volume g3 is composed of the sum:

q3

where,

g3

q'3 + 4q'3 (7)

gas remaining in coal sample after q2
measurement (cu.ft/ short ton or m /t),

gas released bg milling the sample
(cu.ft/st or m°/t), and

SEALED
100 ml
BURETS

FLEXIBLE VALVES

LIQUID
RESERVOIR

DISC MILL

Figure 4. Milled gas collection system.

Aq'3

amount of methane remaining in the coal
after milling due to the partial pressure
of methane in the mill (cu.ft/st or
m3/t).
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After the g2 measurement is completed, the coal
sample is placed in a disc mill, where it is milled in
ten minute intervals. The gas released from this
crushing is collected in liquid-filled burets. Milling
is continued until no more bubbles of gas are released
in a two minute interval. The value of g'3 is then
simply:

4q'3 = sum(Q'3)/MKk (8)

where, the sum(Q'3) is the total gas measured in the
burette.

The partial pressure of methane in the mill, which
is directly proportional to the methane content in the
mill and also influences the amount yet desorbed from
the crushed coal. Consequently, the concentration of
methane in the mill must be measured for a precise
measurement. If the mill was purged with pure methane
before milling begins, then the amount of gas remaining
in the coal after milling corresponds to the value of
glbar, since the partial pressure of methane in the
mill will be 0.145 psi (1 kPa or 1 bar). Therefore,
the methane concentration in the mill is calculated
after each milling time interval according to the
following equation:

C, = [Vgx Cipaqy + Q'3(y3/[Ve + Q'3 )] x
100 n £ (n-1) (n) f (n) (9)

where,

C,. = methane content in milling cell after
the nth milling interval (% CH,):

C(n-1) = methane content in mill cell after n-1
milling interval (% CH,);
Q'3(p) = 9as released during the nth milling
interval (cm,):
Vg = free volume of the mill cell ( cu.in or

cm3).
agq'3 can then be found by:
sag'3 = glbar x Cn/100 (10)
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where,

glbar = the residual gas content of the coal
determined in the laboratory.

Laboratory Determination of Methane Gas Content

To verify the accuracy of the field tests, six
sample cells are filled with coal cuttings from the
same borehole sample and screened to a particle size
from 0.0078 to 0.015 inch (0.20 to 0.40 mm). These
cells are inter-connected by copper tubing and the
total six cell system is initially placed in a pure
methane environment under increased pressures to
approximate in situ adsorption conditions. These
samples are then measured for their gl and g3 values,
which represents the total gas content adsorbed on the
sample.

Gas Content Transformed to In 8itu Conditions

In order to relate the desorbed gas measured under
laboratory conditions to those of in situ conditions,
factors for temperature and moisture content must be
considered. This particular formula is described at
length in Plaizier (1990).

Determination of Freeo Gas

The free gas is defined as the gas present in coal
samples in the void spaces, bhut not desorbed on the
coal. This value is normally less than 5% of the total
gas content, and can be found after the following
formula (Firedamp Drainage Handbook, 1980):

ag = V, x P/(k x Pp) (11)
where,
d¢g = in situ free gas content (m3 gas/m3 non-
disturbed coal);
V, = effective porosity for methane in the coal
3,m3y .
(m=/m=) ;
P = methane gas pressure in pores;
K = compressibility coefficient of methane

(for technical calculations, K=1);

P, = atmospheric pressure in psi (kilopascals or
bars) .
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The volumetric effective porosity is determined by
the equation:

V, = 3.84x1072 - 1.81x10"3 x F +
9.38%x10"7 x F3 x p(k) (12)
where,
F = volatile matter content of the coal in %

weight (waf); and

p(k) coal density (g/cm3).

TOTAL GAS CONTENT DETERMINATION

The total specific gas content of the coal is then:
gtot = ql + a2 + q3 + qf. (13)
The desorbable gas content is, however:

gd = gtot - gibar. (14)

RESULTS8 OF FIELD IN S8ITU TESTS

Field tests were performed in gassy coal mines in
Colorado and in Utah. In Colorado, the B seam of the
Dutch Creek Coal Mine in Redstone, was tested. The
mine is located about 6 miles south from the town of
Redstone, Colorado. The seam is situated in the lower
part of the Mesaverde Group of Cretaceous age.
Overlying unit is the Bowie Shale Member of the
Williams Fork Formation. The underlying unit is the
Rollins Sandstone Member of the Iles Formation (Hucka
et al., 1989). Rank of the coal is medium volatile
bituminous. The samples were collected from the
operating longwall face (Figure 5).

The Sub 3 seam of the Castle Gate Coal Mine (Utah
Mine 1) is located in the vicinity of the town of
Helper, Central Utah. The Sub 3 seam is basal coal bed
of the Spring Canyon Member. The Spring Canyon Member
is situated in the Blackhawk Formation of Upper
Cretaceous age.
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Figure 5, Regional map of the sampling site in Sunnyside
Mine, Utah.

In Utah, the tests were eéxecuted in the Rock Canyon
Seam of the Soldier Creek Mine (Utah Mine No. 2). fThe Rock
Canyon seam ig part of the Book Cliffs of East-Central Utah
Formation developed during the Triassic ang Jurassic
periods. The Rock Ccanyon seam is part of the Mesaverde
Group (Cretaceous age}. The rank of coal is high volatile
bituminous B.

tested, as wel]. The Sunnyside coal zone lies immediately
above the Sunnyside Sandstone Member of the Blackhawk

Formaticn. a gassy 2 foot (0.6 mj thick rider seam exists
above the seam. The coal rank is high volatile bituminous

A complete tabulation of field test results are given
at length in Plaizier (1990). The results are categorized
by the three desorption theories (i.e., German power decay
function theory, French Qquadratic decay function theory and
Plaizier's exponential decay function theory). a sample



for many samples. As Equation (15) suggests, a value of K
greater than 1 yields a negative desorbed gas volume, which

is obviously impossible.

q(0-b) = [V1/(1-K¢)] x tb‘l‘Kt). (15)

Table 1 - Sample Field Test Results

NAME OF MINE (TEST SITE): Colorado Ne.

1

LOCATION WITHIN MINE: Panel 102 Head Gate — B seam #5

DATE OF TESTS: 7/15/86
ADSORPTION CONSTANT: 16.7
MINE TEMPERATURE (C): 24.0
MINE ATMOS. PRESSURE (Pa): 70897

BOREHOLE NO. 1

SAMPLE NO. 3

ASH CONTENT (%): 5.64
SAMPLE WEIGHT (G): 3.40
DESORBOMETER CONSTANT: 1.233

BOREHOLE DEPTH (M): 5.03
DRILL TIME (SEC): 32

DATA REDUCTION FUNCTION

~POWER ~ _QUAD, ~ _EXP,

TOTAL GAS CONTENT (CU.M/T): 1.8 1.5 1.0
TOTAL ESTIMATED CONTENT (CU.M/T): 2.8 1.4 1.4
PERCENT ERROR (3): ~54.2 11.8 -45.1
GAS LOST WHILE DRILLING (%): 52.4 42.8 8.1
DESORBED VOLUME IN SITU Q1 (%): 54.9 45.8 12.9
DESORBED VOLUME IN CONTAINER Q2 (%): 31.3 37.6 60.4
DESORBED VOLUME AFTER MILLING Q3 (ml): 13.8 16.6 26.7
COEFFICIENT OF REGRESSION (r2): 0.947 0.988 0.939
SLOPE OR KT CONSTANT: 1.36 0.13 0.28
, ESTIMATED TIME CONSTANT: 10.83 37.89 7.17
DESORPTION CONSTANT (Non comparable): 170.43 -0.19 37.74
Time of Read Desorbed Time Gas Volume Desorption Rate
(Minute} (Minute) (cem) (m]/min/g)

A=-15
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2.783 0.0 0.0 -

3.267 0.483 0.025 15.903
3.733 0.467 0.025 16.471
4.467 0.733 0.025 10.482
5.400 0.933 0.025 8.235
6.400 1.000 0.025 7.686
7.917 1.517 0.025 5.068

This deviation from physically possible results using
Equation (15) is due to the integral being considered an
improper integral because the logarithmic function is
undefined at t = 0. The desorbed gas can be approximated
using computer numerical integration algorithms as long as
the lower limit of the integration is slightly more than
zero. The German power decay function representing the
methane desorption rate [Equation (2)) implies that the
desorption rate at the instant the coal sample is disturbed
(i.e., t = 0) is infinite.

Because of the difficulties in modelling methane
desorption using the power function with some samples, a
theory that methane desorption from coal can be modelled by
an exponentially decaying function was thus incorporated
into testing procedures and calculations for this work and
tests were carried out to verify its authenticity and physi-
cal accuracy.

Figure 6 represents a plot of the desorption rate

versus time based on this exponential relationship. This
curve can be represented by the general equation:

r = ro°e(“k't) (16)

The amount of gas desorbed between t; and t, can be
found by the integral:

t,
a, = J[ rdt (17)

%o

Using Equations (16) and (17) and assuming ty = 0, the
volume q; is found to be:

q = (ro/~ke) (el ke t1)-1) (18)
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where,
ro = the initial desorption rate;

To

Time at which drill bit cuts sample;

Tl = Time to insertion of sample into desorbometer;

T2 = Time to removal of sample from desorbometer and
enclosure in a sealed flask;

T3 = time to concentration measurement in a sealed

flask and subsequent milling.

The only unknowns in Equation (18) are the curve
constant k and the initial desorption rate r,. The constant
ki can be found with data points measured by the desorbo-
meter between t, and t, and the rate rj extrapolated from t,
using this curve constant k. No change in testing proce-
dures are required for this desorption theory, only in the
data reduction.

The BASIC computer code of the program was prepared to
reduce the field data. Upon compilation of the field data
from the three mines, an average Time Constant was
calculated for each mine and inserted into the program to
calculate the estimated total gas content based on initial
desorption data.

DESORPTION RATE

S PR,

-
L]
-

ELAPSED TIME
Figure 6. Desorption rate versus time.

to = time at which drill bit cuts sample;
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time to insertion of sample into desorbometer;

t, = time to removal of sample from desorbometer and
enclosure in a sealed flask;
ty = time to concentration measurement in a sealed

flask and subsequent milling.
Time Constants

A coal's 'Time Constant' is a characteristic of a
particular coal which reflects the rate of gas desorption
for the coal. This constant is used in this testing
procedure to quickly estimate the total gas content with
data available from tests at the face. The definition and
testing of this constant is treated in detail in Plaizier
(1990).

DISCUSBION OF RESULTS

Table 2 summarizes the results of the total gas content
measurements for the three seams. The heading 'GC' means
'Gas Content'; 'EC' means 'Estimated Content In Situ' using
the estimated time constant and the desorbometer readings
and '%' signifies the percent error of the in situ estimate
based on actual lab results.

The results for Utah No. 1 seam yield some in situ
estimates deviating from the actual gas content by as much
as 50% of the actual content for all methods. However when
summing the total gas content measured versus the total
estimated, the percent error decreases significantly. This
might be expected from using an estimating time constant
derived by averaging all samples, however for practical use
in situ, the estimating constant should be verified through
many more samples and locations in the mine.

Results from the Utah No. 2 seam yielded estimates
consistently within 25% of actual measured contents using
the quadratic and exponential theories. Using cumulative
totals and percent error, the exponential decay function
theory reflects the most consistency in estimated results,
with error percentages falling within the 3 - 6% range.

Figures 7 through 9 show the relationship between
actual measured gas content and estimated content for the
three desorption theories. The estimated content values for
the Colorado No. 1 Seam and the Utah No. 2 seam showed
relatively close approximations to the actual measured
values. The estimated values for Utah No. 1 seam did not
correlate well. This can perhaps be attributed to the
difficulty in collecting the sample and properly performing
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the tests in the Utah No. 1 seam. Due to the hardness of
the cocal in this seam, drilling time and sample collection
time in the first test took double or triple the drill time
achieved on subsequent tests. The unexpected difficulty in
drilling in the harder coal and difficulties encountered
with the drilling equipment prevented an adequate number of
samples to be collected for a more complete analysis.
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Table 2 - Summary of Field Results

Gas Content Summary

Theoxrv of Desorption
Mine and _Power Quadratic Exponential
Sample No. GC ' EC 2 GC EC 2 GC EC %
Utah No. 1
1 8.1 7.9 2 6.6 2.9 56 7.0 5.3 25
2 5.5 4.1 25 4.6 4.6 0 4.7 4.7 0
3 4.8 7.4 =54 4.0 5.4 -35 4.4 6,8 =53

Total 18.4 19.4 ~5% 15.2 12.9 15% 16.1 16.8 -43%

Utah No. 2 ‘ ’
1 5.0 6.4 =28 4.5 5.0 =12 4.7 5.5 =19
2 4.2 3.6 14 3.8 2.6 33 3.8 2.9 23
3 5.4 5.3 .9 5.0 4.2 16 5.1 4.6 10
4 4.6 6.0 =31 4.0 4.9 =22 4.4 5.3 =22
5 4.7 6.9 —46 4.0 5.0 -~24 4.4 4.7 =7
6 4.9 6.2 =27 4.3 5.2 =21 4.6 4.7 =1
Total 28.8 34.4 -19% 25.6 26.9 =58 27 27.7 -3%

Colorado No.l
1 1.0 1.3 =31 1.0 0.6 &4 0.5 0.6 =6
2 3.0 3.1 =4 2. 2.4 =1 2.3 2.2 3
3 1.8 2.8 =54 1.5 1.4 12 1.0 1.4 =45
4 2.4 2.3 7 2.3 2.0 13 1.9 1.7 11
5 2.0 2.1 =4 1.9 1.6 14 1.6 1.6 0
6 3.4 2.5 25 3.0 2.5 16 2.8 1.8 35
7 3.5 2.9 19 3.3 5.2 =60 3.2 4.7 =47
8 2.7 2.6 5 2.6 3.1 =32 2.2 2.5 -13
Total 19.8 19.6 18 17.8 18.8 =6% 15.5 16.5 -6%
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Colorado Mine No. 1 — Gas Content
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Figure 7. Relationship between actual measured and
estimated gas content determined by use
of the exponential decay function theory.
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Figure 8. Relationship between actual measured and
estimated gas content determined by use
of the power decay function theory.
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Colorado Mine No. 1 - Gas Content
Actual & Estimated - Quadratic
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Figure 9. Relationship between actual and estimated gas
: ’ content determined by use of the quadratic
decay function theory.

From Figures 10 through 12 there is not sufficient
evidence to determine a preference in the accuracy or
reliability of any of the three desorption theories over the
other two. However, if graphical plots of the individual
sample data is observed, a 'best fit!' 1ine would indicate a
more accurate representation of the actual physical process
of desorption.

Figures 10 through 12 show jdentical field sample data
plotted to the respective desorption theory requirements.
That is, for the power function theory the sample readings

are plotted on log-log axes, with the X-AX1ls representing
the log of the desorption time, and the Y-Axis representing
the log of the specific desorption rate. For the
exponential function, the sample readings are plotted on
semi-log axes, the ¥-Axis representing actual desorption
time, and the Y-Axis representing the log of the specific
desorption rate. For the quadratic function, the readings
are plotted on an x-Axis representing the square root of the
desorption time, and the v-Axis representing the cumulative
desorbed gas volume.

when the data points are run through a regression
analysis as an indication of best fit to the expected
theoretical curves, all theories perform equally well.

Table 3 summarizes the results of the regression
analysis by indicating the coefficients of regression and
the desorption or 'slope’ constant for the various field
tests. 94% of the coefficients of regression are calculated
to be above 0.90.
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Utah Mine No. 2
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Figure 10. Results on desorption flow versus desorption
time plotted on semi-leg paper using
exponential decay function (Rock Canyon seanm;.
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Figure 11. Results on desorption flow versus desorption
time plotted on log-log paper using power
decay function (Rock Canyon seam).
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Figure 12. Results on cumulative desorbed volume of gas
versus square root of time using quadratic
decay function.

The analysis using the quadratic theory generally
vielded the highest coefficient of regression, but only in
the tests taken at the Colorado No. 1 seam was this coeffi-
cient signifi-cantly higher than the other two methods. The
results of these regression coefficients indicate that any
of the three methods discussed could be used to model the
desorption process.

The Ki value is used as a measure of the rate at which
the total gas volume of the sample desorbs. The higher the
Kt value, the faster the total gas volume will Gesorb from
the sample. The K. value obtained from the power function
analysis is commoniy used in European coal mines to
determine the risk of gas outbursts in local areas of a
working seam or for an entire seam.[16] From the K, values
of the three seams listed in Table 4, it is apparent that
each coal seam can and will have its own desorption
characteristics.

The area of the K, value determination is the area in
which the three proposed methods differ most. Using the two
logarithmic theories (power and exponential), the ¥, values
indicate a high gas outburst potential for the Utah No. 1
seam, with a lesser potential for the Colorado No. 1 seanm,
and a very small potential for the Utah No. 2 seam. The K
values derived from the quadratic theory indicate the Utah
No. 2 seam to have the greatest gas outburst risk.

The Standard Deviations of the values listed in
Table 2 have been normalized by dividing the numerical value
of the standard deviation by the average value to give a
standard means of comparison.
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Table 3 -~ Regression Analysis Summary

REGRESSION ANALYSIS SUMMARY

Theory of Desorption

Mine and Power Quadratic Exponential
Sample No. r? Ke r? K, r? K,
Utah No. 1
1 0.945 2.11 0.948 0.36 0.984 0.71
2 0.996 1.42 0.987 0.56 0.992 0.63
3 0.881 1.71 0.970 0.86 0.947 0.62
Ave.: 0.941 1.75 0.968 0.59 0.974 0.65
N Std Dev: 0.062 0.20 0.021 0.42 0.025 0.08
Utah No. 2
1 0.998 0.59 0.971 0.99 0.981 0.24
2 0.983 0.69 0.999 0.82 0.289 0.17
3 0.993 0.82 0.996 1.11 0.964 0.21
4 0.994 0.94 0.991 1.37 0.981 0.22
5 0.963 1.02 0.993 1.09 0.964 0.34
6 0.992 0.87 0.978 1.21 0.993 0.33
Ave: 0.987 0.82 0.988 1.10 0.979 0.25
N Std Dev: 0.013 0.20 0.011 0.17 0.012 0.28
Colorado No.l
1 1.000 1.07 0.998 0.08 0.993 0.33
2 0.976 1.42 0.981 0.27 0.988 0.46
3 0.947 1.36 0.988 0.13 0.939 0.28
4 0.971 0.94 0.999 0.22 0.952 0.31
5 0.956 1.09 0.993 0.22 0.9%43 0.27
6 0.949 1.29 0.987 0.30 0.977 0.47
7 0.912 0.74 0.992 0.65 0.937 0.23
8 0.776 0.97 0.989 0.38 0.723 0.32
Ave: 0.936 1.11 0.991 0.28 0.932 0.23
N Std Dev: 0.21 0.006 0.64 0.093 0.27

0.075

A=25
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SUMMARY

The total gas contents measured and calculated using
the three methods were generally within 20% of each other.
The quadratic theory fits the field data slightly better
than the other two theories, but not significantly. The
power function theory resulted in consistently higher gas
content values than the other two. The exponential theory
resulted in an overall better estimatiny accuracy using
measurements taken at the face.
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APPENDIX B

RESULTS ON FIELD AND LABORATORY TESTS
ON METHANE CONTENT
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TABLE B~-1

METHANE CONTENT OF UTAH AND COLORADO GASSY COALBEDS

MINE BORE- SAMPLE METHANE CONTENT (CH4)
SEAM HOLE  No. IN CU.M/T
(DATE) NO. e ——————————

DECAY FUNCTION
POWER QUADRAT EXPONENT

BEAVER NO. 8 B 1 1.5 0.9 0.1
CASTLEGATE A B 3 1.7 0.8 0
Cc 1 l.6 0.7 0
D 1 1.5 0.7 0.2
AVERAGE 1.57 0.77 0.07
ST DEV 0.08 0.08 0.08
—————— = = s IITSIIsSEsSTsmImIuIRa
CASTLE GATE A 1 8.1 6.6 7
SUB 3 A 2 5.5 4.6 4.7
LONGWALL A 3 4.8 4 4.4
B 1 9.6 7.5 7.8
B 2 10.6 9.1 9.5
B 3 11.3 8.6 9.2
B 4 10.2 7.5 8.1
B 5 9.1 7.6 8
B 6 11.4 3.3 3.8
AVERAGE 8.95 6.53 6.94
ST DEV 2.26 1.95 2.01
SOLDIER CREEK A 1 5.9 5.4 5.5
ROCK CANYON A 2 5 4.5 4.5
A 3 6.3 5.9 6.1
A 4 5.4 4.8 5.2
A 5 5.5 4.8 5.2
A 6 5.7 5.1 5.5
AVERAGE 5.63 5.08 5.33
ST DEV 2.01 1.82 1.91
SOLDIER CREEK B 1 2.9 1.5 0.7
SUNNYSIDE

MIDDLE BOREHOLE




DECAY FUNCTION
POWER QUADRAT EXPONENT

IN CU.M/T

METHANE CONTENT (CH4)
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BEAVER CREEK COAL MINE

NAME OF MINE (TEST SITE):
LOCATION WITHIN MINE:

DATE OF TESTS: 6/27/90
Mine Temperature (C): 14.5

Beaver Creek #8 Mine

Castlegate A seam, borehole B
ADSORPTION CONSTANT: 21.3

Mine Atmos. Pressure (Pa): 77931

———

BOREHOLE NO. B

e P W e e G KT U T . L S e W T GRS CED SUR S TS G G T G s SRS S Cun GES R GRS G G GNO SRR G DR GTD GRS GHP EED G SNV GHD GSD AR G GED GED GEe NP D WM GAD SIS CND MMV W SO WSY W I EB

SAMPLE NO. 1

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M) : 4.02
SAMPLE WEIGHT (G): 4.00 DRILL TIME (SEC): 9
DESORBOMETER CONSTANT: 1.233
POWER QUADRATIC  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 1.5 0.9 0.1
TOTAL ESTIMATED CONTENT (CU.M/T): 1.1 0.1 0.1

PERCENT ERROR (%): 27.6 92.4 -17.8
GAS LOST WHILE DRILLING (%): 95.9 92.7 11.6
DESORBED VOLUME INSITU Q1 (%): 96. 4 93.5 20.9
DESORBED VOLUME IN CONTAINER Q2 (%): 0.0 0.0 0.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 3.6 6.5 79.1
COEFFICIENT OF REGRESSION (r2): 1.000 1.000  1.000
SLOPE OR KT CONSTANT: 1.62 0.02 0.82
ESTIMATED TIME CONSTANT: 29.40 182.90 4.50
DESORPTION CONSTANT (Non comparable): 52.26 -0.01 12.96

Time of Read

Desorbed Time

Gas Volume

Desorption Rate

(min) ' (min) (ccm) (ml/min/g)
0.825 0.0 0.0 -

1.475% 0.650 0.012 5.026
4,758 3.283 0.012 0.995
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BEAVER CREEK COAL MINE (CONT.)
BOREHOLE B
SAMPLE NO. 3

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 8.02
SAMPLE WEIGHT (G): 4.40 DRILL TIME (SEC): le
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 1.7 0.8 0.0
TOTAL ESTIMATED CONTENT (CU.M/T): 0.9 0.1 0.1
PERCENT ERROR (%): 45.5 92.1 ~-78.5
GAS LOST WHILE DRILLING (%): 98.1 96.0 16.7
DESORBED VOLUME INSITU Q1 (%): 8.5 96.7 32.5
DESORBED VOLUME IN CONTAINER Q2 (%): 0.0 0.0 0.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 1.5 3.3 67.5
COEFFICIENT OF REGRESSION (rz2): 1.000 1.000 1.000
SLOPE OR KT CONSTANT: 1.48 0.02 0.86
ESTIMATED TIME CONSTANT: 39.09 176.34 2.97
DESORPTION CONSTANT (Non conmnparable): 43.06 -0.01 10.91
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/mln/g)
0.667 0.0 0.0 -
1.300 0.633 0.012 4.689
4.250 2.950 0.012 1.007




BEAVER CREEK COAL MINE (CONT.)

