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ABSTRACT

The dynamic nature of coalbed methane reservoir permeability makes the
continuous modeling of the flow process difficult. Knowledge of conventional reservoir
modeling is of little value because the gas storage and fk>w mechanisms in coal are
remarkably different. Field obsen/ations suggest that the gas productivity does not
decline with time as expected. An increasing permeability is a possible explanation.
This laboratory study is aimed at measuring the volumetric changes in coal matrix
resulting from gas desorption, its impact on coal porosity and permeability, and an
estimate of the stage when the effect is significant.
Results using cylindrical samples of coal suggest that coal matrix shrinks with
desorption of gas. The shrinkage is linearly proportional to the quantity of gas desorbed.
Using the measured changes in matrix volume, variations in total and cleat porosity
were estimated and found to increase significantly with desorption. These changes
should, therefore, be used as input when simulating long-term gas production.
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CHAPTER 1

INTRODUCTION

Large amounts of methane, the primary constituent of natural gas, and formation
water are generated during the natural processes of coal formation and maturation. The
trapped methane may be present as free gas in the fractures and micropores of the coal,
adsorbed on the coal, or disso^-ed in formation water. Finding an economical method to
exploit coalbed methane commercially is a recent development due to the large volumes
of water which must be processed, and the traditional reluctance of the oil and gas
industry to operate water wells as well as success in hydrofracturing which is necessary
to increase the permeability of coal. The wells in coalbeds are unique in the world of oil
and gas production in that during the dewatering phase gas production increases rather
than decreasing as typically encountered in conventional gas wells.
Several reasons are cited for producing methane from coal seams:
-

Coal basins have already been identified and characterized to a great extent.
Therefore, the exploration costs are much lower than for conventional sandstone gas
reservoirs. Furthermore, coal seams, even deep ones, are relatively shallow
compared to most sandstone reservoirs. Drilling costs are, therefore, lower.

-

The production life of coalbed methane wells is longer than that of conventional gas
wells.

-

"Coal gas" found in domestic seams typically contains 90 to 99% methane. The
heating value of this gas ranges between 33.5-41 MJ/m^ (900-1100 BTU/SCF)
which is almost the same as natural gas (Duel and Kim, 1975). Therefore, coal gas
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requires only drying, metering and compression at the surface before it can be fed
into natural gas pipelines.
-

The presence of large amounts of methane associated with coals has been common
knowledge, and has been a detriment to the coal miners due to its capability to form
explosive mixtures with air. Rushing the gas out of the mines in not only expensive,
but also results in wasting large quantities of natural gas. In United States, it is
estimated that 250 million cubic feet of gas per day is lost to atmosphere from
underground coal mines. This represents approximately 0.5 percent of U.S. gas
production from all sources (Black, 1990).
Production of methane before mining coal eliminates the risk of gas explosions
and lowers the mine ventilation costs. Also, the number of methane related ignitions
in underground coal mines have been steadily rising due to the increased rates of
production and so have the citations to the mining companies. Hence, the production
of methane from coal seams would eliminate the legal issues as well as the associated
costs to the mining companies.
During the past few years, intense commercial activity has taken place in the

Black Warrior basin in Alabama and the San Juan basin in New Mexico and Colorado. The
two basins have estimated resources of 20 and 84 trillion cubic feet, respectively.
Other coal basins which have pilots under way are the Piceance basin in Colorado,
Powder River, Wind River and Green River basins in Wyoming, and Uinta basin in Utah.
The Piceance basin started to be productive in 1989, and its estimated resource is the
largest in contiguous United States. Total U.S coalbed methane production in 1987 was
26 billion cubic feet. In 1988, production increased to 41 billion cubic feet from 730
wells, and in 1989 to more than 90 billion cubic feet from 1445 wells. This was about
0.5% of total U.S. gas production in 1989 (Black, 1990).
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Although production from these wells has been rising steadily because of the
improvement in the production technology, the knowledge about the physical behavior of
coal seams as reservoirs is fairly inadequate. Coal seams show considerable differences
in behavior from the conventional porous gas reservoirs in both the mode of gas storage
and permeability characteristics. In the case of conventional reservoirs, a decrease is
observed in the formation permeability with time. The same would be expected for
coalbed methane wells since continued production results in a decrease in pore pressure
and an increase in effective stress, which tends to compact the cleats or flow paths and
reduces the permeability. However, field data has shown that the productivity does not
decline with time suggesting an enhanced pemieabiiity (Zuber and Kuuskraa, 1989). In
some cases the productivity has kept up a constant level for long periods of time - in
excess of ten years. This suggests an enhanced permeability with production. This could
be true if the cleat aperture in coal increases with time resulting in higher flowrates.
This may very well be the case if the coal matrix shrinks with gas depletion due to
continued gas production.
The specific objective of this experimental study is to investigate the
phenomenon of matrix shrinkage associated with desorption of gas, its influence on
porosity and permeability of coal, and the stage when the change in permeability is
significant. Coal matrix compressibility is estimated. The results are used to estimate
the changes in effective porosity. These results will help improve the capability of
simulating long-term gas production from coalbed methane reservoirs by incorporating
the dynamic changes in porosity and permeability. The experiments were repealed for
samples from various coal seams of interest.
The work described in this thesis inc!L."^es the following tasks:
1)