——— e s o s

NAME OF MINE (TEST SITE):  Beaver Creek #8 Mine

I
i
N

LOCATION WITHIN MINE: Castlegate A seam, borehole C
DATE OF TESTS: 6/28/90 ADSORPTION CONSTANT: 21.3
Mine Temperature (C): 13.5 Mine Atmos. Pressure (Pa): 77828

.

BOREHOLE NO. C
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SAMPLE NO. 1

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 12.01
SAMPLE WEIGHT (G): 5.00 DRILL TIME (SEC): 14
DESORBOMETER CONSTANT: 1.233

- LD G S T . WIS Gh Gk e e U D G S GIR G T W W) USW SHU GUe GAD TES YR GED IS W O GH G SN GAS G END G GAD AP GID NS SLD Lt SN GRD W GMR W P GED Tmm NP GWF ST U CTD GNE T S L S

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 1.6 0.7 0.0
TOTAL ESTIMATED CONTENT (CU.M/T): 0.8 0.1 6.1
PERCENT ERROR (%): 46.5 89.1 -84.0
GAS LOST WHILE DRILLING (%): 98.2 95.9° 17.8
DESORBED VOLUME INSITU Q1 (%): 98.6 96.7 33.4
DESORBED VOLUME IN CONTAINER Q2 (%): 0.0 0.0 0.0
DESORBED VOLUME AFTER MILLING Q3 {(ml) 1.4 3.3 66.6
COEFFICIENT OF REGRESSION (r2): 1.00 1.00 1.00
SLOPE OR KT CONSTANT: 1.36 0.02 0.86
ESTIMATED TIME CONSTANT: 39.84 127.37 2.88
DESORPTION CONSTANT (Non comparable): 39.06 ~-0.01 10.08
Time of Read " Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/qg)
0.717 0.0 0.0 § -
1.350 0.633 0.012 4.126
3.217 1,867 0.012 1.400
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BEAVER CREEK COAL MINE (CONT.)

NAME OF MINE (TEST SITE):
LOCATION WITHIN MINE:

Beaver Creek #8 Mine
Castlegate A seam, borehole D

DATE OF TESTS: 6/28/90 ADSORPTICON CONSTANT: 21.3
Mine Temperature (C): 15.0 Mine Atmos. Pressure (Pa): 77828
BOREHOLE NO. D
SAMPLE NO. 1
ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 4.02
SAMPLE WEIGHT (G): 4.80 DRILL TIME (SEC): 17
DESORBOMETER CONSTANT: 1.233
POWER QUADRATIC EXPONENT
TOTAL GAS CONTENT (CU.M/T): 1.5 0.7 0.2
TOTAL ESTIMATED CONTENT (CU.M/T): 1.0 0.1 0.1
PERCENT ERROR (%): 31.7 82.1 39.8
GAS LOST WHILE DRILLING (%): 89.9 80.0 5.6
DESORBED VOLUME INSITU Q1 (%): 90.4 81.1 10.7
DESORBED VOLUME IN CONTAINER Q2 (%): 0.0 0.0 0.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 9.6 18.9 89.3
COEFFICIENT OF REGRESSION (rz2): 0.511 0.981 0.631
SLOPE OR KT CONSTANT: 1.18 0.04 0.84
ESTIMATED TIME CONSTANT: 31.18 77.81 8.81
DESORPTION CONSTANT (Non comparable): 47.13 -0.03 14.99
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CASTLE GATE COAL MINE
(FORMER: PRICE RIVER COAL COMPANY)
(Tests made by Plaizier, 1990)

NAME OF MINE (TEST SITE): Price River Coal Co.

il
]

LOCATION WITHIN MINE: #5 - 11th West - Longwall Panel
Borehole A

DATE OF TESTS: 4/18/86 ADSORPTION CONSTANT: 21.1

Mine Temperature (C): 14.4 Mine Atmos. Pressure (Pa): 79897

BOREHOLE NO. A

SAMPLE NO. 1

ASH CONTENT (%): 5.56 BOREHOLE DEPTH (M): .= 2.44
SAMPLE WEIGHT (G): 3.20 DRILL TIME (SEC): 52
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 8.1 6.6 7.0
TOTAL ESTIMATED CONTENT (CU.M/T): 7.9 2.9 5.3
PERCENT ERROR (%): 2.3 56.0 25.2
GAS LOST WHILE DRILLING (%): 17.5 -0.1 5.3
DESORBED VOLUME INSITU Q1 (%): 19.1 1.8 7.1
DESORBED VOLUME IN CONTAINER Q2 (%): 63.9 77.5 73.4
DESO::;£D VOLUME AFTER MILLING Q3 (ml):17.0 20.6 19.5
COEFFICIENT OF REGRESSION (r2): 0.945 0.948 0.984
SLOPE OR KT CONSTANT: 2.11 0.36 0.71
ESTIMATED TIME CONSTANT: 21.60 56.30 14.68
DESORPTION CONSTANT (Non comparable) 373.34 -0.34 339.16
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
1.667 0.0 0.0 -
2.183 0.517 0.123 78.967
2.867 0.683 0.123 59.707
3.483 0.617 0.074 38.697
3.817 0.333 0.025 24.479
4.200 0.383 0.025 21.287
4.850 0.650 0.025 12.553
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CASTLE GATE COAL MINE (CONT.)
(FORMER: PRICE RIVER COAL COMPANY)

BOREHOLE A
' SAMPLE NO. 2
ASH CONTENT (%): 5.56 BOREHOLE DEPTH (M) : 5.79
SAMPLE WEIGHT (G): 3.20 DRILL TIME (SEC): 15
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.5 4.6 4.7
TOTAL ESTIMATED CONTENT (CU.M/T): 4.1 4.6 4.7
PERCENT ERROR (%): 24.6 -0.0 0.8
GAS LOST WHILE DRILLING (%): 18.4 1.5 5.3
DESORBED VOLUME INSITU Q1 (%): 21.2 4.9 8.6
DESORBED VOLUME IN CONTAINER Q2 (%): 50.1 60.5 58.1
DESORBED VOLUME AFTER MILLING Q3 (ml): 28.7 34.6 33.3
COEFFICIENT OF REGRESSION (r2): 0.996 0.987 0.992
SLOPE OR KT CONSTANT: 1.42 0.56 0.63
ESTIMATED TIME CONSTANT: 27.99 24.80 11.06
DESORPTION CONSTANT (Non comparable): 196.32 -0.55 268.46
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
1.292 0.0 0.0 -
1.575 0.283 0.099 115.199
2.058 0.483 0.123 84.414
2.308 0.250 0.049 65.279
2.592 0.283 0.049 57.600
2.758 0.167 0.025 48.958
3.958 . 1.200 0.123 34.000
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CASTLE GATE COAL MINE (CONT.)
(FORMER: PRICE RIVER COAL COMPANY)

BOREHOLE A

SAMPLE NO. 3

ASH CONTENT (%): 5.56 BOREHOLE DEPTH (M): 7.62
SAMPLE WEIGHT (G): 4.20 DRILI. TIME (SEC): 19
DESORBOMETER CONSTANT: 1.233
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POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 4.8 4.0 4.4
TOTAL ESTIMATED CONTENT (CU.M/T): 7.4 5.4 6.8
PERCENT ERROR (%): -53.6 -35.3 -52.6
GAS LOST WHILE DRILLING (%): : 15.9 -2.7 8.3
DESORBED VOLUME INSITU Q1 (%): 21.1 3.7 14.0
DESORBED VOLUME IN CONTAINER Q2 (%): 32.5 39.7 35.5
DESORBED VOLUME AFTER MILLING Q3 (ml): 46.3 56.6 50.5
COEFFICIENT OF REGRESSION (r2): 0.881 0.970 0.947
SLOPE OR KT CONSTANT: 1.71 0.86 0.62
ESTIMATED TIME CONSTANT: 13.74 18.34 7.20
DESORPTION CONSTANT (Non comparable): 352.77 -0.78 384.94
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
1.292 0.0 0.0 -
1.692 0.400 0.222 139.884
1.925 0.233 0.123 133.224
2.242 . 0.317 0.123 98.164
2.408 0.167 0.049 74.605
2.642 0.233 0.074 79.935
3.042 0.400 0.123 77.714
3.575 0.533 ' 0.123 58.285
4.392 - 0.817 0.123 38.064
5.208 0.817 0.049 15.226
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CASTLE GATE COAL MINE
(FORMER: PRICE RIVER COAL COMPANY)

NAME OF MINE (TEST SITE): CASTLE GATE MINE

LOCATION WITHIN MINE: SUB-3, Borehole B

DATE OF TESTS: 9/14/89 ADSORPTION CONSTANT: 6.41

Mine Temperature (C): 19.0 Mine Atmos. Pressure (Pa): 73716

BOREHOLE NO. B
SAMPLE NO. 1

ASH CONTENT (%): 7.13 BOREHOLE DEPTH (M): 3.00
SAMPLE WEIGHT (G): 3.30 DRILL TIME (SEC): 15.7
DESORBOMETER CONSTANT: 1.233

POWER QUAD. EXPONENT

TOTAL GAS CONTENT (CU.M/T): 9.6 7.5 7.8
TOTAL ESTIMATED CONTENT (CU.M/T): 12.3 6.9 9.3

PERCENT ERROR (%): -28.2 8.4 -19.2
GAS LOST WHILE DRILLING (%): 22.9 1.4 5.2
DESORBED VOLUME INSITU Q1 (%): 32.5 13.7 17.0
DESORBED VOLUME IN CONTAINER Q2 (%) 50.9 65.1 62.5
DESORBED VOLUME AFTER MILLING Q3 (ml): 16.6 21.3 20.4
COEFFICIENT OF REGRESSION (r2): 0.996 0.997 0.960
SLOPE OR KT CONSTANT: : 0.80 1.40 0.15
ESTIMATED TIME CONSTANT: 5.00 72.73 35.36
DESORPTION CONSTANT (Non comparable): 381.49 -1.67 237.73

BOREHOLE B
SAMPLE NO. 2
ASH CONTENT (%): 7.13 BOREHOLE DEPTH (M): 4.00
SAMPLE WEIGHT (G): 3.00 DRILL TIME (SEC): 21.3
DESORBOMETER CONSTANT: 1.233
POWER QUAD.

EXPONENT
TOTAL GAS CONTENT (CU.M/T): 10.6 9.1 9.5
TOrAL ESTIMATED CONTENT (CU.M/T): 8.0 10.2 9.3

PERCENT ERROR (%): 25.2 -11.5 2.3
GAS LOST WHILE DRILLING (%): 15.4 1.7 5.4
DESORBED VOLUME INSITU Q1 (%): ' 24.1 11.8 15.1
DESORBED VOLUME IN CONTAINER Q2 (%): 57.3 66.6 64.1
DESORBED VOLUME AFTER MILLING Q3 (ml): 18.5 21.6 20.7
COEFFICIENT OF REGRESSION (r2): 0.985 0.998 0.959
SLOPE OR KT CONSTANT: 0.70 1.46 0.12
ESTIMATED TIME CONSTANT: 8.57 59.77 43.12

DESORPTION CONSTANT (Non .comparable): 369.39 -2.11 234.30



CASTLE GATE COAL MINE (CONT.)
(FORMER: PRICE RIVER COAL COMPANY)

BOREHOLE B

SAMPLE NO. 3

ASH CONTENT (%): 16.03 BOREHOLE DEPTH (M): 5.00
SAMPLE WEIGHT (G): 3.20 DRILL TIME (SEC): 60.0
DFSORBOMETER CONSTANT: 1.233
POWER QUAD. BXPONENT
TOTAL GAS CONTENT (CU.M/T): 11.3 8.6 9.2
TOTAL ESTIMATED CONTENT (CU.M/T): . 13.9 11.2 9.4
PERCENT ERROR (%): -23.0 -29.9 -2.8

GAS LOST WHILE DRILLING (%): 25.0 1.9 7.5
DESORBED VOLUME INSITU Q1 (%): 33.5 13.1 18.0
DESORBED VOLUME IN CONTAINER Q2 (%): £2.6 68.8 65.0
DESORBED VOLUME AFTER MILLING Q3 (ml): 13.8 18.1 17.1
COEFFICIENT OF REGRESSION (r2): 0.996 0.997 0.969
SLOPE OR KT CONSTANT: 0.79 1.42 0.12
ESTIMATED TIME CONSTANT: 5.21 51.30 40.98
DESORPTION CONSTANT (Non comparable): 456.91 -2.32 236.67

BOREHOLE B

SAMPLE NO. 4
ASH CONTENT (%): 16.03 BOREHOLE DEPTH (M): 6.00
SAl ®LE WEIGHT (G): 4.30 DRILL TIME (SEC): i8.4

DESORBOMETER CONSTANT: 1.233

- - o " W W A e SN W W S S S VM W S GRS S G S D NS GRS (S N G GO0 AW TAS D G GES UM KAV SR GMD M TWD S'TD SEN GAM SR AND GN3 MO GIR G3E GND STD G GIB GER W WER IR G GUR WE GE GNe W

POWER QUAD.  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 10.2 7.5 8.1
TOTAL ESTIMATED CONTENT (CU.M/T): 13.6 4.9 8.5

PERCENT ERROR (%): -33.3 35.3 -4.5
GAS LOST WHILE DRILLING (%): 26.9 1.0 7.8
DESORBED VOLUME INSITU Q1 (%): 34.3 10.9 17.1
DESORBED VOLUME IN CONTAINER Q2 (%):  54.2 73.4 68.4
DESORBED VOLUME AFTER MILLING Q3 (ml): 11.5 15.6 14.5
COEFFICIENT OF REGRESSION (r2): 0.996 0.998 0.970
SLOPE OR KT CONSTANT: - 0.80 1.73 0.12
ESTIMATED TIME CONSTANT: 4.81 102.98 40.30
DESORPTION CONSTANT (Non comparable): 425.07 -3.09 212.66

N - D L G I P B D WS TS UM MM MR WA G GRS IR R SN LA )R NN GNP N G /D GED (ED GES GME DD AWS GA W MER U G40 MNP SN e I AD IR WS Gt WD IR We B m DU G SED GAD WG E B INR G Gn
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CASTLE GATE COAL MINE (CONT.)
(FORMER: PRICE RIVER COAL COMPANY)

BOREHOLE B

SAMPLE NO. §

ASH CONTENT (%): 16.03 BOREHOLE DEPTH (M) : 7.00
SAMPLE WEIGHT (G): 4.40 DRILL TIME (SEC): 33.0
DESORBOMETER CONSTANT: 1.233
POWER QUAD.  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 9.1 7.6 8.0
TOTAL ESTIMATED CONTENT (CU.M/T): 7.9 2.4 9.4

PERCENT ERROR (%) : 12.8 69.0 -17.7
GAS LOST WHILE DRILLING (%): 16.7 0.5 5.3
DESORBED VOLUME INSITU Q1 (%): 28.9 15.0 19.1
DESORBED VOLUME IN CONTAINER Q2 (%): 65.5 78.3 74.5
DESORBED VOLUME AFTER MILLING Q3 (ml): 5.7 6.8 6.4
COEFFICIENT OF REGRESSION (r2): 0.985 0.998 0.954
SLOPE OR KT CONSTANT: 0.71 1.88 0.13
ESTIMATED TIME CONSTANT: 7.35 214.66 35.80
DESORPTION CONSTANT (Non comparable): 360.93 -2.27 237.48

BOREHOLE B
SAMPLE NO. 6
ASH CONTENT (%): 16.03 BOREHOLE DEPTH (M): 9.00
SAMPLE WEIGHT (G): 6.60 DRILL TIME (SEC): 42.0
DESORBOMETER CONSTANT: 1.233
POWER QUAD.  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 11.4 3.3 3.8
TOTAL ESTIMATED CONTENT (CU.M/T): 48.7 -2.0 8.4

PERCENT ERROR (%): -326.0 161.2 ~118.8
GAS LOST WHILE DRILLING (%): 70.8 -0.9 13.1
DESORBED VOLUME INSITU Q1 (%): 78.4 25.3 35.7
DESORBED VOLUME IN CONTAINER Q2 (%):  20.5 70.9 61.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 1.1 3.8 3.3
COEFFICIENT OF REGRESSION (r2): 0.997 0.992 0.967
SLOPE OR KT CONSTANT: 0.94 2.24 0.14
ESTIMATED TIME CONSTANT: 1.50 =-108.83 19.25
DESORPTION CONSTANT (Non comparable): 460.42 -3.12  213.53

.l e Gl G NS S L S WS M e A D SN GES W Lk MR L G (R SR IS MUB A KES GAR GFS GO WHD GBS W b GIP GRS GAD WS SUD Sh G6D WD (VP AHS CES D M RS WA GEF UUD AN WM KNG WD SN W GRS e W20 S



SOLDIER CREEK CANYON COAL MINE

NAME OF MINE (TEST SITE): Soldier Creek Coal Co.

LOCATION WITHIN MINE: 1400 South 3rd West-Rock Canyon

DATE OF TESTS: 4/20/86 ADSORPTION CONSTANT: 21.1

Mine Temperature (C): 17.0 Mine Atmos. Pressure (Pa): 78745

o e st oy v st e s e o o e e e s g e 2 e s

BOREHOLE NO. A

SAMPLE NO. 1

ASH CONTENT (%) : 5.02 BOREHOLE DEPTH (M) : 2.00
SAMPLE WEIGHT (G): 2.90 DRILL TIME (SEC): 20
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.9 5.4 5.5
TOTAL ESTIMATED CONTENT (CU.M/T): 4.9 8.9 11.5
PERCENT ERROR (%): 16.6 ~-67.2 -107.1
GAS LOST WHILE DRILLING (%): 11.1 2.4 5.8
DESORBED VOLUME INSITU Q1 (%): l16.3 8.1 11.3
DESORBED VOLUME IN CONTAINER Q2 (%): 78.3 86.0 83.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 5.4 5.9 5.7
COEFFICIENT OF REGRESSION (r2): 0.998 0.971 0.981
SLLOPE OR KT CONSTANT: 0.59 0.99 0.24
ESTIMATED TIME CONSTANT: 25.31 14.84 5.30
DESORPTION CONSTANT (Non comparable):232.26 -0.93  255.30
Time of Read ~ Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
1.333 0.0 0.0 -
2.067 0.733 0.345 170.918
3.083 1.017 0.370 132.092
3.467 0.383 0.123 116.776€

- - T L - TS G AR S G S R W S ST S0 G s S I M WD SRS M S W GRS WD GUS SHD GHD MR (W ML D TWS R M G G CWR GV IED G G B G IS GES W I AL CWS GHD AN GNS GUR D WS GV TR (W
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SOLDIER CREEK CANYON COAL MINE (CONT.)
BOREHOLE NO. A
SAMPLE NO. 2

ASH CONTENT (%): 5.02 BOREHOLE DEPTH (M) : 4.00
SAMPLE WEIGHT (G): 4.70 DRILL TIME (SEC): 15
DESORBOMETER CONSTANT: 1.233

e Vi - T D . ue . W U kb TR W e W ) S PP e Se (e S HNS G A CIT MR I LY P GML GFF My S WD KNS N WED AU M SR SER GVIS GRS G Sk NS G SNe I I KIS GN RD S D S NID G W (B W W

. POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.0 4.5 4.5
TOTAL ESTIMATED CONTENT (CU.M/T): 2.5 4.6 6.1
PERCENT ERROR (%): 48.7 -0.6 -33.4
GAS LOST WHILE DRILLING (%): 12.4 4.4 4.4
DESORBED VOLUME INSITU Qi (%): 15.7 8.1 8.0
DESORBED VOLUME IN CONTAINER Q2 (%): 79.8 87.0 87.1
DESORBED VOLUME AFTER MILLING Q3 (ml) 4.5 4.9 4.9
COEFFICIENT OF REGRESSION (r2): 0.983 0.999 0.989
SLOPE OR KT CONSTANT: 0.69 0.82 0.17
ESTIMATED TIME CONSTANT: 41.16 24.65 8.23
DESORPTION CONSTANT (Non comparable):120.50 -1.25 91.67
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
2.575 0.0 0.0 il
3.058 0.483 0.123 57.146
3.575 0.517 0.123 53.459
4.142 0.567 0.123 48.742
4.775 " 0.633 0.123 43.611
5.508 0.733 0.123 37.665
6.292 0.783 0.123 35.260



SOLDIER CREEK CANYON COAL MINE (CONT.)
BOREHOLE NO. A
SAMPLE NO. 3

ASH CONTENT (%): 5.02 BOREHOLE DEPTH (M): 5.00
SAMPLE WEIGHT (G): 3.90 DRILL TIME (SEC): i7
DESORBOMETFR CONSTANT: 1.233

TS W RS W GRS G s GRS S G D WS VN Gme D P LS T W SED VIS N SRS WNS M VU D GRS G HUD CED W GHD WD GI WE CHD CNO GUS IS GNi SRS GNP GED GU SN CAP GIR CHR VS M (1 SN SIS G150 G NP GND GRS 4TS WD WND NG W

POWER QUADFATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T,: 6.3 5.9 6.1
TOTAL ESTIMATED CONTENT (CU.M/T): 4.8 7.5 9.5
PERCENT ERROR (%): 24.2 ~-26.3 ~-56.7
GAS LOST WHILE DRILLING (%): 8.4 1.7 4.5
DESORBED VOLUME INSITU Q1 (%): 15.2 9.0 11.6
DESORBED VOLUME IN CONTAINER Q2 (%): 80.5 86.4 84.0
DESORBED VOLUME AFTER MILLING Q3 (ml): 4.2 4.5 4.4
COEFFICIENT OF REGRESSION (r2): 0.993 0.996 0.964
SLOPE OR KT CONSTANT: 0.82 1.11 0.21
ESTIMATED TIME CONSTANT: 27.85 19.63 7.01
DESORPTION CONSTANT (Non comparable):227.59 -1.29 185.98
Time of Read Desorbed Time Gas Volume Desorpticn Rate
(min) (min) (ccm) (ml/min/g)
1.608 0.0 0.0 -
1.842 0.233 0.123 142.656
2.092 0.250 0.123 133.145
2.375 0.283 0.123 117.482
2.692 0.317 0.123 105.115
3.025 0.333 0.123 95.859
3.425 0.400 0.123 83.216
3.842 0.417 0.123 79.887
4.275 0.433 0.123 76.815
4.775 0.500 0.123 66.573
5.325 0.550 0.123 60.521
5.958 0.633 0.123 52.557
6.608 0.650 0.123 51.210
7.325 0.717 0.123 46.446

S W SUS MO S W T G W S S NS 4P M G STIR ) (TH) S S LS SN G D TR GG GFR G G M G SED BED AT GRS CAN Ga LD U UED GNP GMN GED SN owe (NP fES G MES MRS WER GMP WS GWS NS WMS WP CMS GND GAF ERe We
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SOLDIER CREEK CANYON COAL MINE (CONT.)
BOREHOLE NO. A
SAMPLE NO. 4

ASH CONTENT (%): 5.02 BOREHOLE DEPTH (M): 6.00
SAMPLE WEIGHT (G): 4.10 DRILL TIME (SEC): 20
DESORBOMETER CONSTANT: 1.233

- W R T G T S WS W G W W WAN SeS GEp M G W Y N SIS G W N G WA ST SIS €U SN S VIS TP GAS TN N0 GHI SN GED GED NN W GAT) SNV TP AL M0e ANS D SN U FR LN ST GRS SR SN GUD Gl doe SV

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.4 4.8 5.2
TOTAL ESTIMATED CONTENT (CU.M/T): 6.8 8.7 11.1
PERCENT ERROR (%): -26.5 -82.2 -114.9
GAS LOST WHILE DRILLING (%): 11.6 0.7 7.8
DESORBED VOLUME INSITU Q1 (%): 19.8 10.0 16.4
DESORBED VOLUME IN CONTAINER Q2 (%): 78.4 88.0 81.8
DESORBED VOLUME AFTER MILLING Q3 (ml) 1.8 2.0 1.9
COEFFICIENT OF REGRESSION (r2): 0.994 0.991 0.981
SLOPE OR KT CONSTANT: D.94 1.37 0.22
ESTIMATED TIME CONSTANT: 16.68 13.61 5.11
DESORPTION CONSTANT (Non comparable):322.38 -1.84 224 .94
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
2.100 0.0 \ 0.0 -
2.317 0.217 0.123 146.135
2.783 0.467 0.247 135.697
3.050 0.267 0.123 118.73%
3.350 0.300 0.123 105.542
3.667 0.317 0.123 99,987
4.000 0.333 0.123 94.988
4.383 0.383 0.123 82.598
4,783 0.400 0.123 79.156
5.233 0.450 0.123 70.362
6.833 1.600 0.370 59.367
5

.483 0.650 0.123 48.712
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SOLDIER CREEK CANYON COAL MINE (CONT.)

BOREHOLE NO. A

SAMPLE NO. 5

ASH CONTENT (%): 5.02 BOREHOLE DEPTH (M) : 7.00
SAMPLE WEIGHT (G): 3.20 DRILL TIME (SEC): 20
DESORBOMETER CONSTANT: 1.233
POWER QUADRATIC  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.5 4.8 5.2
TOTAL ESTIMATED CONTENT (CU.M/T): 6.6 8.9 9.7

PERCENT ERROR (%): -20.3 -84.4 -87.6
GAS LOST WHILE DRILLING (%): 13.1 0.7 7.6
DESORBED VOLUME INSITU Q1 (%): 19.8 8.3 14.7
DESORBED VOLUME IN CONTAINER Q2 (%): 75.8 86.6 80.6
DESORBED VOLUME AFTER MILLING Q3 (ml) 4.5 5.1 4.7
COEFFICIENT OF REGRESSION (r2): 0.963 0.993 0.964
SLOPE OR KT CONSTANT: 1.02 1.09 0.34
ESTIMATED TIME CONSTANT: 17.53 13.45 5.85

DESORPTION CONSTANT (Non comparable):314.06

-1.27 296.64

Time of Read Desorbed Time Gas Volume Descrption Rate
(min) (min) (ccm) (ml/min/qg)
1.600 0.0 0.0 -

1.833 0.233 0.123 173.861
2.100 0.267 0.123 152.130
2.383 0.283 0.123 143,180
2.717 0.333 0.123 121.704
3.083 0.367 0.123 110.640
3.467 0.383 0.123 105.828
4.033 0.567 0.123 71.590
4.583 0.550 0.123 73.759
5.267 0.683 0.123 59.368
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SOLDIER CREEK CANYON COAL MINE (CONT.)
BOREHOLE NO. A
SAMPLE NO. 6

ASH CONTENT (%): 5.02 BOREHOLE DEPTH (M): 8.00
SAMPLE WEIGHT (G): 3.40 DRILL TIME (SEC): 15
DESORBOMETER CONSTANT: 1.233

I . S D SRS W R B TR G W R N SRS ENS U KR G G M R GDR G VD SED AD M AP CUP GND G GND WM GFD SN GNP UNS LR SIS G6S WD GEF SIS I GUS GNP WD WD WS (TP GUD WS WS GG 6w wen Wb W S S SED Gwe G

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.7 5.1 5.5
TOTAL ESTIMATED CONTENT (CU.M/T): 5.7 9.3 9.7
PERCENT ERROR (%): 1.0 -80.5 -76.9
GAS LOST WHILE DRILLING (%): 10.6 0.4 6.3
DESORBED VOLUME INSITU Q1 (%): 16.6 7.1 12.5
DESORBED VOLUME IN CONTAINER Q2 (%): 82.1 91.4 86.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 1.3 1.5 1.4
COEFFICIENT OF REGRESSION (r2): 0.99 0.978 0.993
SLOPE OR KT CONSTANT: 0.87 1.21 0.33
ESTIMATED TIME CONSTANT: 21.31 13.74 6.21
DESORPTION CONSTANT (Non comparable): 268.57 -1.28 287.93
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (cem) (ml/min/g)
1.375 0.0 0.0 -
1.808 0.433 0.247 176.222
2.058 0.250 0.123 152.726
2.342 0.283 0.123 134.757
3.342 1.000 0.370 114.544
3.775 0.433 0.123 88.111
4.258 0.483 0.123 78.996
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SOLDIER CREEK CANYON COAL MINE

NAME OF MINE (TEST SITE): Soldier Creek Mine

LOCATION WITHIN MINE: Sunnyside Seam, middle borehole (B)
DATE OF TESTS: 9/13/90 ADSORPTION CONSTANT: 21.3
Mine Temperature (C): 14.0 Mine Atmos. Pressure (Pa): 83810

e e shn s s e e

BOREHOLE NO. B
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SAMPLE NO. 1
ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 1.01
SAMPLE WEIGHT (G): 2.10 DRILL TIME (SEC): 142
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 2.9 1.5 0.7
TOTAL ESTIMATED CONTENT (CU.M/T): 4.1 0.7 0.6
PERCENT ERROR (%): -40.4 54.4 9.8
GAS LOST WHILE DRILLING (%): 80.5 62.1 14.5
DESORBED VOLUME INSITU Q1 (%): 81.4 63.8 18.3
DESORBED VOLUME IN CONTAINER Q2 (%): ~-17.4 -33.8 -76.3
DESORBED VOLUME AFTER MILLING Q3 (ml): 36.0 70.0 158.0
COEFFICIENT OF REGRESSION (r2): 1.000 1.000 1.000
SLOPE OR KT CONSTANT: 1.51 0.10 0.71
ESTIMATED TIME CONSTANT: 15.17 30.50 5.88
DESORPTION CONSTANT (Non comparable): 191.13 -0.10 80.22
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (cem) (ml/min/g)
1.500 0.0 0.0 -
2.050 0.550 0.025 22.627
2.983 0.933 0.025 13.334



SUNNYSIDE COAL MINES

NAME OF MINE (TEST SITE): Sunnyside Mine

LOCATION WITHIN MINE: Upper left 22 & crosscut 17, hole A
DATE OF TESTS: 3/21/90 ADSORPTION CONSTANT: 21.3
Mine Temperature (C): 10.3 Mine Atmos. Pressure (Pa): 85138
BOREHOLE NO. A
SAMPLE NO. 1
ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 1.52
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 42

DESORBOMETER CONSTANT: 1.233

- W NSV Y N P SR e D B e S P A M D G G U CE G e WD GID TED SN GNP GNP GES NI D GER G5 AN GmS (NS (BN Wb AND GD EN) MM DED OV GMP GID GIV MR WOR FAS EWR M ) WD GNP EER GHD WU MR G YLD G M S

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 4.1
TOTAL ESTIMATED CONTENT (CU.M/T): . 2.5

PERCENT ERROR (%): 39.7
GAS LOST WHILE DRILLING (%): 9.8
DESORBED VOLUME INSITU Q1 (%): 12.4

DESORBED VOLUME IN CONTAINER Q2 (%): 78.9
DESORBED VOLUME AFTER MILLING Q3 (ml): 8.6

COEFFICIENT OF REGRESSION (rz2): 0.914
SLOPE OR KT CONSTANT: 0.68
ESTIMATED TIME CONSTANT: 35.35

DESORPTION CONSTANT (Non comparable):116.50

Time of Read Desorbed Time Gas Volume
(min) (min) (ccm)
1.250 0.0 0.0
1.667 0.417 0.074
2.017 0.350 0.049
2.350 0.333 0.049
2.533 0.183 0.025
2.717 0.183 0.025
2.900 0.183 0.025
3.133 0.233 0.025
3.567 0.433 0.049
4.067 0.500 0.049
4.667 0.600 0.049
5.683 1.017 0.074
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SUNNYSIDE COAL MINES (CONT.)
BOREHOLE NO. A
SAMPLE NO. 2

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 2.44
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 37
DESORBOMETER CONSTANT: 1.233

- M P S B G S W D S G e T S GED W ) SED D SIS G G WD GED M A K M rue GNP GED GE SN G WU U Wrs ST BN Ga @S VI CM e R EOS BED Lye SN M GrR S W QIS OV S3N G LN GNP S WR

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 4.2 4.2 3.9
TOTAL ESTIMATED CONTENT (CU.M/T): 2.5 1.4 1.4
PERCENT ERROR (%): 41.6 66.1 64.0
GAS LOST WHILE DRILLING (%): 7.7 7.1 1.5
DESORBED VOLUME INSITU Ql (%): 11.6 10.9 5.6
DESORBED VOLUME IN CONTAINER Q2 (%): 77.3 77.9 82.5
DESORBED VOLUME AFTER MILLING Q3 (ml): 11.1 11.2 11.8
COEFFICIENT OF REGRESSION (r2): 0.654 0.996 0.736
SLOPE OR KT CONSTANT: 0.56 0.47 0.21
ESTIMATED TIME CONSTANT: : 36.50 40.99 14.71
DESORPTION CONSTANT (Non comparable): 115.17 ~0.43 55.39
Time of Read Desorbed Time Gas Volume - Desorption Rate
(min) (min) (ccm) (ml/min/g)
0.942 0.0 0.0 -
1.042 0.100 0.025 53.335
1.275 0.233 0.025 22.858
1.575 0.300 0.074 53.335
1.825 0.250 0.049 42.668
2.208 0.383 0.074 41.740
2.475 0.267 0.049 40.001
3.008 0.533 0.074 30.001
3.358 0.350 0.049 30.477
3.575 0.217 0.025 24.616
4.008 0.433 0.049 24.616
4.492 0.483 0.049 22.070
5.308 0.817 0.074 19.592
5.942 0.633 0.049 16.842
7.008 1.067 0.074 15.000

TP S e W e P (W G T S W G G G S U W WA W) G SIS D DR IR WS S W S W M SR WS G I Gab TS WD Gap M ATD TA e WR AUP NS G TOP SR U AN GED WP WS TED Gwe B SUR G W
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ASH CONTENT (%):
SAMPLE WEIGHT (G):

SUNNYSIDE COAL MINES (CONT.)

BOREHOLE NO. A
SAMPLE NO. 3

5.64
5.00

DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T):
TOTAL ESTIMATED CONTENT (CU.M/T):
PERCENT ERROR (%):

GAS LOST WHILE DRILLING (%):
DESORBED VOLUME INSITU Q1 (%):

DESORBED VOLUME IN CONTAINER Q2 (%):
DESORBED VOLUME AFTER MILLING Q3 (ml):

BOREHOLE DEPTH (M):
DRILL TIME (SEC):

COEFFICIENT OF REGRESSION (r2):
SLOPE OR KT CONSTANT:

ESTIMATED TIME CONSTANT:
DESORPTION CONSTANT (Non comparable): 138.36

Time of Read

(min)

Desorbed Time

(min)

- e W L - - - o

0.217
0.133
0.217
0.150
0.200
0.167
0.250
0.183
0.317
0.233
0.367
0.283
0.433
0.333
0.500
1.017
1.200

3.8

Gas Volume

(ccm)

3.7 3.6
2.1 1.9
44.1 46.7
4.4 1.6
11.4 8.8
85.4 87.9
3.2 3.3
0.994 0.656
0.71 0.27
24.86 9.95

-0.47 98.14

D - I T WS G B R D S D G e

Desorption Rate

(ml/min/g)

36.185
176.404
96.495
69.690
78.402
62.721
62.722
57.020
49.517
44.801
42.7865
36.895
36.185
31.361
31.361
25.706
21.778
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SUNNYSIDE COAL MINES (CONT.)

-3 —a—d t -ty TR LD T R S g I U T S S 0% P 20N S S S e g e o b s gy s st e

NAME OF MINE (TEST SITE): Sunnyside mine

LOCATION WITHIN MINE: Upper left 22, crosscut 17, hole B

DATE OF TESTS: 3/21/90 ADSORPTION CONSTANT: 21.1

Mine Temperature (C): 11.0 Mine Atmos. Pressure (Pa): 84724
L S D I L5 U 48 S i U SN S U U0 R0 DA MU SOV (S s I o e e e e e ey e e v gy e

BOREHOLE NO. B

T G GD WS R R S e A SR AN b SR WS RS W B (A R G S TV S S Y Y A LB B G S W O GNP AN GLP PR GNP M M SR AR GED (WD SED G D B A G WS WP EED W I GEN N0V END ANS PLN KD CRB (WS WIS AT W

SAMPLE NO. 1

ASH CONTENT (%): 5,64 BOREHOLE DEPTH (M) : 3.00
SAMPLE WEIGHT (G): 4.60 DRILL TIME (SEC): 29
DESORBOMETER CONSTANT: 1.233

S T S um . WY U UTD END GUD OU S b S LN ST S RS W (60 SO LA Wme Gt W (S W S BOD WS GU WP GNP VD SO [T S Y WP MNP THD L) GAY EEm WED HND S Sy GRS WKL BS M NG KB SRS AN BN 14 TS GA CE OW) NP D & B

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 4.0 3.1 2.6
TOTAL ESTIMATED CONTENT (CU.M/T): 0.3 0.3 0.3
PERCENT ERROR (%): $3.7 90.5 Se.4
GAS LOST WHILE DRILLING (%): 34.7 17.2 0.7
DESORBED VOLUME INSITU Q1 (%): 35.0 17.% 1.0
DESORBED VOLUME IN CONTAINER Q2 (%): 55.0 69.8 83.7
DESORBED VOLUME AFTER MILLING Q3 (ml): 10.0 12.7 15.2
COEFFICIENT OF REGRESSION (r2): 0.573 0.981 0.660
SLOPE OR KT CONSTANT: 1.53 0.05 0.82
ESTIMATED TIME CONSTANT: 332.57 260.29 $4.97
DESCRPTION CONSTANT (Non comparable): 11.88 ~Q.05 22.4%
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (cem) (ml/mln/g)
1.125 0.0 0.0 -
1.658 0.533 0.012 5.326
2.025 0.367 0.012 T.747
3.392 1 367 0. 012 2.07%




SUNNYSIDE COAL MINES (CONT.)
BOREHOLE NO. B
SAMPLE NO., 2

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M) : 5.00
SAMPLE WEIGHT (f): 2.60 DRILL TIME (SEC): 10
DESORBOMETER CONSTANT: 1.233

- T G WS LS AN (EE A G W S W MDD GUD (N M SN N Y SAN GLN WK BED IS SRP VAD (N A SHD MEW LES GOR GG GER (WP EES B WH U G GFD WD BNR GNP VER 6 IS (D AED SRS SR G (MR GEN B S ANY G GED W W W

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 2.5 4.0 1.9
TOTAL ESTIMATED CONTENT (CU.M/T): 0.1 0.3 -1.0
PERCENT ERROR (%): 97.6 93.4 150.2
GAS LOST WHILE DRILLING (%): 22.5 51.0 0.2
DESORBED VOLUME INSITU Q1 (%): 22.9 51.3 0.7
DESORBED VOLUME IN CONTAINER Q2 (%): 60.4 8.2 77.8
DESORBED VOLUME AFTER MILLING Q3 (ml): 16.7 10.6 21. 5
COEFFICIENT OF REGRESSION (r2): 0.997 1.0090 2.000
SLOPE OR KT CONSTANT: ~0.09 0.03 «0.03
ESTIMATED TIME CONSTANT: 894.01 375.7% ~ii . uB

DESORPTION CONSTANT (Non comparable): 2.81 -0.0.

- - . - e R et ] - D @20 N0 Gxp o = Yam A W T e Fu T G A WY W R

Time of Read Desorbed Time Gas Volume Desoihir
(min) (min) (cem) (02wt fen
1.333 0.0 0.0
3.000 1.667 0.012 3.91%
4.583 1.583 0.012 3. %
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SUNNYSIDE COAL MINES (CONT.)
BOREHOLE NO. B
SAMPLE NO. 3

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M) : 6.00
SAMPLE WEIGHT (G): 4.10 DRILL TIME (SEC): 14
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 3.3 3.4 2.8
TOTAL ESTIMATED CONTENT (CU.M/T): 0.4 0.4 0.5
PERCENT ERROR ($%): 87.3 86.8 81.2
GAS ILOST WHILE DRILLING (%): 16.5 17.7 0.7
DESORBED VOLUME INSITU Q1 (%): 17.3 18.6 1.7
DESORBED VOLUME IN CONTAINER Q2 (%): 64.8 63.8 77.0
DESORBED VOLUME AFTER MILLING Q3 (ml): 17.9 17.6 21.2
COEFFICIENT OF REGRESSION (r2): 0.854 0.952 0.959
SLOPE OR KT CONSTANT: 1.37 0.07 0.54
ESTIMATED TIME CONSTANT: 166.25 187.90 58.32
DESORPTION CONSTANT (Non comparable): 19.90 ~0.04 25.94
Time of Read Desorbed Time Gas Volunme Desorption Rate
(min) (min) (cem) (ml/min/g)
0.800 0.0 0.0 -
1.367 0.567 0.025 11.248
1.817 0.450 0.025 14.165
2.183 0.367 0.012 8.692
2.667 0.483 0.012 6.594
3.200 0.533 0.012 5.976
4.133 0.933 0.012 3.415

6.383 2.250 0.012 1.416
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SUNNYSIDE COAL MINES (CONT.)
BOREHOLE NO. B
SAMPLE NO. 4
ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M) : 8.00
SAMPLE WEIGHT (G): 5.00 DRILL TIME (SEC): 16
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 3.5 3.3 3.1
TOTAL ESTIMATED CONTENT (CU.M/T): 1.0 1.1 1.3
PERCENT ERROR (%): 71.0 66.5 59.4
GAS LOST WHILE DRILLING (%): 13.2 8.8 1.7
DESORBED VOLUME INSITU Q1 (%): 14.7 10.3 3.4
DESORBED VOLUME IN CONTAINER Q2 (%): 70.8 74.4 80.2
DESORBED VOLUME AFTER MILLING Q3 (ml): 14.5 15.2 16.4
COEFFICIENT OF REGRESSION (r2): 0.610 0.986 0.564
SLOPE OR KT CONSTANT: 1.24 0.21 0.46
ESTIMATED TIME CONSTANT: 72.69 73.92 27.07
DESORPTION CONSTANT (Non comparable): 48.31 «0.19 53.22
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/mln/g)
1.217 0.0 0.0 -
1.400 0.183 0.037 42.765
1.667 0.267 0.025 19.600
1.900 0.233 0.037 33.601
2.117 0.217 0.012 12.062
2.183 0.067 0.012 39.201
2.333 0.150 0.012 17.423
2.600 0.267 D.012 9.800
3.050 0.450 0.025 21.615
3.233 0.183 0.012 14.2558
3.500 0.267 0.012 9.800
4.183 0.683 0.025 7.649
4.733 0.550 0.025 9.503

SUNNYSIDE COAL MINES (CONT.)
BOREHOLE NO. B
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SAMPLE NO. 5

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M):  10.00
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 13
DESORBOMETER CONSTANT: 1.233

U B e W T R N G S TR W S VS Wes GG T S D TR G UGB G G S G W GNP GRS GMO Gmi GCR GED N GCP GED GND NS NP GA GES GWS NN GED GHA WSS IR WS GIN NS Thb S Wet San G SEP Y GuI CHE GNP WS AUR G NS G W

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 3.5 3.4 3.2
TOTAL ESTIMATED CONTENT (CU.M/T): 1.7 2.1 2.4
PERCENT ERROR (%): 51.9 36.6 27.1
GAS LOST WHILE DRILLING (%): 11.3 6.1 2.5
DESORBED VOLUME INSITU Q1 (%): 14.6 2.6 6.2
DESORBED VOLUME IN CONTAINER Q2 (%): 71.4 75.7 78.5
DESORBED VOLUME AFTER MILLING Q3 (ml): 13.9 14.8 15.3
COEFFICIENT OF REGRESSION (r2): 0.683 0.984 0.684
SLOPE OR KT CONSTANT: 1.13 0.40 0.39
ESTIMATED TIME CONSTANT: 43.90 39.11 15.05
DESORPTION CONSTANT (Non comparable): 80.86 -0.35 84.41
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/qg)
1.108 0.0 0.0 -
1.392 0.283 0.086 65.884
1.525 0.133 0.012 20.000
1.575 0.050 0.025 106.669
1.725 0.150 0.025 35.556
1.808 0.083 0.025 64.002
1.975 0.167 0.025 32.001
2.108 0.133 0.025 40.001
2.258 0.150 0.025 35.556
2.442 0.183 0.025% 29.092
2.575 "0.133 0,025 40.001
2.775 0.200 0.025 26.667
3.008 0.233 0.025 22.858
3.242 0.233 0.025 22.858
3.525 0.283 0.025 18.824
3.775 0.250 0.025 21.334
4.092 0.317 0.025 16.842
4.808 0.717 0.049 14.884
5.275 0.467 0.025 11.429
5.742 0.467 0.025 11.429

SUNNYSIDE COAL MINES (CONT.)
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BOREHOLE NO. B
SAMPLE NO. 6

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 14.00
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 10
DESORBOMETER CONSTANT: 1.233

: ' POWER QUADRATIC EXPONENT
TOTAL GAS CONTENT (CU.M/T): 3.5 3.6 3.2

TOTAL ESTIMATED CONTENT (CU.M/T): 0.6 1.3 1.2
PERCENT ERROR (%): 81.7 63.1 62.4
GAS LOST WHILE DRILLING (%): 8.5 9.8 0.9
DESORBED VOLUME INSITU Q1 (%): 10.3 11.6 2.8
DESORBED VOLUME IN CONTAINER Q2 (%): 72.1 71.1 78.1
DESORBED VOLUME AFTER MILLING Q3 (ml): 17.6 17.3 19.0
COEFFICIENT OF REGRESSION (r2): 0.786 0.991 0.861
SLOPE OR KT CONSTANT: 0.75 0.25 0.38
ESTIMATED TIME CONSTANT: 115.39 67.14 29.21
DESORPTION CONSTANT (Non comparable): 30.48 -0.19 42.74
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/qg)
0.683 0.0 0.0 -
0.933 0.250 0.025 21.334
1.100 0.167 0.025 32.001
1.250 0.150 0.025 35.556
1.433 0.183 0.025 29.092
1.633 0.200 0.025 26.667
1.900 0.267 0.025 20.000
2.183 0.283 0.025 18.824
2.500 "0.317 0.025 16.843
2.883 0.383 0.025 13.913
3.300 0.417 0.025 12.800
3.833 0.533 0.025 10.000
4,383 0.550 0.025 $.697

- e A SR OMN WIS BB RGNS S MR R SUR S MER NS GES GNP M G) SIS SRR MNP G SN GEG SCH KO8 SN GEA GES M NS AN (MG WS GED SWG GED GMD W3 G SED GMP 4D GHD GMM GFID N 5D WP N (NS G5B SR WEP BN AW WS W VR W G e
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SUNNYSIDE COAL MINES (CONT.)