sample procurement and preparation, and
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2)

establishing a volumetric shrinkage factor associated with desorption of methane
Chapter 2 provides a brief description of coal seams as reservoirs and their

properties. With these fundamentals as background, Chapter 3 gives the purpose of this
study. Previous studies in the arsa ars also described. Chapter 4 gives an elaborate
discussion on sample preparation, design and principles of various sets of experiments
conducted in the study. The results of the study are presented in Chapter 5, along with a
thorough discussion of the results. Chapter 6 states the conclusions which stem from the
results obtained, and suggests the recommendations for any future study in this specific
area.
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CHAPTER 2

BACKGROUND

2.1

Formation sf Coal
Formation of coal is very closely related to the development of geosynciines. The

vast and thick peat beds (organic matter) are formed during the geosynciinal subsidence
which is subjected to alternating periods of slow and rapid sinking. When the sinking is
slow, the peat beds get water logged and covered by an impervious sedimentary bed,
initiating chemical reactions (metamorphosis). Gradually, the carbon content of the
fossil plant material increases. This chemical change is called Coalification. As the
process advances, the chemical composition of coal changes. This genetic relationship
between the coals formed at different stages is called the coalification series (PeatLignite-Bituminous-Anthracite). The difference in various coal types is due to the
differences in character of the parent matter. The term "coal" is broadly applied to any
sedimentary rock containing at least 50% by weight organic matter (including sorbed
water) (van krevelin, 1967).
There are several causes attributed to the coalification process, e.g., bacterial
decomposition and geophysical factors. Overburden pressure affects the compactness and
porosity, and hence, determines the moisture content of coal. Temperature also has an
influence on metamorphosis.

2.2

Natural Gas and its Storage in Coal
Natural gas is the third largest source of energy in the world, next only to oil and

coal (Figure 2.1) providing about 20% of the world energy supplies (Hagoort, 1988).
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Nuclear (4J%)

Hydro-Electric (6.7%)

Oil (37.9%)

Natural Gas (20.7%)

Coal (30.7%)

Figure 2.1. World energy supplies (in percent), after Hagoort (1988).
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It is expected that gas will continue to gain prominence among the world's energy
resources. Rising energy prices will stimulate exploration activities and permit
exploitation cf gas accumulations that are currently non-commercial.
Natural gas is primarily used as a fuel for industrial and residential applications.
However, recently, there has been a significant increase in the use of natural gas as a
feedstock for the chemical industry. It may be possible to use coal gas, particularly coal
gas with methane concentration between 50 to 80%, for power generation, coal drying or
after upgrading to 80% for production of ammonia. Hence, there appears to be a clear
trend that utility of natural gas will increase with time.
Natural gas occurs in subsurface rock formations in association with oil
(associated gas) or on its own (non-associated gas). Roughly 60% of the gas is nonassociated. The main constituents of natural gas are the volatile paraffins dominated by
methane. In addition, natural gas may contain significant amounts of non-hydrocarbon
gases, notably nitrogen, carbon dioxide and hydrogen sulfide. Minor quantities of the rare
gases helium, argon and neon may also be present. As liquid water is always present in
hydrocarbon-bearing formations, natural gas is also saturated with water vapor.
The chemical composition of gas drained directly from coalbeds is primarily
methane. The quantity of other hydrocartXDns present in coal tested to date does not exceed
2% by volume. The few impurities, found in significant quantities, consist of carbon
dioxide and nitrogen. No hydrogen sulfide or sulfur dioxide has been detected in coalbed
gas. Thus, the composition of most coalbed gas is somewhat similar to, and compatible
with, natural gas. Coal seams that are gassy and primary targets of natural gas range
from high volatile B bituminous to semi-anthracite in rank. Table 1 shows the analysis
of gas from several selected coalbeds in the U.S. (Deul and Kim, 1975; Moore, 1966).
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In addition, thermal quality of methane associated with coal is practically
identical to a high methane-content natural gas. Pure methane has a heat content of 1012
BTU/SCF at 60° F and atmospheric pressure. Pipeline grade natural gas normally ranges
from 950 to 1035 BTU/SCF (Due! and Kim, 1975). Coalbed methane can, therefore, be
fed directly into pipelines after compression.