BOREHOLE NO. B

SAMPLE NO. 7

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 15.00
SAMPLE WEIGHT (G): 4.70 DRILL TIME (SEC): 36
DESORBOMETER CONSTANT: 1.233
POWER QUADRATIC
EXPONENT
TOTAL GAS CONTENT (CU.M/T): 3.6 3.6 3.3
TOTAL ESTIMATED CONTENT (CU.M/T): 0.8 1.7 1.6
PERCENT ERROR (%): 78.1 51.5 51.0
GAS LOST WHILE DRILLING (%): 10.8 8.7 1.5
DESORBED VOLUME INSITU Q1 (%): 12.6 11.5 3.5
DESORBED VOLUME IN CONTAINER Q2 (%): 73.1 74.0 80.7
DESORBED VOLUME AFTER MILLING Q3 (ml): 14.3 14.4 15.7
COEFFICIENT OF REGRESSION (r2): 0.628 0.997 0.728
SLOPE OR KT CONSTANT: 0.66 0.31 0.33
ESTIMATED TIME CONSTANT: 96.35 51.09 22.39
DESORPTION CONSTANT (Non comparable): 37.52 -0.29 48.68
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (rain) (cem) (ml/min/g)
0.933 0.0 0.0 -
1.183 0.250 0.025 22.242
1.333 0.150 0.025 37.070
1.500 0.167 0.025 33,362
1.650 0.150 0.025 37.069
1.850 0.200 0.025 27.802
2.083 0.233 0.025 23.830
2.317 0.233 0.025 23.830
2.583 0.267 0.025 20.852
2.850 0.267 0.025 20.852
3.150 0.300 0.025 18.535
3.467 0.317 0.025 17.559
3.933 0.467 0.02 11.915

SUNNYSIDE COAL MINES (CONT.)
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NAME OF MINE (TEST SITE): Sunnyside mine

o - o o s
-

LOCATION WITHIN MINE: Upper left 22, crosscut 17,hole C
DATE OF TESTS: 3/21/90 ADSORPTION CONSTANT: 21.1

Mine Temperature (C): 10.5 Mine Atmos. Pressure (Pa): 84724
= sEm= SmmImmsimassocImImacTIIT

BOREHOLE NO. C

—— e I —— AD S T P P I A G G AP S D S SR G SR GNP s M5 GHU M) WV GAD SAN GED N W (WS SUD GUS RUN I GSF GTR GN G GLD GND GND SIN m GHD GED T GAD IS GER GRR W ALS WD CHB N SIS G SUD D W W S

SAMPLE NO. 1

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 2.00
SAMPLE WEIGHT (G): 4.80 DRILL TIME (SEC): 24
DESORBOMETER CONSTANT: 1.233

- A G A Sum T P BES G e G NS GRS G N BAD G G G GED SN GEM N WD SED GRS W RIS SM0 KR GEe @HY W G AT FED G I NS IR SED GTID Wi € WD W NS W VR LD W) N SE GrS AW SRR

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 2.9 3.1 2.6
TOTAL ESTIMATED CONTENT (CU.M/T): 0.5 1.0 1.1
PERCENT ERROR (%): 81.9 68.0 59.7
GAS LOST WHILE DRILLING (%): 10.8 14.7 1.0
DESORBED VOLUME INSITU Q1 (%): 12.7 16.5 3.0
DESORBED VOLUME IN CONTAINER Q2 (%): 71.0 67.9 78.8
DESORBED VOLUME AFTER MILLING Q3 (ml) 16.3 15.6 18.2
COEFFICIENT OF REGRESSION (r2): 0.871 0.996 0.931
SLOPE OR KT CONSTANT: 0.74 0.18 0.30
ESTIMATED TIME CONSTANT: 116.74 77.62 27.22
DESORPTION CONSTANT (Non comparable): 25.10 -0.14 28.68
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/nmin/g)
0.817 0.0 0.0 -
1.433 0.61 0.049 17.658
1.683 0.250 0.025 21.778
1.983 0.300 0.025 18.149
2.383 0.400 0.025 12.611
2.783 0.400 0.025 13.612
3.250 0.467 0.025 11.667
3.800 0.550 0.025 9.899
4.483 0.683 0.025 7.968
5.250 0.767 0.025 7.102

SUNNYSIDE COAL MINES (CONT.)
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BOREHOLE NO. C
SAMPLE NO. 2

SH CONTENT (%): 5.64 BOREHOLE DEPTH (M) : 4.00
SAMPLE WEIGHT (G): 4.70 DRILL TIME (SEC): 10
DESORBOMETER CONSTANT: 1.233

G S GSR TR B LD S Grw S RS G W D i S S G R GUD SR GED CER G G GNP L3 Grs NS UMD SR s SEE TNL AR NS WD (V. SNV (U D GEN NP GFR NS GEP G5 GI> KD GHD D GLY GAD WBE WD WU D ELD GRS @V W EXD W S W

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 5.0 5.0 4.8
TOTAL ESTIMATED CONTENT (CU.M/T): 1.5 3.6 3.7
PERCENT ERROR (%): 70.6 27.9 24.1
GAS LOST WHILE DRILLING (%): 5.5 4.3 1.4
DESORBED VOLUME INSITU Q1 (%): 9.1 8.0 5.2
DESORBED VOLUME IN CONTAINER Q2 (%): 72.8 73.7 75.9
DESCRBED VOLUME AFTER MILLING Q3 (ml):18.1 18.4 18.9
COEFFICIENT OF REGRESSION (r2): 0.281 0.990 0.389
SLOPE OR KT CONSTANT: 0.53 0.64 0.26
ESTIMATED TIME CONSTANT: 71.73 34.40 14.46

DESORPTION CONSTANT (Non comparable): 70.28 ~0.58 87.80

Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
0.783 0.0 0.0 -
0.950 0.167 0.025 33.362
1.083 0.133 0.025 41.704
1.217 0.133 G.025 41.703
1.300 0.083 0.025 66.725
1.417 0.117 0.049 95.321
1.517 0.100 0.025 55.604
1.550 0.033 0.025 166.812
1.650 0.100 0.049 111.208
1.750 0.100 0.025 55.604
1.850 0.100 0.025 55.604
1.933 0.083 0.025 66.725
2.067 0.133 0.025 41.704
2.183 0.117 0.025 47.661
2.550 0.367 0.074 45.494
2.817 0.267 0.049 41.703
3.300 0.483 0.074 34.513
3.633 0.333 0.049 33.362
4.217 0.583 0.074 28.596
4.633 0.417 0.049 26.690
5.367 0.733 0.074 22.747

O e P WL G G W S (WS SR Va0 SES T T2 D W e S S FUP GED 36 WU D W SRS GED GED G AR WW AEY ML N SER Gr GHD EIA €NS MM UL SAU NP GED 4D TEB HID @I N SN 3B GNP WL OTH O S WD D GIF Win R e e

SUNNYSIDE COAL MINES (CONT.)
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BOREHOLE NO. C
SAMPLE NO. 3

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 6.00
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 10
DESORBOMETER CONSTANT: 1.233

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 3.9 3.9 3.7
TOTAL ESTIMATED CONTENT (CU.M/T): 1.2 2.5 2.5
PERCENT ERROR (%): 68.8 35.2 33.4
GAS LOST WHILE DRILLING (%): 7.2 5.9 1.4
DESORBED VOLUME INSITU Q1 (%): 10.3 9.1 4.8
DESORBED VOLUME IN CONTAINER Q2 (%): 70.8 71.8 75.2
DESORBED VOLUME AFTER MILLING Q3 (ml):18.9 19.1 20.1
COEFFICIENT OF REGRESSION (rz): 0.752 0.958 0.770
SLOPE OR KT CONSTANT: .70 0.47 0.34
ESTIMATED TIME CONSTANT: 67.54 38.28 16.50
DESORPTION CONSTANT (Non comparable): 58.08 -0.38 75.54
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/qg)
0.717 0.0 0.0 -
0.950 0.233 0.049 45.715
1.033 0.083 0.025 64.003
1.117 0.083 0.025 64.002
1.233 0.117 0.025 45.715
1.333 0.100 0.025 53.335
1.433 0.100 0.025 53.335
1.600 0.167 0.025 32.001
1.683 0.083 0.025 64.001
1.817 0.133 0.025 40.001
1.950 | 0.133 0.025 40.001
2.083 | , 0.133 0.025 40.001
2.267 | 0.183 0.025 29.092
2.417 ’ 0.150 0.025 35.556
2.583 | 0.167 0.025 32.001
2.767 / 0.183 0.025 29.092
2.967 | 0.200 0.025 26.667
3.167 | 0.200 0.025 26.667
3.417 / 0.250 0.025 21.334
3.700 / 0.283 0.025 18.824
3.883 / 0.183 0.025 29.092
4.417 | 0.533 0.049 20.000

SUNNYSIDE COAL MINES (CONT.)
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BOREHOLE NO. C
SAMPLE NO. 4

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 8.00
SAMPLE WEIGHT (G): 5.00 DRILL TIME (SEC): 14
DESORBOMETER CONSTANT: 1.233

- i W S . T S GED YD S8 N I G W S SN e G SHS G G GIP GES W GRS UVD SIS GUD SNV (IS TS G CWS GHO CUs YD MES SHD GES GUD G4 SIN GIe WIS N P SRR ON A IR G WS GNP (D ey S5 T e G G

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 3.7 3.6 3.5
TOTAL ESTIMATED CONTENT (CU.M/T): 1.4 2.6 2.5
PERCENT ERROR (%): 61.7 27.1 27.2
GAS LOST WHILE DRILLING (%): 8.7 5.1 1.9
DESORBED VOLUME INSITU Q1 (%): 12.2 8.7 5.7
DESORBED VOLUME IN CONTAINER Q2 (%): 79.7 82.8 85.6
DESORBED VOLUME AFTER MILLING Q3 (ml): 8.1 8.5 8.7
COEFFICIENT OF REGRESSION (r2): 0.698 0.991 0.717
SLOPE OR KT CONSTANT: 0.85 0.50 0.39
ESTIMATED TIME CONSTANT: 55.11 34.02 15.08
DESORPTION CONSTANT (Non comparable): 67.52 ~0.40 90.11
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
0.767 0.0 0.0 ‘ -
0.933 0.167 0.025 31.361
0.983 0.050 0.025 104.536
1.133 0.150 0.049 69.690
1.217 0.083 0.025 62.721
1.267 0.050 0.025 104.536
1.400 0.133 0.025 39.201
1.517 0.117 0.025 44.802
1.617 0.100 0.025 52.268
1.717 0.100 0.025 52.268
1.850 0.133 0.025 39.201
1.967 0.117 0.025 44.801
2.100 0.133 0.025 39.201
2.250 0.150 0.025 34.845
2.400 0.150 0.025 34.845
2.583 0.183 0.025 28.510
2.767 0.183 0.025 -28.510
2.950 0.183 0.025 28.510
3.133 0.183 0.025 28.510
3.383 0.250 0.025 20.907
3.617 0.233 0.025 22.401
3.850 0.233 0.025 22.401
4.400 0.550 0.049 19.006
4.700 .0.300 0.025 17.423
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ASH CONTENT (%):
SAMPLE WEIGHT (G):

DESORBOMETER CONSTANT:

- v s G S dme G U G CUe SE  UNS RN RS GED YV CHG G SR G W M S G gmp SIS TR D GUR D G NN GED GED GHD R CAS WER WD GRS AN WS WUS SN cne

TOTAL GAS CONTENT

SUNNYSIDE COAL MINES (CONT.)

BOREHOLE NO. C

5.64
4.70

(CU.M/T) :

1.233

SAMPLE NO. 5

BOREHOLE DEPTH (M) :
DRILL TIME (SEC):

TOTAL ESTIMATED CONTENT (CU.M/T):
PERCENT ERROR (%):

GAS LOST WHILE DRILLING (%):
DESORBED VOLUME INSITU Q1 (%):

10.00

POWER QUADRATIC EXPONENT

4.0
1.5
61.7
8.2
11.7

DESORBED VOLUME IN CONTAINER Q2 (%): 78.7
DESORBED VOLUME AFTER MILLING Q3 (ml): 9.6
COEFFICIENT OF REGRESSION (r2):
SLOPE OR KT CONSTANT:

0.34ESTIMATED TIME CONSTANT:

0.862
55.05

DESORPTION CONSTANT (Non comparable): 72.81

Time of Read
(min)

1.500
1.600
1.733
% .850
1.967
2.083
2.217
2.383
2.517
2.683
2.833
3.017
3.167
3.350
3.533
3.733
4.000
4.183

(min)

e S = a2 S S G -

. Gas Volunme

Desorbed Time

B-34

(ccm)

3.9

2

oOwooNO

.
.
.
.
.
3

= ®
CRrOUINW

0.998
0.73
31.98
-0.45

3.8

13.80
92.37

Deéorption Rate

(ml/min/qg)

66.725
83.406
55.604
83.406
55.604
66.725
55.605
55.604
41.703
47.661
47.661
47.661
41.703
33.363
41.703
33.362
37.069
30.330
37.069
30.330
30.330
27.802
20.852
30.330
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SUNNYSIDE COAL MINES (CONT.)
BOREHOLE NoO. C
SAMPLE NO. 6

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 12.00
SAMPLE WEIGHT (G): 5.00 DRILL TIME (SEC): 27
DESORBOMETER CONSTANT: 1.233

T 0 - " D ST Wt 0 D g G G G G WYD GIY SIS WIS G G D S G e €5 TED oy AN I G CHS GID W COW A WD GED G GED Ci GEP IR UKy @06 S5 SIn qm ges SN R G TS U Gum GED W W ms e

POWER QUADRATIC EXPONENT

TOTAL GAS CONTENT (CU.M/T): 3.3 3.2 3.0
TOTAL ESTIMATED CONTENT (CU.M/T): 1.1 2.3 2.4
PERCENT ERROR (%): 67.0 28.4 20.9
GAS LOST WHILE DRILLING (%): 9.9 8.2 2.0
DESORBED VOLUME INSITU Q1 (%): 13.1 11.4 5.5
DESORBED VOLUME IN CONTAINER Q2 (%): 75.8 77.3 82.5
DESORBED VOLUME AFTER MILLING Q3 (ml):11.1 11.3 12.1
COEFFICIENT OF REGRESSION (r2): 0.579 0.999 0.614
SLOPE OR KT CONSTANT: 0.63 0.44 0.28
ESTIMATED TIME CONSTANT: 63.97 34.64 13.88
DESORPTION CONSTANT (Non comparable): 51.13 -0.41 61.43
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/qg)
0.908 0.0 0.0 -
1.092 0.183 0.025 28.510
1.158 0.067 0.025 78.402
1.292 0.133 0.025 39.201
1.458 0.167 0.025 31.361
1.542 0.083 0.025 62.721
1.675 0.133 0.025 39.201
1.808 0.133 0.025 39.201
1.958 0.150 0.025 34.846
2.125 0.167 0.025 31.361
2.275 0.150 0.025 34.845
2.475 0.200 0.025 26.134
2.658 0.183 0.025 28.510
2.808 0.150 0.025 34.845
3.025 0.217 0.025 24.124
3.225 0.200 - 0.025 26.134
3.475% 0.250 0.025 20.907
3.675 0.200 0.025 26.134
3.925 0.250 0.025 20.907
4,242 0.317 0.025 16.506
4.508 0.267 0.025 19.600

W T S —— €. G €S T W, g S5 S Gmp SN TED G G S G D €/ SIS G G S SR s 5P D G e 6P N G P S GNe CHP GED TED GRS GUR (D U SN GIR CER I SES Gy g SEB Tn CrD T (D GER e NS GIN Etm AR
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SUNNYSIDE COAL MINES (CONT.)

BOREHOLE NO. C

SAMPLE NO. 7

14.00
12

- QUADRATIC EXPONENT

3.8

W R o
HoOoONMO WL
HWOoONOoOWW

0.868
0.33
31.90

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M) :
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC):
DESORBOMETER CONSTANT: 1.233
POWER

TOTAL GAS CONTENT (CU.M/T): 4.1 4.2
TOTAL ESTIMATED CONTENT (CU.M/T): 0.6 1.4

PERCENT ERROR (%): 84.4 67.5
GAS LOST WHILE DRILLING (%): 6.6 8.8
DESORBED VOLUME INSITU Q1 (%): 8.4 10.6
DESORBED VOLUME IN CONTAINER Q2 (%): 62.4 60.9
DESORBED VOLUME AFTER MILLING Q3 (ml):29.2 28.5
COEFFICIENT OF REGRESSION (r2j: 0.766 0.992
SLOPE OR KT CONSTANT: 0.70 0.25
ESTIMATED TIME CONSTANT: 134.90 76.23

-0.19

DESORPTION CONSTANT (Non comparable) 30.08

o — > = — v —— . ——— - Uoe G Cn - - o uwe 2 - -

‘Desorption Rate

Time of Read Desorbed Time Gas Volume
(min) (min) (cem)
0.650 0.0 0.0
0.917 0.267 0.025
1.067 0.150 0.025
1.250 0.183 0.025
1.433 0.183 0.025
1.633 0.200 0.025
1.867 0.233 0.025
2.133 0.267 0.025
2.417 0.283 0.025
2.733 0.317 0.025
3.083 0.350 0.025
3.583 0.500 0.025
4.567 0.983 0.049
5.233 0.667 0.025%

39.70

o g S S e A G

(ml/min/g)

e S D - - - -

20.000
35.556
29.092
29.092
26.667
22.858
20.000
18.824
16.842
15.238
10.667
10.848

8.000

O — T - . M S O D P M R W 1) G WS R T D S G SN GE) GRS ML Cap s D P WRS TS VD GTN MRS G B G M G D W s g VSR MR W S TS SR G W
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DUTCH CREEK COAL MINE

e i et o e

LOCATION WITHIN MINE: Panel 102 Head Gate, B seam #5 Door
DATE OF TESTS: 7/15/86 ADSORPTION CONSTANT: 36.7
Mine Temperature (C): 24.0 Mine Atmos. Pressure (Pa): 70897
e 2. e e ST TS S A R SN EN NN NS SR IS S T
BOREHOLE No A
SAMPLE NO. 1

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 1.07
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 29
DESORBOMETER CONSTANT: 1 233

POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 1.0 1.0 0.5
TOTAL ESTIMATED CONTENT (CU.M/T): 2.8 0.6 0.6

PERCENT ERROR (%): -188.2 43.8 -6.5

GAS LOST WHILE DRILLING (%): 49.6 52.0 4.7
DESORBED) VOLUME INSITU Q1 (%): 51.7 54.1 8.8
DESORBED VOLUME IN CONTAINER Q2 (%) 14.9 14.2 28.2
DESORBED VOLUME AFTER MILLING Q3 (m 33.3 31.7 63.0
COEFFICIENT OF REGRESSION (r2): 1.000 0.998 0.993
SLOPE OPR KT CONSTANT: 1.07 0.08 0.33
ESTIMATED TIME CONSTANT: 12.74 $9.41 9.77
DESORPTION CONSTANT (Non comparable 77.51 -0.07 17.88

- r st} a8 4p - - - M €I D S G e e

Time of Read Degorbed Time
(min) (min)
1.608 0.0
2.842 1.233
3.775% 0.933
5.058 1.283
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NAME OF MINE (TEST SITE): Mid Continent Resources

Gas Volume
(cem)
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Desorption Rate
(ml/min/qg)
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DUTCH CREEK COAL MINE (CONT.)
BOREHOLE NO. A

SAMPLE NO. 2

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 3.66
SAMPLE WEIGHT (G): 3.90 DRILL TIME (SEC): 60
DESORBOMETER CONSTANT: 1.233
POWE QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 3.0 2.4 2.3
TOTAL ESTIMATED CONTENT (CU.M/T): 6.9 2.4 2.2
PERCENT ERROR (%): -128.1 -1.1 2.6
GAS LOST WHILE DRILLING (%): . 29.6 11.5 6.9
DESORBED VOLUME INSITU Q1 (%): 30.7 12.9 8.4
DESORBED VOLUME IN CONTAINER Q2 (%): 58.7 73.9 7.7
DESORBED VOLUME AFTER MILLING Q93 (ml) 10.5 13.2 13.9
COEFFICIENT OF REGRESSION (r2): 0.276 0.981 0.988
SLOPE OR KT CONSTANT: l1.42 0.27 0.46
ESTIMATED TIME CONSTANT: 16.09 33.03 10.68
DESORPTION CONSTANT (Non comparable): 187.86 ~0.38 98.04
Time of Read Desorbed Time Gas Volume besorption Rate
(min) (min) {ccm) (ml/nmin/g)
2.417 " 0.0 0.0 e
2.883 0.467 0.049 28.719
3.450 0.567 C.049 23.651
3.817 0.367 C.025 18.275
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DUTCH CREEK COAL MINE (CONT.)
BOREHOLE NO. A

SAMPLE NO. 3

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 5.03
SAMPLE WEIGHT (G): 3.40 DRILL TIME (SEC): 32
DESORBOMETER CONSTANT: 1.233
POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 1.8 1.5 1.0
TOTAL ESTIMATED CONTENT (CU.M/T): 6.3 1.4 1.4
PERCENT ERROR (%): -238.9 11.8 -45.1
GAS LOST WHILE DRILLING (%): 52.4 42.8 8.1
DESORBED VOLUME INSITU Qi (%): 54.9 45.8 12.9
DESORBED VOLUME IN CONTAINER Q2 (%): 31.3 37.6 60.4
DESORBED VOLUME AFTER MILLING Q3 (ml) 13.8 16.6 26.7
COEFFICIENT OF REGRESSION (r2): 0.947 0.988 0.939
SLOPE OR KT CONSTANT: 1.36 0.13 0.28
ESTIMATED TIME CONSTANT: 10.83 37.89 7.17
DESORPTION CONSTANT (Non comparable):170.43 -0.19 37.74
Time of Reaa Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
2.783 0.0 0.0 -
3.267 0.483 0.025 15.903
3.733 0.467 0.025 16.471
4.467 0.733 0.025 10.482
5.400 0.933 0.025 8.235
6.400 1.000 0.025 7.686
7.917 1.517 0.025 : 5.068
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DUTCH CREEK COAL MINE (CONT.)

BOREHOLE NO. A

SAMPLE NO. 4

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 7.32
SAMPLE WEIGHT (G): 3.90 DRILL TIME (SEC): 25
DESORBOMETER CONSTANT: 1.233
POWER QUAD.  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 2.4 2.3 1.9
TOTAL ESTIMATED CONTENT (CU.M/T): 5.0 2.0 1.7

PERCENT ERROR (%): -104.1 12.9 10.9
GAS LOST WHILE DRILLING (%): 23.4 19.4 3.6
DESORBED VOLUME INSITU Q1 (%): 26.1 22.2 7.0
DESORBED VOLUME IN CONTAINER Q2 (%): 59.6 62.7 75.0
DESORBED VOLUME AFTER MILLING Q3 (ml 14.3 15.1 18.0
COEFFICIENT OF REGRESSION (r2): 0.971 0.999 0.952
SLOPE OR KT CONSTANT: 0.94 0.22 0.31
ESTIMATED TIME CONSTANT: 17.98 18.36 11.67

DESORPTION CONSTANT (Non comparable) 136.10

- e s S - - - G S TS G G R S = - e G = e T WS

Time of Read Desorbed Time Gas Volume
(min) (min) (ccm)
1.508 0.0 0.0
2.158 0.650 0.074
2.708 0.550 0.049
3.042 0.333 0.025
3.408 0.367 0.025
3.792 0.383 0.025
4.292 0.500 0.025
4.775 0.483 0.025
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-0.23 51.91

Desorption Rate
(ml/min/qg)

30.928
24.367
20.103
18.276
17.481
13.402
13.864



DUTCH CREEK COAL MINE (CONT.)
BOREHOLE NO. A
SAMPLE NO. 5

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 8.23
SAMPLE WEIGHT (G): 4.80 DRILL TIME (SEC): 19
DESORBOMETER CONSTANT: 1.233
POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 2.0 1.9 1.6
TOTAL ESTIMATED CONTENT (CU.M/T): 4.6 1.6 1.6
PERCENT ERROR (%): -128.7 13.5 0.2
GAS LOST WHILE DRILLING (%): 24.4 19.6 3.9
DESORBED VOLUME INSITU Q1 (%): 27.9 23.4 8.4
DESORBED VOLUME IN CONTAINER Q2 (%): 659.2 62.9 75.2
DESORBED VOLUME AFTER MILLING Q3 (ml 12.9 13.7 16.4
COEFFICIENT OF REGRESSION (r2): 0.956 0.993 0.943
SLOPE OR KT CONSTANT: 1.09 0.22 0.27
ESTIMATED TIME CONSTANT: 16.05 38.61 10.42
DESORPTION CONSTANT (Non comparable) 124.68 -0.23 41.47
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (cem) (ml/min/g)
1.758 0.0 0.0 -
2.608 0.850 0.098 25.621
2.892 0.283 0.025 19.216
3.208 0.317 0.025 17.193
3.958 0.750 0.049 14.519
4.442 0.483 0.025 11.265
4.842 0.400 0.025 13.611
5.408 0.567 0.025 9.608
6.025 0.617 0.025 8.829
6.758 0.733 0.025 7.424
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DUTCH CREEK COAL MINE (CONT.)

BOREHOLE NO. A

SAMPLE NO. 6

ASH CONTENT ($%): 5.64 BOREHOLE DEPTH (M): 9.14
SAMPLE WEIGHT (G): 4.30 DRILL TIME (SEC): 20
DESORBOMETER CONSTANT: 1.233
POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 3.4 3.0 2.8
TOTAL ESTIMATED CONTENT (CU.M/T): 5.5 2.5 1.8
PERCENT ERROR (%): -64.,7 15.8 35.3
GAS LOST WHILE DRILLING (%): 18.4 9.1 3.7
DESORBED VOLUME INSITU Q1 (%): 21.1 10.9 5.6
DESORBED VOLUME IN CONTAINER Q2 (%): 48.0 54.2 57.4
DESORBED VOLUME AFTER MILLING Q3 (ml) 30.9 34.9 37.0
COEFFICIENT OF REGRESSION (r2): 0.949 0.987 0.977
SLOPE OR KT CONSTANT: 1.29 0.30 0.47
ESTIMATED TIME CONSTANT: 22,28 39.65 16.07
DESORPTION CONSTANT (Non comparable):150.57 -0.38 82.38
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/min/g)
1.717 0.0 0.0 --
1.900 0.183 0.025 33.151
2.083 0.183 0.025 33.151
2.283 0.200 0.025 30.388
2.517 0.233 0.025 26.047
2.783 0.267 0.025 22.791
3.383 0.600 0.049 20.259
3.750 0.367 0.025 16.575
4.283 0.533 0.025 11.396
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DUTCH CREEK COAL MINE (CONT.)
BOREHOLE NO. A

SAMPLE NO. 7

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 10.06
SAMPLE WEIGHT (G): 4.40 DRILL TIME (SEC): 22
DESORBOMETER CONSTANT: 1.233
POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 3.5 3.3 3.2
TOTAL ESTIMATED CONTENT (CU.M/T): 6.3 5.2 4.7
PERCENT ERROR (%): -78.8 ~59.8 -47.2
GAS LOST WHILE DRILLING (%): 13.4 6.3 4.6
DESORBED VOLUME INSTTU Q1 (%): 19.0 12.2 10.7
DESORBED VOLUME IN CONTAINER Q2 (%): 76.2 82.6 84.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 4.8 5.2 5.3
COEFFICIENT OF REGRESSION (r2): 0.912 0.992 0.937
SLOPE OR KT CONSTANT: 0.74 0.65 0.23
ESTIMATED TIME CONSTANT: 20.52 20.90 7.07
DESORPTION CONSTANT (Non comparable) :172.63 -0.72 102.95
Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (ccm) (ml/mln/g)
1.550 0.0 0.0 -
1.867 0.317 0.099 75.026
2.633 0.767 0.173 54.231
3.550 0.917 0.197 51.836
3.783 0.233 0.049 50.910
4.250 0.467 0.074 38.183
4.567 0.317 0.049 37.513
5.067 0.500 0.074 35.637
5.433 0.367 0.049 32.397
5.867 0.433 0.049 27. 413
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DUTCH CREEK COAL MINE (CONT.)
BOREHOLE NO. A

SAMPLE NO. 8

ASH CONTENT (%): 5.64 BOREHOLE DEPTH (M): 10.67
SAMPLE WEIGHT (G): 4.30 DRILL TIME (SEC): 17
DESORBOMETER CONSTANT: 1.233
POWER QUAD.  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 2.7 2.4 2.2
TOTAL ESTIMATED CONTENT (CU.M/T): 5.6 3.1 2.5

PERCENT ERROR (%): -109.9 -32.1 -12.7
GAS LOST WHILE DRILLING (%): 22.3 12.1 5.3
DESORBED VOLUME INSITU Q1 (%): 24.8 15.0 8.3
DESORBED VOLUME IN CONTAINER Q2 (%): 70.9 80.2 86.4
DESORBED VOLUME AFTER MILLING Q3 (ml) 4.3 4.9 5.3
COEFFICIENT OF REGRESSION (r2): 0.776 0.989 0.723
SLOPE OR KT CONSTANT: 0.97 0.38 0.32
ESTIMATED TIME CONSTANT: 17.49 25.29 9.22

DESORPTION CONSTANT (Non comparable): 153.20 -0.50 76.83
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Time of Read Desorbed Time Gas Volume Desorption Rate
(min) (min) (cem) (ml/min/g)
1.942 0.0 0.0 | -

2.075 0.133 0.025 45.582
2.358 0.283 0.049 42.901
2.858 0.500 0.049 24.311
3.325 0.467 0.049 26.047
3.5658 0.233 0.025 26.047
3.808 0.250 0.025 24.311
4.358 0.550 0.049 22.101

B-44



DUTCH CREEK MINE - COLORADO

NAME OF MINE (TEST SITE): COLORADO DUTCH CREEK MINE

LOCATION WITHIN MINE: B~-SEAM LONGWALL FACE

DATE OF TESTS: 3/23/89 ADSORPTION CONSTANT: 3.8

Mine Temperature (C): 17.0 Mine Atmos. Pressure (Pa): 66219

e et e S e e g ot e e S

BOREHOLE NO. B

SAMPLE NO. 1

ASH CONTENT (%): 2.87 BOREHOLE DEPTH (M): 2.00
SAMPLE WEIGHT (G): 4.80 DRILL TIME (SEC): 10.9
DESORBOMETER CONSTANT: 1.233
POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 4.0 4.8 4.8
TOTAL ESTIMATED CONTENT (CU.M/T): -3.4 3.6 13.1
PERCENT ERROR (%): 183.9 24.9 ~171.1
GAS LOST WHILE DRILLING (%): ~-16.0 2.5 4.1
DESORBED VOLUME INSITU Q1 (%): -5.1 11.7 13.2
DESORBED VOLUME IN CONTAINER Q2 (%): 105.1 88.3 86.8
DESORBED VOLUME AFTER MILLING Q3 (ml): 0.0 0.0 0.0
COEFFICIENT OF REGRESSION (r2): 0.985 0.916 0.958
SLOPE OR KT CONSTANT: 1.49 0.63 0.20
ESTIMATED TIME CONSTANT: -4.53 40.72 42,93
DESORPTION CONSTANT (Non comparable): 431.70 -0.37 124.32
SAMPLE NO. 2
ASH CONTENT (%): 2.87 BOREHOLE DEPTH (M): 3.00
SAMPLE WEIGHT (G): 4.80 DRILL TIME (SEC): 8.8
DESORBOMETER CONSTANT: 1.233
POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 4.7 5.7 5.5
TOTAL ESTIMATED CONTENT (CU.M/T): -2.9 9.0 5.9
PERCENT ERROR (%): 162.0 -58.7 -6.5
GAS LOST WHILE DRILLING (%): -13.9 5.2 1.8
DESORBED VOLUME INSITU Q1 (%): -8.3 9.8 6.6
DESORBED VOLUME IN CONTAINER Q2 (%): 78.9 65.7 68.0
DESORBED VOLUME AFTER MILLING Q3 (ml) 29.4 24.5 25.4
COEFFICIENT OF REGRESSION (r2): 0.994 0.958 0.942
SLOPE OR KT CONSTANT: 1.22 0.36 0.14
ESTIMATED TIME CONSTANT: -6.13 19.26 109.29
DESORPTION CONSTANT (Non comparable): 169.43 -0.28 54.00
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DUTCH CREEK MINE -~ COLORADO (CONT.)
BOREHOLE NO. B

SAMPLE NO. 3

ASH CONTENT (%): 2.87 BOREHOLE DEPTH (M): 4.00
SAMPLE WEIGHT (G): 4.90 DRILL TIME (SEC): 11.0
DESORBOMETER CONSTANT: 1.233
POWER QUAD.  EXPONENT

TOTAL GAS CONTENT (CU.M/T): 11.3 9.6 9.6
TOTAL ESTIMATED CONTENT (CU.M/T): 6.0 4.2 12.4

PERCENT ERROR (%) : 46.9 56.0 -28.2
GAS LOST WHILE DRILLING (%): 16.0 1.4 2.1
DESORBED VOLUME INSITU Q1 (%): 31.4 19.4 19.9
DESORBED VOLUME IN CONTAINER Q2 (%): 65.0 76.3 75.8
DESORBED VOLUME AFTER MILLING Q3 (ml 3.6 4.3 4.3
COEFFICIENT OF REGRESSION (r2): 0.996 0.989 0.910
SLOPE OR KT CONSTANT: 0.79 1.49 0.05
ESTIMATED TIME CONSTANT: 7.16 69.48 90.79
DESORPTION CONSTANT (Non comparable) 333.65 -1.20 108.95

SAMPLE NO. 4

ASH CONTENT: 2.87 BOREHOLE DEPTH (M) : 7.00
SAMPLE WEIGHT (G): 5.40 DRILL TIME (SEC): 18.5
DESORBOMETER CONSTANT: 1.233

POWER QUAD. EXPONENT
TOTAL GAS CONTENT (CU.M/T): 6.5 9.4 9.7
TOTAL ESTIMATED CONTENT (CU.M/T): -15.7 4.0 10.9
PERCENT ERROR (%): 343.2 57.7 ~12.4
GAS LOST WHILE DRILLING (%): ~42.9 1.4 4.7
DESORBED VOLUME INSITU Q1 (%): -24.5 14.1 17.0
DESORBED VOLUME IN CONTAINER Q2 (%): 70.5 48.7 47.0
DESORBED VOLUME AFTER MILLING Q3 (ml): 54.0 37.3 36.0
COEFFICIENT OF REGRESSION (r2): 0.970 0.964 0.980
SLOPE OR KT CONSTANT: 1.23 1.18 0.06
ESTIMATED TIME CONSTANT: -1.56 72.21 103.53
DESORPTION CONSTANT (Non comparable): 969.22 -1.86, 86.44
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APPENDIX C

CONSERVATION EQUATIONS OF ADSORPTIVE GAS
IN A GAS CHROMATOGRAPHIC COLUMN



The relationship between gas adsorption coefficients and
gas retention variables in an ideal chromatographic column can
be derived by mass conservation. The change in the
concentration of gaseous species A across a chromatographic
column is shown in Figure 8.1. The gas concentration C, in
the mobile phase is a complex function of time t and distance
x of the layer under investigation from the column inlet

= f(t,x). (1)
If the accumulation of the gaseous species A in the column

increment dx is dn, (Figure 8.1), based on mass conservation
we have

dn, = inlet, - outlet, (
2)
= -F.dC,
i.e.,
d
(dny) g, = ~Fy(52) cdx (3)

where F, is the volumetric flow rate of carrier gas. This
accumulated quantlty of species A in the column increment dx
is distributed in the mobile phase and the stationary phase.
Thus, the quantity of the adsorbate A in a unit length of the
column is

where V, is the volume of the mobile phase in a unit length of
the column, m_ the mass of coal in a unit length of the
column, and a, the mole of adsorbate A on a unit mass of coal.
Accordlng to the mass conservation law,

- aCA

(=

= L% (ViCurmeay) ) six. (5)

Rearranging Egquation 5, we obtain the mass conservation
equation of an adsorptive gas through a gas chromatographic
column:

Oa,

3y,
T3

Fol2) . v, (%) 4 om

3 )x = 0. (6)

Mathematically,
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02,

aaA)
ac,

ac,
(2 )

x = T (7)

The derivative term (da,/d8C,), represents the dependence of the
adsorbed quantity of spec1es A on its concentration in the
mobile phase C, at a glven temperature. It thus represents
the adsorption isotherm, i.e.,

da,, _ da,
(a—C;)x- E—q‘. (8)
From Equation 1, we have
ac oc
dc, = (75?)*d§ + (7§f)cdx. | (9)
Therefore,
2y < -y (&) (10)
at 0x G’

Substituting Equations 7, 8, and 10 into Equation 6 gives:

oc, da, _
Fc(-a—‘-x-)t"' (V mL )(at) "'O

aCA - daA aCA ax _

Fc(_a—)‘(')t (V IdC)(—a—).t—)c(—a_E)C‘— O (11)
0
F,- (v, m,_d"ua’;)q
or
F, (V+deaA)uA=0 (12)
CA

where u, is the linear migration velocity of species A at
concentration C, moving along the column in the mobile phase.

Assuming that in each part of the celumn gas adsorption
equilibrium is eventually established, we can combine the mass
caonservation equation with a gas adsorption isotherm to derive
the relationship between gas adsorption coefficient and gas
retention variables. When an infinite dilution of a gas
sample is used (Brunauer et al., 1940), all of the proposed
types of gas adsorption isotherms become linear, i.e.,
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%‘{gn[—a—:] = K, a (13)

where K A is the concentration coefficient of gas adsorptlon
of species A. The range of infinite dilution of a sample size
is normally less than 0.5 ml, which depends not only on the
properties of adsorbate and adsorbent, but also on the
chromatographic conditions.

Based on the mass conservatlon equations (Equation 6, 10,
or 12) and

L

uA:t

(14)

I

where t. is the gas retention time, for an ideal packed column
{no pressure drop along the column, i.e., constant F,), we
have

V+ WK, = Ft, (15)
and
K., = —P%;(F t,~V)
(16)
-,—%(v -

where W, is the total mass of coal in the column.
To consider the dead volume in gas chromatography, the
retention volume of unsorbed gas becomes

Ve = V4V (17)

FctM

where t, is the gas hold-up time or the retention time of the
carrier gas. Finally, we have

KC.A

1

lef;rj szp

(18)

(t,~t,) .

For a real packed column, there is a significant pressure
drop along the column. The pressure gradient of the carrier
gas depends on (James and Martin, 1952):
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where n is gas viscosity, x the column permeability, A, the
cross-sectional area of the column, and u, the linear velocity
of the carrier gas, and constant c,

If it is assumed that the carrier gas is an ideal gas

°

mcol umn

C1 = -....__.‘l_.... (20)

under the experimental conditions, we have:

pF.  P,F.,
T T
c o (2 1)
1;» = TCPOFC, [<d _}:-_
-4 Tu p

where subscript 'o' refers to the value at measurement
conditions, and 'c¢' the value under c¢olumn conditions.
Substituting Eguation 21 into Equation 19 gives:

%E; = ¢,P,F, ,~£1, (22)

Integrating Equation 22 gives:

T
%pz = O\ PF, ;==X + . (23)

C,0 v
'lO

Constants ¢, and c, in Equation 23 are determined by the
boundary conditions:

X=0, p=Pj;

(24)
x=L p=P,.

Substituting these boundary conditions into Equation 23 gives:



T, 1
2T PFe, oL p?-p? (25)

c =

c, =-%£§ :

Substituting Equation 25 into Equation 23 gives:
Z_Pz
p ip

x -
A

(26)

Plots of pressure and volumetric velocity gradient along
the coclumn are shown in Figures C.la and C.1b.

Differentiating Equation 26 gives:
2L

dx = ——==-pdp. (27)
o .+l
For an unsorbed carrier gas, K , = 0. Therefore,
Equation 12 for the carrier gas becomes:
F,-Vu, =0, (28)

Substituting Equations 21 and 27 into Equation 28 gives:
2L dp = _PoFc,o T,

1
— - =, 29
p-pidt "V, T,p (22)
The boundary conditions for Equation 29 are:
t = 0' p = Pj;
(30)
t: - t”' p = PO
Thus,
o “PF T
.Tzé_z.p‘zdp = f...?_i./_";?_'f'dc, (31)
P, PO—P_“ [1) L (-]

Integrating, rearrahging, and substituting V by V, (to
consider the dead volume in gas chromatography) in Eguation 31
gives:
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Figure C.1. Pressure gradient (a) and volumetric velocity
gradient (b) along a gas chromatographic
column.
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T, p; 2 ° (32)

= JP: TF‘C: Otn

where J, ; is a pressure and temperature correction factor, and

P 2
1- (=)
. 37T P,
J - e — " 33
p.T 2 Ta 1 (Pi)3 ( )
F,
Comparing Equation 32 with Equation 17 shows:
F, = Jp,TFc,o' (34)
Substituting Equation 34 into Equation 18 gives:
1
Kea = WJP.:(Fc.a(tz-tM) . (35)
c
Net unit retention volume is defined as:
Vy = =y oFe o (E,mty) - (36)
wc
Thus,
Keoa=Vy
Vy (37)
Kp"‘ - ﬁ.

The most important equations and relationships are
summarized as follows:
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K. =V,
V.
K —
P RT,
and
\4
g =
Vco.lumn
V= LxV,
m = Lxm,
Peoas = z
coal (1-€) Veorumn
ox
uA = ("é‘é)c‘

TR I TP A TR IV TR (TR VRN TR VL

(38)
(39)

(40)

(41)
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APPENDIX D

RESULTS ON PERMEABILITY TESTS



Large coal lumps were retrieved from the seams under
investigation, placed in containers and transported to the
University of Utah. At the laboratory, each coal lump was
cast in cement or grout. Each sampled seam was represented
by one lump cast with the bedding plane in the horizontal
direction and another lump cast with the bedding plane in
avertical orientation. ‘A coring drill bit with inside
diameter of 2.125 inches was utilized to produce core samples
from the cast coal lump. Each coal lump was drilled so as to
provide as many good coal cores as possible.

As was expected, frequent fractures found in coal made it
difficult to produce a continuous core longer than a couple of
inches. However, with the exception of coal from the Beaver
Creek Mine, each coal seam was represented with at least one
core, in each bedding direction, long enough to use in the
permeability experiments. Then the samples were trimmed to
the 2.125 inches in diameter with height of about twice the
diameter. ‘

Before testing for permeability, the samples were allowed
to climatize in the laboratory for a period of one week. The
laboratory is air conditioned with the temperature maintained
at around 23 degrees Celsius. This period allowed for a
similar water content among the samples without any thermal
damage which could have occurred if a more aggressive drying
procedure was utilized. Water content may not be the same for
different coals but would be equilibrated at the same relative
humidity.

TerraTek Inc., University of Utah Research Park, Salt
Lake City, Utah, performed permeability and porosity tests on
samples shaped on specimens having 4 in. in diameter and 6 in.
in height. Only coal samples collected from the Rock Canyon
seam (Soldier Canyon Creek Coal Mine) and B seam (Dutch Creek
Mine in Colorado) permitted shaping on such a large diameter.
The porosity measurements were made by use of Boyle's Law
Medium pore volume technique and the permeability tests were
measured by Helium using a transient pulse decay method. The
results are shown in Table D-1.

Consequently, a permeability testing apparatus was set up
in the Methane Analysis Laboratory for smaller 2.125 in.
diameter specimens. The tester consisted of a pressurized
nitrogen ccntainer, triaxial cell with modified platens,
hydraulic pump, compression machine, and a gas flow meter.
Where necessary, the network was connected with pressure
hoses. Figure D-1 shows the standard network setup.
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TABLE D-1. Results on permeability performed on large
diameter specimens.

Orientation Porosity Permeability
(Seam), in the seam: % mD
Mine N 18 E/87 SE

Vertical *N + 0 *N + 90

(Rock Canyon)

Soldier Creek Mine, UT 1.21 0.033 0.065 0.032
(B seam)

Dutch Creek Mine, CO 3.15 0.034 *%0,319 0.26
*where N = 18 E (dip = 87 SE)

*x N = 68 E (dip = 9 SE)

Nitrogen was chosen to supply the gas flow necessary for
permeability testing. A 230 scf standard vessel served as the
source of nitrogen for all experiments.

The vessel was connected to the bottom platen of the
triaxial cell via a high pressure hose. Three pressure gauges
with upper limits of 100 psi, 200 psi, and 400 psi, were
attached to the pressure hose to accurately monitor the
various inlet pressures.

A triaxial cell with modified platens (Figure D-2) at
both the top and the bottom end was used to allow variable
axial and confining forces to act upon the sample, and to
allow the gas to flow through the sample.

The triaxial cell utilizes a urethane membrane to
separate the confining hydraulic oil from the coal sample.
Furthermore, the membrane created a seal between itself and
the coal sample, thus preventing the oil from passing into the
coal. The cell accommodates a coal sample 2.125 inches in
diameter and up to 4.25 inches in height. This is consistent
with ASTM standards for triaxial compressive s*rength
measurements.
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Figure D-1.

Permeability tester.
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Figure D-2. Platens for the permeability tester.
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A hand operated hydraulic pump was used to deliver a
steady confining pressure to the coal sample, monitorec. via a
pressure gauge. The oil pressure delivered by the hycraulic
pump had a tendency to decrease with time. This was remedied
by persistent pressure monitoring and timely adjustments by
the operator.

A hand operated compression test machine was utilized to
supply axial stress to the spherical platens. The compression
machine was capable of generating up to 20,000 pounds of
force, which was sufficient to carry out the gas flow analysis
under axial stresses of up to 5,080 psi.

The compression machine allowed for variation of the
axial stress upon demand without any network or sample
disturbance. A simple soap bubble flowmeter was utilized to
measure the outlet gas volume (Figure D-1). The soap
flowmeter consisted of a calibrated vertical glass cylinder
with a rubber bottom filled with a mixture of water and soap.
The water and soap mixture was only contained at the rubber
bottom of the cylinder to allow for convenient bubble making.
The formed bubbles indicated the gas volume entering the
cylinder per given time interval. By simple observation, the
operator could easily select the most convenient time interval
and measure the gas volume generated in that particular time
interval. A number of readings were taken tc assure that gas
flow had reached steady state before flow rates were recorded
for permeability calculations. This flow measuring technique
proved very attractive because of its simplicity, accuracy,
and reliability.

During the permeability testing procedure each coal
sample was subjected to a total of nineteen combinations of
axial stress, confining stress, and inlet gas pressure. This
was necessary in order to identify the magnitude of the
permeability and trends for each coal sample. Furthermore,
this wide range of parameters allowed for better approximation
of permeability under various subsurface conditions during
mining operations.

Coal samples were was subjected to the same sequence of
varying external stresses and inlet gas pressures. The test
was design such that only one parameter was variable at a
time, while keeping the other two constant. This allowed for
examination of each parameter's effect on permeability.

The sequence was a battery of three tests, always in the
same order. First was the "variable inlet gas pressure test
or IGP test", followed by the "variable confining stress test
(Cs)", and the "variable axial stress test (AS)" concluded the
battery. The sample remained in the urethane sheet within the
cell at all times and only the variable parameters were
changed during this series of tests. Moreover, precaution was
taken to make sure that axial and confining stresses remained
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balanced thus preventing a potential crushing or distortion of
the sample.

In an attempt to eliminate other factors influencing
permeability, the testing conditions were held as constant as
possible for all samples. Moreover, to assure similar testing
conditions for all samples, the temperature selected was 23
dagrees Celsius with an allowed deviation of 1 degree Celsius.
The outlet pressure selected was 22 inches of mercury with an
allowed deviation of 10 percent. Both the temperature and the
outlet pressure were constant during each experiment sequence.

Another reason for wundertaking the permeability
experiment was to analyze the relationship between bedding
orientation with respect to medium flow and permeability. It
was for this reason that each coal seam, with the exception of
coal from the Beaver Creek Mine, was represented by two sets
of samples. One with gas flow perpendicular to the bedding
plane, and the other with flow parallel to the bedding plane.
Unfortunately, the coal from Beaver Creek was very weak and
repeatably disintegrated during the coring process.

During the tests the axial stress was raised to 2,750 psi
while the confining stress was raised to 700 psi. The inlet
gas pressure, IGP, was increased to 50 psi. The system was
allowed to stabilize until the outlet gas flow reached a
steady state, at which time the system was ready for the
"variable inlet gas pressure test".

The first test in the sequence was the "variable inlet
gas pressure test, IGP". During this test, axial stress and
confining stress remained at 2,750 psi and 700 psi
respectively. However, the inlet gas pressure, 1IGP, was
incrementally increased from 50 psi to 300 psi. The increment
was 50 psi each time. Before each increment's flow recording,
the flow was examined to make sure it had reached steady
state. In order to average out any human error, several
readings were taken for each increment until the same flow was
observed at least three times. After the completion of the
first test, two adjustments were necessary before the second
test could began. The inlet gas pressure was reduced from 300
psi to 100 psi, and the confining pressure was reduced to 500
psi. The network was allowed to stabilize until the flow
reached steady state once again.

The second test in the sequence was the “variable
confining stress or CS test". During this test, the axial
stress and inlet gas pressure remained at 2,750 psi and 100
psi respectively. The confining stress was raised from 500
psi to 1,500 psi in 250 psi increments. Once again, flow was
allowed to stabilize after each increase and then cautiously
recorded. After the conclusion of this test, the confining
stress was reduced from 1,500 psi to 700 psi, and the axial
pressure was decreased from 2,700 psi to 1,410 psi. The
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system was again allowed to stabilize. Upon the achievement
of steady flow, the last test in the battery was ready to be
performed.

The last test was the "variable axial stress (AS) test".
During this test the confining stress and inlet gas pressure
remained at 700 psi and 100 psi respectively. The axial
stress was increased from 1,410 psi to 5,080 psi in the
following sequence: 1,410; 1,690; 2,260; 2,820; 3,380; 3,950;
4,510; 5,080. At each interval, the sample was allow to
stabilize and the flow rates were again carefully recorded.

Results of Permeability Tests

Multiple gas flow readings were taken for each described
scenario. The number of readings depended on how quickly the
flow stabilized. However, in each case the readings continued
until similar reading was recorded at least three times. At
that time the readings representing stable condition were
averaged. It is these averaged recordings which were used in
the permeability calculations.

Extreme caution was exercised to maintain the axial and
confining stress, and gas (inlet) pressure constant during
each test. At no time was a reading recorded when these
parameters deviated from their designed setting. The results
are shown in Table D-2. Figures D-: to D-8 present the
relationship between the permeability and axial, confining,
and inlet stress.

Table D-2 Summary of results on permeability tests
performed on 2.125 in. diameter specimens
MINE COALBED PERMEABILITY
PARALLEL PERPENDICULAR
TO BEDDING PLANES

(mD) (mD)
BEAVER CREEK CASTLEGATE A * 0.395
CASTLE GATE SUB 3 0.041 0.039
SOLDIER CREEK ROCK CANYON 0.005 . 0.014
SOLDIER CREEK SUNNYSIDE 0.063 0.096
SUNNYSIDE COAL LWR SUNNYSIDE 0.016 0.011
DUTCH CREEK B * 0.035
* SPECIMEN FATLED
TEST PARAMETERS:
AXIAL STRESS: 2750 psi  (18.98 MPa)
CONFINING STRESS: 700 psi (4.83 MPa)
PORE PRESSURE: 200 psi (1.38 MPa)
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Table D-3 Results on permeability tests

Mine Name: Begver Creek

Seam Name: Castlegate A

Specimen's Bedding:

Length {m):

Horizontal
0.107

Diameter(in): 2.125

PERMEABILITY TEST

Temperature (C):

Baromet. P. (Hg):

238
222

Viscosity(Ns/m3): 1.775E-05

X~ Area(in2): 3,545 Specimen's 1.D.: 22

Variable Gas Piessiwre:

i Stress Pressure Flow |Perme
Exp{Axial Conf. Mean | Iniet Mean Reciprocal Rate abllity
ID# | (ps))  (psh) (ps]) | (psh (ps))  Mean (psi) {m3/s) (md)
194 12,750 700 1,383 50 30 0.0328 1.03€-07 0.113
185(2,750 700 1,383 100 55 0.0180 8.70E-07 0.258
196{2,750 700 1,383 150 8¢ 0.0124 2.45E-06 0.288
197]2,750 700 1,383 200 105 0.0085 6.00E-08 0.385
198(2,750 700 1,383 250 130 0.0077 1.00E-05 0.421
199{2,750 700 1,383 300 155 0.0064 1.66E-05 0.485
Variable Confining Pressure:

Stress Pressure Flow Perme
Exp|Axial Conf. Mean| inlet Mean Reciprocal Rate ability

ID# | (psi)  (ps)) (psh) | (psl) (psi)  Mean (psi) (m3/s) {md)
200(2,750 500 4,250 100 55 0.0180 0.000
20112,750 750 1,417 100 55 0.0180 0.000
20212,750 1,000 1,583 100 55 0.0180 0.000
20312,750 1,250 1,750 100 83 0.0180 0.000
20412 750 1,500 1,817 100 55 0.0180 0.000
Variable Axial Pressure: ‘

Stress Pressure Flow Perme
Exp|Axial Coni. Mean| Inlet Mean Reciprocal Rate ability

D# |(pe)  (psh) (psh | (psh) (ps)  Mean (psi) (m3/s) (md)
205(1,410 700 937 100 55 0.0180 1.867E-06 0.443
20861,680 700 1,030 100 55 0.0180 1.43E~-08 0.380
207 12,280 700 1,220 100 55 0.0180 1.25E-08 0.332
208 (2,820 100 1,407 100 LE] 0.0180 1.26E~08 0.338
209 (3,380 700 1,583 100 b5 0.0180 1.20E-08 0.320
210(3,950 700 1,763 100 55 0.0180 0.000
21114,510 700 1,970 100 55 0.0180 0.000
21215,080 700 2,180 100 55 0.0180 0.000
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Table D-3 Results on permeability tests (cont.)

PERAMEABILITY TEST

Mine Name: Castlegate
Seam Name: Sub 3

Specimen’'s Bedding:  Vertical Temperature (C): 235
Length (m): 0.108 Baromet P. (Mg): 22.22
Diameter(in): 2.125 _ Viscosity(Ns/m3). 1.775E~-05
X-Area(in2): 3.545 Specimen's 1.D.: 20

Variable Gas Presswre:

Stress Pressure Flow Perme
Exp| Axial Conf. Mean| tnlet Mean Reciprocal Rate abilly
1D# 1 (ps)  (ps) (pa)) | (ps) (psh) Mean 1/{psl) (m3d/s) {md)
15612,750 700 1,383 50 30 - 0.0328 J3.00E~08 0.043
157(2,750 700 1,383 100 55 0.0180 1.21E~07 0.032
15812,750 700 1,383 150 80 0.0124 2.79E-07 0.033
15012,750 700 1,383 200 105 0.0085 8.10E~07 0.041
160/2,750 700 1,383 250 130 0.0077 1.82E~08 0.064
161]2,750 700 1,383 300 155 0.0064 3.10E~-06 0.092

Variable Confining Pressure.

Stress Pressure Flow Perme
Exp| Axial Conl. Mean| Inlet Mears Reciprocal Rate abiiity
D¢ | (psl)  (psh (psh) | (psl) (ps)) Mean 1/(psl) {m3/s) | (md)
16212,750 500 1,250 100 55 0.0180 1.31E~-06 0.352
163 12,750 750 1,417 100 55 0.0180 1.14E~07 0.031
16412,750 1,000 1,583 100 5% 0.0180 3.13E-08 0.008
16512,750 1,250 1,750 100 58 0.0180 0.00E+00 0.000
166]2,750 1,500 1,817 100 55 0.0180 0.00E+00 0.000

Variable Axial Pressure’

Stess Pressure Flow Perme
| Exp| Axial Conf. Mean| Inlet Mean Reciprocal Rate ability
D& | (psh  (psh (pshh | (psh (ps) Mean 1/(psi) (m3/s) {md)
187 11,450 700 937 100 55 0.0180 8.00E-08 0.021
168{1,660 700 1,030 100 55 0.0180 7.80E-08 0.021
16912,260 700 1,220 100 55 0.0180 7.60E-08 0.021
1702,620 700 1,407 100 58 0.0180 7.41E£-08 0.020
171[3,380 700 1,592 100 5% 0.0160 7.53E-08 0.020
17213950 700 1,783 100 &% 0.0180 7.60E-08 0.021
17314510 700 1,870 100 55 0.0180 7.18E-08 0.019
17415080 700 2,160 100 55 0.0180 7.60E-08 0.02%
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Castle Gate
Seam Name: Sub 3

Specimen’'s Bedding:  Morlzontal Temparature (C): 238
Length (m): 0.066 Baromet P, (Hg}: 22,15
Diameter(in): 2.125 Viscosity(Ns/m3): 1.775E-05
X~ Area(in2): 3.545 Specimen's I.D.: 13

Variable Gas Presswe:

Stress Pressure Flow Perme

Exp [Axial Conf. Mean| Inlet Mecan Reclprocal Rate ablitty

iD# |(ps)  (psl) (ps) | (psh (ps) __Mean (psl) (m3/s) | (md

80 2,750 700 1,383 50 30 0.032¢ 8.20E-08 0.047

81 (2,750 700 1,383 100 55 0.0180 2.17E-07 0.0386

82 12,750 700 1,383 150 80 0.0124 5.05E-07 0.036

83 12,750 700 1,383 200 105 0.0005 9.64E~07 0.038

84 |2,750 700 1,363 250 130 0.0077 1.84E~08 0.048

85 12750 700 1,383 _ 300 158 0.0084 3.30E-08 0.080

Variable Confining Pressure:

Stress Pressure Flow Perme
Exp [Axial Conf. Mean| Inlet Mean Reclprocal Rate ablity
ID# [ (ps))  (ps  (psh | (psh) (psh Mean (psf) {ma/s) {md)
86 (2,750 500 1,250 100 55 0.0180 €.48E~07 0.106
87 2,750 750 1,417 100 5% 0.0180 1.80E~-07 0.031
88 [2,750 1,000 1,583 100 5% 0.0180 7.01€-08 0.011
89 2,750 1,250 1,750 100 55 0.0980 2.72E-08 0.004
80 12,750 1,500 1,997 100 55 0.0180 1.50E-08 0.%

Variable Axial Pressure:

Stress Pressure Flow Perime
Exp |Axial Cont. Mean| Inlet Mean Reciprocal Rate abRity
0# | (psh __ (psh_(psh | (psh (ps)  Mean (psi) (m3/s) | (md)
81 11,410 700 937 100 5% 0.0180 9.54E-~-08 0.016
9z 11,690 700 1,030 100 55 0.0180 8.51E-08 0.014
93 ;2,260 700 1,220 100 1 0.0188 7.55E~08 0.012
g4 2,820 700 1,407 100 55 0.0180 7.06E~08 0.012
o5 13,380 700 1,583 100 5% 0.0180 8.73E-08 0.011
86 13,950 700 1,763 100 55 0.018n 8.66E-08 0.011
97 14,510 700 1,870 100 55 0.0180 7.02E-08 0.011
88 15,080 700 2160 100 55 0.0180 8.95E-08 0.011
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Soldier Creek
Seam Name: Rock Canyon

Specimen's Bedding:  Vertlcal Temperatwe (C): 235
Length (m): 0.108 Baromet. P. (Hg): 22.2
Diameter(in): 2.125 Viscosity(Ns/m3): 1.775E--05
X-Area(in2): 3,545 Specimen's 1.D.: 19

Variable Gas Pressure:

Stress Pressure Fiow Perme
Exp| Axlal Conf. Mean| Inlet Mean Reciprocal Rate abllity
ID# | (psh_ (psh) (psh) | (psh (psh Wean 1/(psi) (m3/s) | (md)
137 (2,750 700 1,383 50 30 0.0328 0.00E+00 0.000
138}2,750 700 1,383 100 55 0.0180 0.00E+00 0.000
138 2,750 700 1,383 150 80 0.0124 * 3.72E-08 0.004
140]2,750 700 1,383 200 105 0.008L 7.54E-08 0.005
14112,750 700 1,383 250 130 0.0077  1.79E-07 0.008
14212,750 700 1,383 300 155 0.0084 3.64E-07 0.011

Variable Confining Pressure:

Stress Pressure Flow Perme
Exp| Axial Conf. Mean| Inlet Mean Reciprocal Rate ablility
iD# | (psh  (ps)) (ps) | (psh (psf) Mean 1/(psi) {m/s) (md)
14312,750 500 1,250 200 105 0.0095 7.55E-08 0.005
144 12,750 750 1,417 200 105 0.0085 6.93E~08 0.005
14512,750 1,000 1,583 200 105 0.0085 2.51E-08 0.002
14612,750 1,250 1,750 200 1058 0.0085 1.15E~-08 0.001
14712,750 1,500 1,917 200 105 0.00985 5.75E-09 0.000

Variable Axial Pressure;

Stress Pressure Flow Perme
Exp| Axial Conf. Mean| Inlet Mean Reciprocal Rate ablility
ID# | (psh  (psi) (psi} | (psh (psh) Mean 1/({psl) {m3/s) {md)
148 (1,410 700 837 200 105 0.0085 6.56E-08 0.004
149/1,690 700 1,030 200 105 0.0095 5.83E-08 0.004
150 (2,260 700 1,220 200 105 0.0095 5.33E-08 0.004
1512,820 700 1,407 200 105 0.0085% 5.13£-08 0.003
15213,380 700 1,583 200 105 0.0005 5.04E-08 0.003
153(3,850 700 1,783 200 105 0.6085 8.32E-~-08 0.004
154 14,510 700 1,070 200 105 0.0095 6.45E-08 0.004
15515,080 700 2160 200 105 0.0085 7.96E-08 0.005
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Soldier Cresk
Seam Name: Rock Canyon

Specimen's Bedding:  Horlzontal
Length (m): 0.108
Dlameter(in): 2,125

Temperature (C): 23.5
Baromet. P, (Hg): 21,92
Viscosity(Ns/m3); 1.775E-~05

X-Area(in2): 3.545 Specimen’s 1.0.: 12
Variable Gas Presswre.

Stress Pressure Flow Perme
Exp |Axial Conf. Mean| inlet Mean Reclprocal Rate ablity
ID# | (ps)  (psD (psl) | (ps) (psl) _ Mean (psi) (m3/s) | (md)
61 12,750 700 1,383 50 30 0.0329 1.84E-08 0.020
62 {2,750 700 1,383 100 &5 0.0181 5.28E-08 0.014
63 (2,750 700 1,383 150 80 0.0124 1.08E-07 0.012
64 (2,750 700 1,383 200 105 0.0005 2.10E~07 0.014
65 (2,750 700 1,383 250 130 0.0077 4.28E-07 0,018
66 12,750 700 1,383 300 155 0.0064 8.87E~07 0.019
Varlable Gontining Pressure:

Stress Pressure Flow Perme
Exp |Axlal Conf. Mean| Inlet Mean Reclprocal Rate abllity
ID# [(ps) _ (ps) (psh | (ps) (ps) _ Mean (ps) (md/s) | (md)
87 |2,750 500 1,250 100 55 0.0181 1.41E-07 0.037
68 12,750 750 1,417 100 55 0.0189 3.54E-08 0.008
69 2,750 1,000 1,583 100 55 0.0181 1.50E-08 0.004
70 (2,750 1,250 1,750 100 85 0.01684 6.30E~00 0.002
71 2,750 1,500 1,817 160 55 0.0181 3.70§-—00 0.001
Variable Axiai Pressure:

Stess Pressure Flow Perme
Exp [Axiai Conf. Mean| inlel Mean Recliprocal Rate abilty
ID# | (psh _ (psh (psh) | (psh) (psh) _ Mean (psi) {mdfs) | (md)
72 {1,410 700 837 100 55 0.0181 2.36E-08 0.008
73 |[1,680 700 1,030 100 5% 0.0181 2.72E-08 0.007
74 12,260 700 1,220 100 55 0.0181 2.26E-08 0.006
75 (2,820 700 1,407 100 55 0.0181 2.00E~08 0.005
76 }3,380 700 1,583 100 55 0.0181 2.10E-08 0.006
77 {3,850 700 1,783 1086 65 0.0181 1.60E~08 0.005
78 (4,510 700 1,870 100 33 0.0181 1.85E~08 0,005
79 {5,080 700 2,160 100 55 0.0181 1.80E-08 0.005
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Soldier Creek
Seam Name: Sunnyside

Specimen's Bedding:  Vertical Temperature (C): 235
Length (m): 0.107 Baromet P, {Hg): 22.2
Diameter(in): 2.125 Viscosity(Ns/m3): 1.775E-05
X-Area(in2): 3.545 Specimen's |.D.: 21

Variable Gas Pressure:

Stess Pressure Flow Perme
Exp{Axial Conf. Mean| Inlet Mean Reciprocal Rate abllity

1D# | (psh) _ (psi) (ps) | (psl) (psl) Mean (ps)) (m3/s) (md)

17512,750 700 1,383 50 30 0.0328 8.59E-08 0.085

17612,750 700 1,283 100 5% 0.0180 2.17E~-07 0.058

17712,750 700 1,383 150 80 0.0124 4.94E-07 0,058

178(2,750 700 1,383 200 105 0.0085 9.52E-07 0.063

179]2,750 700 1,383 250 130 0.0077 1.13E-08 0.048

180{2,750 700 1,383 300 155 0.0064 2.00E-06 0.058

Variable Confining Pressure:

Stress Pressure Flow Perme
Exp|Axial Coni. Mean| Inlet Mean Reclprocal Rate ability
ID# 1 (psh)  (psh) _(psh) { (psh (psh)  Mean (psl) (m3/s) (md)
18112,750 500 1,250 100 565 0.0180 3.42E-07 0.081
182(2,750 750 1,417 100 55 0.0180 1.01€-07 0.027
18312,750 1,000 1,583 100 55 0.0180 3.88E-08 0.010
184 12,750 1,250 1,750 100 59 0.0160 2.04E-08 0.005
18512,750 1,500 1,817 100 55 0.0180 1.28E-08  0.003

Variable Axial Pressure:

Stess Pressure Flow Perme
Exp|Axial Conf. Mean| Inlet Mean Reciprocal Rate ability
ID# | (psh __ (psh _(psh | (psf) (psh)  Mean (psi) (m3/s) (md)
186 1,410 700 837 1090 55 0.0180 9.71E-08 0.026
187 11,690 700 1,030 100 55 0.0180 8.49E--08 0.023
188 12,260 700 1,220 100 55. 0.0180 7.16E-08 0.019
189 2,820 700 1',407 100 55 0.0180 §.726-08 0.018
100 13,380 700 1,593 100 55 0.0180 5.26E-08 0.014
19113,950 700 1,783 100 55 0.0180 5.00E-08 0.013
18214,510 700 1,870 100 55 0.0180 4.48E~-08 0.012
1193 15,080 700 2160 100 55 0.0180 4.76E-08 0.013
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Soldier Creek
Seam Name: Sunnyside

Specimen's Bedding: Horizonta! Temperature (C): 235
Length (m): 0.107 Baromet P. (Hg): 22.2
Diameter(in): 2.125 Viscosity(Ns/m3): 1.775E--05
X-Area(in2): 3.545 Specimen's |.D.: 18

Variable Gas Pressure:

Stress Pressure Flow Perme
Exp| Axial Con{. Mean| Inlet Mean Reciprocal Rate abllity
ID# | (ps) (psh (psh | (psi) (psl) Mean 1/(psi) (m3/s) | (md)
121]2,750 700 1,383 50 30 0.0328 2.75£-08 0.030
12212,7590 700 1,383 100 55 0.v180 5.60E-08 0.015
12312,750 700 1,383 150 80 0.0124 1.25E-07 0.015
118)2,750 700 1,383 200 105 0.0085 2.78E-07 0.018
11912,750 700 1,363 250 130 0.0077 4.79E-07 0.020
12012,750 700,1,983 300 155 0.00684 1.58E-07 0.022

Variable Confining Pressure:

Stress Prossure Flow Perme
Exp| Axial Conf. Mean| Inlet Mean Reciprocal Rate ability
0# | {psh  (psh  (psh | (psh (ps)) Mean 1/(psl) {m3/s) {md)
124 12,750 500 1,250 100 55 0.0180 1.70E-07 0.045
12512,750 750 1,417 100 55 0.0180 5.80E-08 0.015
126(2,750 1,000 1,583 100 55 0.0160 2.80E-08 0.007
12712,750 1,250 1,750 100 55 ©.0180 1.57E-08 0.004
128]2,750 1,500 1,817 100 &5 0.0180 9.30E-08 0,002

Variable Axial Pressure:

Stess Pressure Flow Perme
Exp| Axial Conf. Mean| inlet Mean Reclprocal Rate ability
ID# ! (ps)  (psD _ (osD | (psh (ps) Mean 1/(psl) (m3/s) {md)
1281,410 700 937 100 55 0.0180 5.51E-08 0.015
13011,890 700 1,030 100 55 0.0180 4.B4E-08 0.013
1312,260 700 1,220 100 &5 0.0180 4.47E-08 0.012
13212,820 700 1,407 100 5% 0.0180 4.21E~-08 0,011
133/3,360 700 1,593 100 55 0.0180 J.95E-08 0.011
134 (3,850 700 1,763 100 5% 0.0180 3.71E-08 0.010
135/4,510 700 1,870 100 55 0.0180 3.41E-08 0.000
136 (5,080 700 2,160 100 55 --- 0.0180 3.536-08 0.008
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Soldier Creek
Seam Name: Sunnyside

Specimen's Bedding: Horlzontal Temperature (C): 23.5
Length (m): 0.107 Baromet. P, (Hg): 2214
Diameter(in): 2.125 Viscosity(Ns/m3): 1.775E-05
X-Area(in2): 3.545 Specimen's I.D.: 15

Variable Gas Pressure.

Stress Pressure Flow Perme

Exp [Axlal Conf. Mean| Inlet Mean Reciprocal Rate ability
D#1(psh__ (ps) (psh | (ps) (psf) Mean 1/(psi) (m3/s) | (md)
42 12,750 700 1,383 50 30 0.0329 1.14E-~-07 0.125
43 {2,750 700 1,383 100 55 0.0180 3.863E~07 0.006
44 2,750 700 1,383 150 80 0.0124 7.34E-07 0,088
45 12,750 700 1,383 200 105 0.0085 1.47E-08 0.096
1468 (2,750 700 1,383 250 130 0.0077 2.47E-06 0.104
47 12,750 700 1,383 300 155 0.0064 3.85E-06 0.112

Variable Confining Pressure:

Stress Pressure Flow Perme
Exp |Axial Conf. Mean| Inlet Mean Reciprocal Rate ability
ID# [(ps)  (psD (psh | (psh (psi)  Mean (psi) (m3/s) | (md)
48 (2,750 500 1,250 100 55 0.0180 7.69E-07 0.204
49 (2,750 750 1,417 100 55 0.0180 2.84E-07 0.078
50 2,750 1,000 1,583 100 55 0.01680 1.40E-07 0.037
51 2,750 1,250 1,750 100 55 0.0180 7.40E-08 0.020
52 12,750 1,500 1,817 100 55 0.0180 4.00E-08 0.011

Variable Axial Pressure:

Stress Pressure Flow Perme
Exp {Axlal Conf. Mean| 'nlet Mean Reciprocal Rale ability
ID#1(psh  (ps) (psh | (ps (psh)  Mean (psi) (m3fs) | (md)
53 [1,410 700 937 100 55 0.0180 2.37E-07 0.063
54 (1,690 700 1,030 100 55 0.0180 2.18E-07 0.057
55 |2,2680 700 1,220 100 55 0.0180 2.00E~-07 0.053
56 |2,820 700 1,407 100 55 0.0180 1.88E-07 0.052
57 13,380 700 1,583 100 55 0.0180 1.82E-07 0.051
58 (3,850 700 1,783 100 55 0.0180 1.84E-07 0.049
59 14,510 700 1,970 100 55 0.0180 1.87E-07 0.050
60 {5,080 700 2,160 100 55 " 0.0180 2.05E~07 0.054
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Sunnyside
Seam Name: Sunnyside

Specimen's Bedding:  Vertical Temperature (C): 22.5
Length (m): 0.108 Baromet. P. (Hg): 22,05
Diameter(in): 2.125 Viscosity(Ns/m3): 1.775E~05
X-Area(in2): 3.545 Specimen's |.D.: 17

Variable Gas Pressure:

Stress Pressure Flow Perms

Exp| Axial Conf. Mean| Inlet Mean Reciprocal Rate abiity
ID# | (psh (psh (psi) s) (ps) Mean (ps (m3/s) {md
99 (2,750 700 1,383 50 30 0.0328 2.29E-08 0.025
1002,750 700 1,383 100 55 0.0180 8.33E-08 0.017
101 2,750 700 1,383 150 80 0.0124 1.326-07 0.016
10212,750 700 1,383 200 105 0.0095 2.45E-07 0.016

103 (2,750 700 1,383 250 130 0.0077 4.84E-07 0.020}
104 2,750 700 1,383 300 155 0.0064 3.82E-08 0.112

Variable Confining Pressure:

Stress Pressure ' Flow Perme
Exp| Axial Cont. Mean| inlet Mean Reciprocal Rate abjlity
D#| (ps) (ps) (psD | (p]) (ps)  Mean (psi) (m3/s) | (md)
105|2,750 500 1,250 100 &5 0.0180 2.08E~07 0.055
106 (2,750 750 1,417 100 &5 0.0180 5.33E-08 0.014
10712,750 1,000 1,583 100 55 0.0180 2,39E-08 0.006
10812,750 1,250 1,750 100 55 0.0180 1.11E-08 0.003
109}2,750 1,500 1,917 100 5% 0.0180 8.90?_—_—_!_)2 0.002}

Yariable Axial Pressure:

Stress Pressute Flow Perme
Exp| Axial Conl. Mean| inlet Mean Reciprocal Rate abiity
ID# ] (ps)  (psh (psh) | (psh (psh  Mean (psi) {m3/s) {md
110}1,410 700 937 100 85 0.0180 4,05E-08 0.011
11111,690 700 1,030 100 55 0.0180 4.16E-08 0.011
11212,260 700 1,220 100 55 0.0180 4.05E-08 0.011
11312,820 700 1,407 100 55 0.0180 3.85E-08 0,010
111413,380 700 1,593 100 85 0.0180 3.785E-08 0.010
11513,950 700 1,783 100 55 0.0180 3.83E~-08 0.010
116 4,510 700 1,870 100 55 0.0180 3.81E-08 0.010
1175,080 700 2,160 100 55 0.0180 3.48E-08 0.008
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST
Mine Name: Sunnyside
Seam Name: Sunnyside
Specimen's Bedding:  Horizontal Temperature (C): 22.5
Length (m): 0.092 Baromet. P. (Hg): 2218
Diameter(in): 2.125 Viscosity{Ns/m3): 1.775E~05
X~Area(in2): 3.545 Specimen's .D.: 14
‘Varlable Gas Pressure:
Stress Pressure Fiow Perme
Exp |Axial Cont. Mean| Inlet Mean Reciprocal Rate abllity
ID# {{psh (psh) (psh) | (ps)) (ps)  Mean (pel) {m3/s) md)
24 (2,750 700 1,383 50 30 0.0328 1.64E-08 0.018
25 {2,750 700 1,383 100 55 0.0180 4.22E-08 0.010
26 12,750 700 1,383 150 80 0.0124 1.01E~07 0.010
27 12,750 700 1,383 200 105 0.0095 1.64E~-07 0.011
22 12,750 700 1,383 250 130 0.0077 4.79E~07 0.017
23 12,750 700 1,383 300 155 0.0084 8.80E-07 0.022

Variable Confining Pressure:

Stress Pressure Flow Perme
Exp |Axial Conf. Mean| inlet Mean- Reciprocal Rate abiity
ID# | (ps) (ps) (psh) | {psh) (ps)  Mean {psi) (m3/s) | (md)
28 2,750 500 1,250 400 55 0.0180 1.53E--07 0.035
29 12,750 750 1,417 100 55 0.0180 2.76E-08 0.006
30 (2,750 1,000 1,583 100 55 0.01680 1.18E-08 0.003
31 2,750 1,250 1,750 100 55 0.0180 6.00E-~08 0.001t
32 {2,750 1,500 1,817 100 55 0.0180 3.10E-00 0.001}

Variable Axial Pressure:

Stess Pressure Flow |Perme
Exp |Axial Conl. Mean | Iniet #esan Reciprocal Rate ability
ID# | (ps) (s _(psf) | (ps) (psl)  Mean (psi) (m3fs) | (md)
33 |1,410 700 637 100 55 0.0180 1.01E-~08 0.004
34 11,690 700 1,030 100 55 0.0180 1.92£-08 0.004
35 ]2,260 700 1,220 100 55 0.0180 1.00E--08 0.004
38 2,820 700 1,407 100 55 0.0180 1.84E~08 ©.004
37 [3,380 700 1,593 100 55 0.0189 1.76E-08 0.004
38 (3,950 700 1,783 100 55 0.0180 1.83E-08 0.004
39 14,510 700 1,670 100 55 0.0180 1.97E-08 0.004
40 [5080 700 2,160 100 55 0.0180 2.00E~08 0.005
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Table D-3 Results on permeability tests (cont.)

PERMEABILITY TEST

Mine Name: Dutch Creo¥
Seam Name: B Seam

Specimen's Bedding:  Vertical
Length (m): 0.087
Diameter(in): 2.125

Temperature (C): 225
Baromet. P. (Hg): 21.84
Viscosity(Ns/m3): 1.775E-05

Y PR KRR

X-Area(in2): 3.545 Specimen's |.D.: 1
Variable Gas Presswre:

Stress Pressure Flow Perme
Exp|Axial Conf. Mean| Inlet Mean Reclprocal Rate abliity
ID# {(psh  (ps]) (peh | (psl) (pe)) Mean (psl) {m3/s) (md
104 |2,750 700 1,383 50 30 0.0329 0.000
1851(2,750 700 1,383 100 55 0.0181 1.76E-07 0.037
19612,750 700 1,383 150 60 0.0124 3.2TE-07 0.031
19712,750 700 1,383 200 105 0.0085 6.82E-07 0.038
18812,750 700 1,383 250 130 0.0077 1.14E~-06 0.038
169 12,750 700 1,383 300 15% 0.0084
Variable Confining Pressure: .

Stress I Pressuro Flow |Perme
Exp|Axial Cont. Mean| Inlet Mean Reclprocal Rate ability
D# | (ps)  (ps) (psh) | (psh) (ps)) Mean (psi) (m3/s) | (md)
2001(2,750 500 1,250 100 55 0.0181 0.000
201 (2,750 750 1,417 100 85 0.01381 0.000
202(2,750 1,000 1,583 100 55 0.0181 0.000
20312,750 1,250 1,750 100 55 0.0181 0.000
204 12,750 1,500 1917 100 58 0.0161 0.000
Variable Axial Pregsure: ‘

Stess Pressure Flow Perme
Exp|Axial Cont. Mean| Inlet Mean Reciprocal Rate ability
ID# [ (ps))  (psh (psh) | (psl) (psl) Mean (pal) (m3/s) (md)
205/1,410 700 937 100 55 0.0181 0.000
206 (1,600 700 1,030 100 55 0.0181 0.000
207 |2,280 700 1,220 100 58 0.0181 0.000
208 2,820 700 1,407 100 58 0.0181 0.000
209 3,380 700 1,583 100 55 0.0181 0.000
210(3,950 700 1,763 100 55 0.0181 0.000
211)4,510 700 1,970 100 55 0.0181 0.0600
212 (5,080 700 2,180 100 55 0.0181 0.000
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Permeability Test
Gas flow is paralle| with bedding
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Figure D-3. Permeability versus axial stress for gas flow
parallel and to bedding planes.

Permeability Test

0 Gas flow is perpendicular to bedding
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Figure D-4. Permeability versus axial stress for gas flow
perpendicular to bedding planes.
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Permeability Test

015 Gas flow is parailel with bedding

g o1

2

:-E

E .
0.05

&

Inlet Gas Pressure (psi)
_s- Castlegate/Sub3 . —» Sunnyside/Suanyside
—a- Soldier Creek/Rock Canyor g Sunnyside/Sunnyside

Figure D-5. Permeability versus inlet stress for gas flow
parallel to bedding planes.

Permeability Test

015 Gas flow is perpendicular to bedding
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Figure D-6. Permeability versus inlet stress for gas flow
perpendicular to bedding planes.
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Permeability Test

Gas flow is parallel with bedding
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Figure D-7. Permeability versus confining stress for gas
flow parallel to bedding planes.
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Figure D-8. Permeability versus confining stress for gas
flow perpendicular to bedding planes.
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E.1 Polynomial Fitting Technique

E.1.1 Principle

There are two methods to fit data with a polynomial
technique: full range fitting using a high degree of
polynomial, and group fitting using a set of low degree
(normally n = 4, 6) of polynomial. Although the full range
fitting method is guite simple, it is not stable and resulting
curve 1is not expected in most cases. For these reasons, the
group fitting method will be used for curve fitting. The
principle of this method is as follows:

1. Take n points (n = 2m+2, m =1, 2, 3, or ...) each
time.
2. Use the nth degree polynomial, for example fourth

degree polynomial, to fit the group data.

3. Calculate (x,y) in the range of points (i1+m) to (n-
m) using the nth degree polynomial.

4. The end points, (xX,y), are calculated in the range
of points 1 to (n-m) and (1+m) to n for the initial
group and final groups, respectively.

5. Group the data as data(i,n), data(2,n+1),
data(3,n+2), ..., data(n,-n+l,n,) where n, is the
total data points used in the fitting.

E.1.2 Program Source Code

This program must run in a MATLAB environment. It is
ease to translate into C language simply writing a nth order
polynomial fitting subroutine.

Beginning of the program code:

PFIT is a program using Polynomial Fitting Technique for
universal curve-fitting purpose.

Variables explanation:

input variables: x, and y;

output variables: z;

n: polyfit degree;

p: point number for ployfitting each time;
m: total points.

de IF dP P JC P PP IP ge
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z2=0;
wx=0;
wy=0;

s=1;
n=3;
p=4;

ans=size(x);
m=ans(1,1);

Nlcop=m=-p+1;

for i=1:x(1,1),

z(il1)=o;
end
for i=1:p,

wx(i,1)=x(i,1);

wy(i,1)=y(i,1);
end

polyfit(wx,wy,n);
anst=ans';

b=wx(1,1);
=wx(p/2+1,1);

for i=b+l:s:e-1,
for 1l=1l:n+1,
sz(l)=anst (1) *i~(n+i-1);
end
sum=0;
for l=1l:n+1,
sum=sum+sz (1) ;
end
z2(i,1)=sum;
end

for i=2:Nloop-1,
label=0;
for j=i:i+P'1:
label=label+l;
wx (label, 1)=x(j,1);
wy (label,1)=y(j,1);
end

polyfit (wx,wy,n);
anst=ans';

=wx(p/2,1)i
e=wx (p/2+1,1);



for j=b:s:e-1,
for 1=1:n+1,
sz(l)=anst(l)*j~(n+1i-1);
end
sum=0;
for l=1:n+1,
sum=sum+sz (1) ;

end
z(j,1)=sum;
end
end
i=Nloop;
label=0;
for j=i:i+p-1,
label=label+1;
wx(label,i)=x(3j,1);
wy(label,1)=y(j,1);
end
polyfit(wx,wy,n);
anst=ans';
b=wx(p/2,1);
e=5100;

for j=b:s:e,
for 1=1l:n+1,
sz(l)=anst(1l)*j~(n+1-1);
end
sum=0;
for 1l=1l:n+1,
sum=sum+sz (1) ;
end '
z2(j,1)=sum;
end

E.2 Translation of Temperaturs 8ignals
E.2.1 Program code usin ortran la

program temp

c
character w*52, file(4)*12, TF(2)=*1
integer n(10)
real x(600), .1(60),y(10000),2(10000)
real a(9),b(9),c(9)

c .

c variables explanations:

c

c n(1) = Sampling Rate

c n(2) = Beginning Time

C n(3) = End Time
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n(4) Smoothing Data Points

n(s) = n(3)-n(2)

n(é6) = n(5)*60

X matrix = 1 min. raw data stored ‘

y matrix = 1st order smoothed data stored, or others
Hz)

z matrix = 2nd order smoothed data stored, or 1st
curve, 2nd order curve, etc.

*kkkk

Input the Menu File & Parameters
open(unit=11, file='tempmenu.prn',status='old')

do 5 i=1,9
read(11,10)w
print*,w

continue

read(11,15)w,file(1)
print*,w,file(1)
read(11,10)w

read(11,15)w,file(2)
print*,w,file(2)
read(11,10)w

read(11,20)w,n{1)
print*,w,n(1)
read(11,10)w

read(11,20)w,n(2)
print*,w,n(2)
read(11,10)w

read(11,20)w,n(3)
print*,w,n(3)
read(11,10)w

read(11,20)w,n(4)
print#*,w,n(4)
read(11,10)w

read(11,25)w,tf(1)
print*,w,tf(1)
read(11,10)w

read(11,15)w,file(3)
print*,w,file(3)



read(11,10)w

c
read(11,25)w,tf(2)
print+,w,tf(2)
read(11,10)w
c
read(11,15)w,file(4)
print*,w,file(4)
c
10 format (a52)
15 format (a52,al2)
20 format (a52,13)
25 format(a52,al)
c
close (unit=11)
c
n(5)=n(3)-n(2)
n(6)=n(5)*60
c
print*,' !
print*,' !
[o] o % % %k Kk
c
c Raw data input and the 1st order smoothing
print*,'Part I. Raw Data Input & the 1st Order
Smoothing'
print*, ' !
c
open(unit=11,file=file(1),status='old")
open(unit=12,file=file(2),status='new')
c
print*, ' The total runs of the data input: ',n(5)
printx,'
c | .
do 30 i=1,n(2)*n(1)*60
read(11,*)x(1)
30 continue
c
do 60 1=1,n(5)
c
print*, ! DATA INPUT RANGE ',1
do 35 i=1,n(1)*60 ,
read (11, *)x (1)
35 continue
c
j=1
do 50 i=1,60
sum=0.0
do 45 k=j,j+n(1)-1
sum=sum+x (k)
45 continue

J=k
x1(i)=sum/(n(1)*1.0)
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continue

do 55 i=1,60
y((l=1)*60+i)=x1(1i)
continue

continue
close(unit=11)

% % % k%

The 2nd order smoothing, i.e., data points smoothing

print*, ' !

print*, ' .
print*,‘'Part II. The 2nd Order Smoothing'
print®,' !
prints)
printx,
print*, !

',n(4),"' data point(s) smoothing'

if (n(4).eq.0) then
do 65 i=1,n(6)
z(i)=y(1)
continue
goto 90
endif

do 70 i=1,(n(4)-1)/2
z(i)=y(i)
continue

do 75 i=n(6)+1-(n(4)-1)/2,n(6)
z(i)=y(i)
continue

do 85 i=(n(4)=-1)/2+1,n(6)=-(n(4)=-1)/2
sum=0.0
do 80 j=i-(n(4)-1)/2,i+(n(4)~1)/2
sum=sum+y (j)
continue
z(i)=sum/(n(4)*1.0)
continue

% % %k %k %

Transfer the signal to temperature.

print*,'Part II1I. Transfer the signal to temperature.'

print*, ' !
print*,' !

(L ERVRIRR
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Range
°C

< 100
100-200
200-300
300-400
400-500
500-600
600-700
700-800
800~900

Average

0.00000
-0.00002
=0.00002
-0.00004
-0.00008
~-0.00010
-0.00005
-0.00006

0.00000

STD

0.309019
0.732628
0.531382
0.518817
0.385489
0.545482
0.484075
0.344412
0.460348

Regression Output

Constant Coefficient

24.55288
22.20936
22.98634
30.18500
37.57280
37.09575
34.68281
18.47958
~-2.49169

476.6994
495.0368
492.4859
479.5892
470.0709
470.5710
472.6496
484.0608
496.7637

r?

0.999882
0.999426
0.999787
0.999793
0.599871
0.999731
0.999775
0.999888
0.999789

max error (calc. value - expt. value)={ -1.54621, 1.106061}

determined range parameters:

L T (O {1 1 T 1 1 O 1 | | O 1 (A O |

Y = a + b*X

constant coefficient
24 .55288

476.6994
22.20936

495.0368
22.98634

492.4859
30.18500

479.5892
37.57280

470.0709
37.09575

470.5710
34.68281

472.6496
18.47958

484.0608
-2.49169

496.7637

C-value

0.15826981
0.35914630
0.56248039
0.77110785
0.98373926
1.19621527
1.40763307
1.61450887
1.81674242
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do 100 i=1,n(6)
do 95 j=1,9

if (z(i).le.c(j)) then

di=a(J))
d2=b(3j)
goto 96
endif
continue
y(i)=d1i+d2+*z (i)
continue

% % %k Kk

Generate the temperature data file

print*, 'Part VI. Generate Temperature Data File!'

printx,' ¢
print*, ' ¢

do 105 i=1,n(6)
write(12,*)y (i)

continue

close(unit=12)

% %k kK

Generate First Derivative Data

if (tf(l).eq.'Y'.or.tf(1).eq.'y') then

print*, 'Part V.
prints,' !
print*,' !

do 110 i=2,n(6)-1

Generate First Derivative Data'

z(i)=( y(i+1l)-y(i-1) )/2.0

continue
z2(1)=2(2)
z(n(6))=2z(n(6)-1)

open(unit=11,file=

do 115 i=1,n(6)

file(3),status='new')

write(1l,#*)z (i)

continue

close(unit=11)
else .
goto 130
endif

oo b de ke Kk
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c Generate Second Derivative Data
c
if (tf(2).eq.'Y'.or.tf(2).eq.'y') then
print+*, 'Part VI. Generate Second Derivative Data'
print#*, ' !
print*,' !
c

do 120 i=2,n(6)~-1
y(i)=( (2(i)-z(i-1) ) + ( z(i+1)-z2(i) ) )/2.0
120 continue
y(1)=y(2)
y(n(6))=y(n(6)-1)

c
open(unit=11,file=file(4),status="new')
c
do 125 i=1,n(6)
write(11,*)y (1)
125 continue
close(unit=11)
endif
c
130 print*, 'kkkkkkkkkk END hkkkkhkhkk!
printx, ' !
print*, '
print*, 'Thank you for your using this program. '
print*, ' !
print*, 'Appreciate your suggestion!'
printx, ' °?
c
stop
end

E.2.2 Setup menu for the program
SETUP MENU

<<< Temperature Recording >>>

Input Data File Name (.PRN) chesaees Ceeerevanaa t001.prn
Output Data File Name (.PRN) Ceecececsesesennan ot00l.prn
Sampling Rate, Hz C e s e eee s eerees s seonseco s e s 1
Beginning of the Time, min et eeessaosssensonen 0

End of the Time, min cresecessetnsaaseses e s 85
Smoothing Data Points (0, 3, 5, 7, 9) ceeeeasna 5

First Derivative Curve (Y or N) ceessceessnsans N

First Derivative Data File Name (.PRN) cesseenn FD.prn
Second Derivative Curve (Y or N) cheseessasasen N

Second Derivative Data File Name (.PRN) veeeann SD.prn
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Methane drainage from gassy Western U.S. coal
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D. M. Bodily

3ef:nmenl of Fuels Engineering, University of Utah, Salt Lake City, Utah,

SYNOPSIS

Methane gas retained in gassy coal
seams is a valuable source of clean
energy., However, methane is also a
potential safety hazard. 1Its removal
prior to mining improves mine safety by
reducing the potential for explosions
as well as econonics by decreasing
ventilation costs. - A method of field
evaluation of methane content in some
Western U. §. coal seams is presented,
Results of pre-mining degasification in
seams of similar methane content are
described. The results indicate that
degasification, or methane drainage,
depends heavily on coal permeability.
Since the permeability is affected by
the presence of joints, fractures and
cleats in coal and associated strata,
their influence on the optimum
direction of boreholes was studied.

The results of methane drainage are
discussed and recommendations as to the
orientation of boreholes with respect
to the main cleat systems in coal are
suggested.

INTRODUCTION

The presence of methane in coal
seams renders the underground working
environment dangerous and the methans
leve]l must be maintained below the safe
concentration limit. The mecthane must
either be drained prior to mining
operations or the mining plan xust be
adapted to accommodate methanae
emissions.

it has been estimated that about 7
Mm~ of methane containing 252 MJ of
heating value is wasted daily in the
U.S.A. (Jones et al., 1982). studleu
show that there is about 22.6 Tm” in
place in the U.S.A. Provideg that
consunption of gas is8 566 Gm” per year,
it equates to a 40 year supply of gas.
If only a quarter of it is recovered it
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would cover 10 year consumption
(Rightmire, 1984). The methane gas
coming from coal seams is considered as
unconventional natural gas, and
therefore, is not regulated by the U. S.
Federal Energy Regulatory

Commission, (Section 107 of the Natural
Gas Policy Act).

From the mining point of view, this
gas is a potential hazard and must be
removed or diluted if the mining of
coal is to be done. Methane drainage
has been practiced in some mining
countries for over 40 years and the gas
is used mostly for heating purposes.
This adds to mining costs, often in
excess of the value of the recovered
gas. The dilution of methane below the
permissible level is mostly done by
ventilation. 1In very gassy coalbeds,
this is not effective enough and the
removal of methane gas must be done by
a separate removal system or by methane
gas drainage. There are several
options available. The coalbed can be
accessed from the surface by drilling
vertical boreholes and methane can be
drained through the boreholes.
Directional drilling helps to change
the vertical direction into horizontal
when the borehole reaches the seam
level. Directional drilling allows
access to larger volumes of the sean
and thus the methane release is more
efficient.

Horizontal boreholes can be drilled
from the underground openings into
virgin parts of coalbeds. This
technigque was used in Central Utah
gassy ccal seams, identified as Seams
No. }, 2, and 3 in this paper. The
results of gas ylelds indicated that
the coal permeability has a strong
influence on the gas yield. 1In this
paper the influence of coal cleats on
the permeability in the three seams is
discussed and the results on the
methane drainage experiments are
evaluated.



I \Nlllni

PHYSICAL PARAMETERS OF GAS FLOW

Properties of coal controlling the
methane emission are porosity,
permeability and the ability of coal to
adsorb the gas. Coal may have a large
voidage to bulk volume ratio, that is,
a high porosity. If the pores are hot
interconnected, then the coal has a low
permeability. However, the internal
surface of pores is enormous and thus
such a coal may contain a large volume
of methane, as the methane molecule has
a great affinity for the coal. Carbon
dioxide, water and methane are products
of the coalification process. Coal
surfaces become increasingly
hydrophobic as the rank increases.
Water is expelled from the pores.
Carbon dioxide has an affinity for
coal, but is highly soluble in water.
Thus, methane is retained in the pores.
So the large area of the pores retains
a tremendous quantity of methane in the
adsorbed stata. Temperature, which
often correlates with depth of burial,
and time are the important parameters
in coalification. Retention of the
methane depends on a number of
geological and physical factors.
Laboratory experiments on the
adsorption of methane in coals indicate
that adsorption follows a Langmuir
isotherm while diffusion obeys Fick's
second law (Walker and Mahajan, 1978).

COLLECTION OF SAMPLES FOR METHANE
ANALYSIS

.

As U.S. coal mining has progressed
to greater depths, new coal mines
developed in virgin seams have the
potential to be gassy. The U. S.
Bureau of Mines developed a simple,
inexpensive test, the so-called "direct
method®”, to measure the methane content
of coal samples obtained from
exploratory drilling (Kissell et al.,
1973). The core is placed in
hermetically sealed containers and the
pressure and gas emission are
determined daily. The gas is bled off
through a tube attached to the head of
the sample container into & graduated
cylinder filled with water (Figurae 1).
Gas emission is plotted versus the
square root of time. The gas lost
during the collection of the core can
be estimated by back extrapolation of
the correlation curve (McCulloch et
al., 1976).
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Figure 1. Laboratory direct method
of methane gas content determination

Another method is the so-called "in-
situ bubble desorbometer® method. It
allows for the estimation of the
methane gas directly at the coal face.
This method was originally developed in
European coal mining countries to
predict coal and gas outbursts (Lisnher,
1981, Plazier et al., 1987, Plazier,
1989). The method makes possible gquite
reliable estimates of methane content
within minutes after collection of the
sample. More accurate results can be
obtained within hours of sample
collection. cCuttings from a borehole
are screened with a 0.6 nm sieve and
about 10 grams of fine cuttings are
inserted inte the plastic cell of the
bubble desorbometer (Figure 2). The

Pigura 2. Bubble desorbometer for
in-situ methane gas determination



gas from the sample pushes a slug of
colored glycol in a graduated plastic
tube. The time is measured and the
content of methane gas released from
the sample is determined (Hucka et al.,
1984). Samples are collected from’
different depths of the borehole using
a special collecting device (Figure 3).
Compressed air hose is connected to the
hose attachment 1 and passes through
valve 2 into the barrel of the drill to
purge out the bore hole. 'Valve 2 is
then closed and fresh sample is sucked
through the barrel and valves 4 and 5
into container 6 by the compressed air
passing through valve 4 and exit 7.

The methane content as a function of
distance from the face is shown for
typical experiments in two coal seams
in Figure 4. As expected, methane is
depleted near the face, but quickly
approaches a steady-state concentration
with depth.

Figure 3. A special sampling device
for collecting fine drill cuttings from
the bottom of the borehole (1-

. compressed air inset valve; 2- valve;
3- pressure gauge; 4- valve; 5- purge
valve; 6- contalner for sample
collection; 7- exit; 8- drill hammer
hose)
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Figure ¢. Relation between the depth
of the borehcle and the methane contant
(Lisner, 1982)
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INFLUENCE OF CLEATS ON THE PERMEABILITY
OF COAL

Gas in excess of that which can be
adsorbed on the coal surface is present
as free gas in fractures and voids in
the coal and surrounding sgtrata. The
fractures are called cleats in the
mining industry. In western coal
seams, a cleat is a joint or set of
Joints in coal generally almost
perpendicular to the coalbed. There
are usually two cleat sets developed
nearly perpendicular to each other
(Hucka, B., 1989). ‘

Face cleats or the major cleats may
extend to great distances. Butt cleats
(also called end cleats or minor
cleats) usually extend only from ona
face cleat fracture to the next.
According to McCulloch et al., 1975,
face cleats yield longer fractures and
are often more prominent, Horizontal
holes drilled perpendicular to the face
cleats would be expected to drain a
larger volume, and therefore, produce
more methane than holes drilled
parallel to the face cleats (Figure 5).
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Figure 5. A plain view of

directional permeability due to ths
cleat orientation (Boreholes with

- drainage ellipses)

In Seam No. 1, the Bureau of Mines
performed a series of successful
drainage tests using horizontal
boreholes drilled from underground mine
workings into coal beds (Figure 6).
During nine mgnths of drainage tests,
almost one Mm~ (991,000 m”) of methane
was removed from the seam, thus
reducing by 40% the methane emission
from the face. The average heating
valug of the methane gas was 37.52
Mi/wm”. Overall, the tests proved that
comnercial-quality methane can be
recovered from this seam (Perry et al.,
1978) . ~



TABLE 1. Proximste Analysis of Three Gassy Utah Coal Seams

Volatile Flxed HMolsturs Ash Sulfur Heat content Methane Content
Seam Rank Matter Carbon Lab Field
VM [« M A -] Xj/Kg Tegt- Tegts
| 3 S S VA R /%
No, 1 A
Bituminous 38.) 54.8 2 s 0.7 39936 4.76% 7.0
No. 2. B
Biturinous k1) 48.2 - 7.8 0.6 29147 2.874 14.5
No. ) A
' Bituminous 9 49.1 4.8 6.9 0.8% 29679 2,30+ 10.0

sUtah Geological and Mineral Survey

Table 1 contains a summary of
results on methane content determined
by this method and compares the results
with the laboratory direct method
performed by the U.S. Bureau of Mines
and the Utah Geological and Mineral
Survey (Doelling et al., 1979).

vevy Biest

of face cleats (Table 2). These holes
intersect a larger number of face
cleats thus ylelding 2.5 to 10 times
more gas than the holes drilled
perpendicular to the butt cleats
(Rightmire et al., 1984).

An attempt has been made to
represent the directional permeability
of coal by an ellipse drawn with the
major axis parallel to the face cleat
in a coalbed. Figure 5 shows a
hypothetical case of three boreholes
drilled perpendicular, parallel and at
an angle to the face cleats. A :
relationship between the two extreme
directions can be established by the
ellipse with half axes OA and OB, and
an angle ¢ (Figqure 5, borehole No. 2).
A vector OR placed inside the ellipse
and coinciding with the direction of
the borehcle is used to represent the
orientation of the borechole with
respect to the cleat system. The
magnitude of the vector would
represent the effective permeability.
The equation for an ellipse:

__._.xz + _Z._2 -1 (1)

(0A)?2 (08)2

%x = OR cos #; (20)

y = OR sin ¢; (2b)
Substituting Equations (2) into Eq. (1):

—L_ (BH)2? cos2 ¢ + -:_1-— (0R)2 sin? # = 1 (3)
(0h)2 (0B)2

Figure 6. Llocation of horizontal or
boreholes at the Seam No. 1 1

(OR)2 & e ' («)

cos?t + sins

The orientation of face and butt (0A)2 + (0B)2
cleats are shown by the rose diagram in
the upper right corner of Figure 6.

Horjizontal bore holes were drilled as Therefore, if (OA) and (OB) are known,
shown by numbers 1-5. It was found then (OR) can be cobtained for any
that the orientation of coal cleats is corresponding value of ¢. Borehole
important in determining the efficiency No. 1 in Figure 5 is drilled

of drainage as the face and butt cleat perpendjcular and the borehole No. 3
provide & directional permeability for is drilled parallel to the direction
the flow of methane. The flow of of face cleats. Borehole No. 2 is
methane was greater when the hole was then drilled under an angle ¢ to the
drilled perpendicular to the direction direction of face cleats.
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TABLE 1I. Results on Drainage Tests

Coal Depth Cleat Borehole Peak uUnit Calculated Percentage
Sean No. Length Angle Daily Prod, Unit Prod. Iaprovement
Face Butt [} Prod. Min Max for Optimum
1 n !DR ’0‘8 s Ux Orientation
deq,  deq, deg _pd/m pY/a/n wisd/m wisd/m ¥
Sean 1 450 N 5E N6SW b 240 17 708 2.95 1.42 3.55 17
2 510 35 J400 6.66 4.40 11.00 39
3 487 25 »el) 1.97 1.10 2.74 28
4 137 16 3596 26.24 12.41 31.02 15
5 55 37 2180 39.64 27,00 67.52 41
Searm 2 450 N&5W H25E 2 34) 27 42 0.12 0.07 0.17 29
to 4 495 é kY1 ] 0.7% 0.30 0.76 3
530 5 615 F 396 0.64 0.25 0.64 0
[ 410 80 566 1.38 0.55 1.38 0
7 396 90 424 1.07 0.42 1.07 0
12 524 44 382 0.72 0.54 1.38 46
13 485 90 396 0.8} 0.32 0.8 0
14 51) 90 396 0.77 0.20 0.77 0
Seam 3 485 N55W  NISE 1 85 9 13 0.1% 0.06 0.16 ¢
to 2 182 40 76 0.41 .29 1.72 7%
605 3 94 64 1 0.18 0.16 0.41 56

An ellipse with half-axes OA and OB

represents the maximum and minimunm
values of drained gas if the borehole
is drilled under an oblique angle ¢ to
the direction of face cleats or butt
cleats. Calculated production for
boreholes drilled perpendicular and
parallel to the face cleats are shown
in Table 2. Minimum production is
expected for the parallel orientation
and maximum production for the
perpendicular orientation. It is
apparent that if the borehole is
drilled under an angle ¢ = 17 degrees
to the face cleat (see Seam No. 1,
borehole No. 1) with_the unit daily
production of gas, Ok, equal 2.95
n'/d/m (cubic metre per day per metre
of length of the borehole) then the
maximum cubic unit production for this
borehole (if drilled perpendicular to
the face cleat), OA would egual 3.55
n”/d/m. Assuming the length of the
borehole is 240 m, then the horehole
would yield a total of about 852 m~/d
of methane.

In this approach it is assumed that
the quality and guantity (spacing} of
cleats were approximately the same for
tre given natural conditions of Seams
no. 1, 2, and 3,

RESULTS ON DRAINAGE TESTS

sSeam No, 1

The seam is mined by a coal company
located about 70 kilometers south from
the town of Price, Centra) Utah, The
thickness of the seam where the
drainage tests took place is &bout 2
zeters, The rock composing the roof is
carbonaceous shale while the rock in

Fe

5

the floor is siltstone.
the Utah Geological and Mineral Survey
undertook an extensive study of cleat
and joint systems in all working coal
mines in Utah (Hucka, B., 1989). The
results on face and butt cleats
measured in the Seam No. 1 are

presented in the form of a rose diagram

{Figure 6.).

Some cleats transverse tha entire
thickness of the searm and sometimes
extend into the roof rocks. The
surface planes of cieats are smooth
with traces of slickensides, sone are

Very recently,

striated and densely distributed in the

coal. In the upper part of the sean,
the cleit planes are coated with
calcite and have spacing of about 6
millimeter. The most prominent cleats
have uneven surface with quite regular
distribution in the coal with spacing
about 10 to 13 millimeters. Figure 6
shows the direction of boreholes and
their relation to the direction nf the
face cleats.

The low production in borehole #1 is
attributed to the location of the
borehole near previous workings. The
U.S5. Bureau of Mines stopped the
drilling of borehole #5 due to
suspected inflow of methane from
previously drilled borehcles.
Boreholes §'s 2, 3 and 4 are in virgin
areas and show similar drainage
behavior.

Seam No, 2.

The location of the seam is about 50
kilometers northeast of the town of
Price, Utah. There are two more seams
in the property but, at present, only
Sean No. 2 is mined. The searn belong
to the upper part of the ceal-bearing
Blackhuwk Formation of the Book Cliffs
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Figure 7. Location of horizontal boreholes drilled in the Seam lo. 2

coal field. The formation is
approximately 70 meters thick and
contains as many as 6 mineable coal
seams (Allen, 1989).

The thickness of the Seam No. 2
attains a value of about 2.5 meters.
The roof rock consists ot carbonaceous
shale and the foor is formed of
sandstone. The cleat measurements show
two principal cleat orientations with
the face cleat striking N €5 W and butt
cleat striking N 25 BE. Both cleat
systems are well developed with spacing
about 35 to 40 millimeters. The
surface planes of the cleats are mostly
uneven of striated.

Borehole §12 shows anonomously high
methane yields (Table 2). No
explaination is availuble for this
behavior. The remaining boreholes show
similar behavlior.

Seam No, 3

The seam is the basa]l seam ox the
Spring Canyon group in the Blackhawk
Formation of the upper Cretaceocus aqes.
The mine is located near the Wasatch
Plateau Field where the drainage tests
wvere conducted (Von Schoenfeldt, 1985).

F-6

The thickness of the seax is about
1.8 to 2.0 meters. The roof is built
of carbonaceous shale and the foor
consists of massive sandstone. The
azimuth of the face and butt cleats in
a form of a rose diagram is shown in
Figurae 8. There is a secondary set
of cleats striking N 75 E. The average
spacing is 20 to 35 millimeters and the
dip is 82 degrees. The cleat planes
are filled by calcite and resin.
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Figure 2. lLocation of boreholes
drilled in the Seam No. )
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The permeability of Seam No. 3
appears to be lower than that of the
other seams. This may be due in part to
the greater lithostatic pressure of the
overburden,

DISCUSSION OF RESULTS

Directional permeability in coal
seams has been observed in all three
tested seams. An extensive study of
cleats shows that the majority of the
boreholes drilled into Seam No. 2 were
correctly oriented. 1In Seam No. 1, the
boreholes were drilled under an angle
of 16 and 37 degrees to the face
cleats., Yet, the methane flow was
higher than in the case of Seam No. 2,
which underlies Seam No. 1 and should
yield about the same content of methane
(Table 1).

It is known that the rate at which
gas flows through the coal depends on
the porosity, permeability of coal, gas
pressure and the presence of natural
fissures. Thus, the controlling factor
here is the permeability.

CONCLUSION

A detailed methane content

estimation of Utah coal seams has been
conducted by use of laboratory tests
and also in three selected seams by use
of an in situ technique. Results from
the seams under investigation indicate
that methane yas from those scams is of
coemmercial significance.

buring the laboratory tests on
methane centent it has been found that
the gag content varied from 2.30 to
4.76 m”/t in the three seams (Table 1).
During_the drainage tests over almost
one Mm® of commercial quality gas was
removed from Seam No. 1 in about nine
months of degasification. From the
Table 2 it is evident that the dralnage
tests in Seam No. 3 were not successful
while some boreholes drilled into the
Seam No. 2 released larger volumes of
methane (Schwoebel, 1987). Since the
same method of methane drainage was
used in the three seams it is assuned
that the permeability in Seam No. 1 is
higher than in Seam No. 2. It is
obvious that the permeabllity 'is much
lower in Seam No, 3. As the
permeability depends on the cleat in
coals the choice of direction of
drainage boreholes play a significant
role,

The factors controlling methane
drainage are not fully undexstood and
require further study.

Knowledge of the permeability is
indispensable also for proper design of
methane drainage. A method for in situ
permeability measurements needs to be
developed, Longwall face technology is
used in Seans No. 1 and 3, and the
wmanagement of the mine operating Seam
No. 2 plans to use longwall technology
if the methane content in the seam can
be lowered to a level enabling a smooth
longwall operation. The present
excessive amounts of methane (Table 2)
may cause numerous stoppages in the
longwall face as the emission of
methane above one percent automatically
disconnects the electrical power at the
face.
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