Table T.1; Coalbed Gas %
Gases

Pocahontas Pittsburgh Kittanning Lower
Harthshorn

N0.3
CH4

Mary Lee

Natural
Gas. %

96.87

90.75

97.32

99.22

96.05

94.40

C2H6

1.39

0.29

0.01

0.01

0.01

3.80

C3H8

0.0147

0.6

C4H10

0.0008

0.3

C5H12

0.2

02

0.17

0.20

0.24

0.10

0.15

N2

1.7

0.59

2.3

0.6

3.5

C02

0.36

8.25

0.14

0.06

0.10

H2

0.01

l-fe

0.03

BTU/scf

1,059

0.4

0.27
973

1,039

1,053

1,024

1,068

1

Coalbed methane belongs to the non-associated category of natural gas. Unlike the
conventional reservoirs, methane in coal is not stored as a free gas but as sorbed gas, at
near liquid densities, on the internal surface area of the microporous coal (Puri and Yee,
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1990). A key reason for the enonnous size of the coaibed methane resource is the
amount of gas that can be stored in the coal. Generally, less than 10% of the resource is
contained in the cleats or natural fracture system. The vast majority of methane is
physically adsorbed as a monolayer on the internal surfaces of the coal micropores.
Research shows that porosity of the micropores may constitute up to 80% or more of the
total coal porosity which corresponds to a rather large internal surface area. Even
though the coal's total porosity is very small (1 to 5%), the storage capacity due to the
physical adsorption of the gas on the internal surface of the micropores is equivalent to a
conventional reservoir having 20% porosity and 100% saturated with gas (0% water
saturation) (Hughes and Logan, 1990).

2.3

Properties of Coal
Coal has a number of unique properties which must be carefully studied and

analyzed for effective planning and implementation of a coaibed methane well. This
section discusses the various geological and reservoir properties which pertain to
optimal drilling, completion and production strategy.

2.3.1

Coal as a Source Rock
Goal is unique in that it is both a source rock producing biogenic (formed by

microbial decomposition of coal, usually at temperature's less than 50° 0) or
thermogenic (formed during coalificaiion primarily due to increasing temperature)
methane and may, but not always, also be a reservoir for that gzz (Hughes and Lcgan,
1990). As an economically viable source of natural gas, the coal must contain sufficient
amount of gas, must have adequate permeability to produce that gas, have enough pressure
for adequate storage capacity of gas. The sorption time and isotherm characteristics of
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the coal must be such that rt is economical to produce gas. Some of the important
characteristics of coalbed methane reservoirs are pressure, permeability, gas content,
sorption time and sorption isotherm.

2.3.2

Structure of Coai
Coal is a heterogeneous material with an extremely fine structure. The pore size

varies from a few angstroms (lA=10-"'O m) to over a micrometer.

Coal's structure can

be studied by liquid displacement and sorption techniques.
Helium and mercury are most commonly used to probe the internal structure of
coal. Mercury penetration measurements on coal powders have shown that pore sizes
range from 50 A to over 1000 A. Pores that are accessible to mercury are generally
refen-ed to as macropores. Apart from these macropores, there are some very fine pores
which are inaccessible to mercury (less than 10 A in diameter), and are called
micropores (Thimons and Kissel, 1973). These micropores and macropores constitute
the microporosity and the macroporosity respectively. In addition, there are some pores
which are non-conducting in nature and are called dead end pores.
It has been estimated that the micropores account for about 95% of the internal
coal surface, which ranges from 100 to 200 m^ per gm (Thimons and Kissel, 1973).
Virtually all of the methane is physically adsorbed under pressure on this internal
surface. Most of the methane is, therefore, in the micropores in the coal matrix which
provides a very high storage capacity for methane gas (550 to 650 scf/ton in
Appaiaciiidfi odSni, 330 io 430 5cf/tori in oan Juafi iidsifi; \nugnes anc Logan, 1990).

2.3o3

Dual Porosity of Coal
The ability of a rock to store fluids can be quantitatively expressed with the aid of
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the concept of porosity, defined as the fraction (or percentage) of the rock bulk volume
occupied by the void spaces. If the bulk volume of a piece of a rock is denoted by Vb and
the pore volume by Vp, the porosity is then given by.

Coal is a dual porosity rock. While the micropores in the coal matrix account for
most of the porosity in coal, the macropores (cleats) are responsible for the
permeability of coal to various fluids. Flow through the coal matrix is a diffusional
process which is given by Rck's law. The coal matrix has an extremely low flow capacity
due to low permeability of coalbeds and associated strata that restricts flow. Due to the
low flow capacity and high storage capacity, a "dual-porosity" reservoir model is used to
desCTibe the flow of gas through coalbeds.
Typically, coal seams are naturally fractured and contain laterally extensive,
closely spaced vertical fractures called face cleats. A less defined set of natural fractures
orthogonal to the face cleats, called butt cleats, are also present in most coals (Figure
2.2). The face cleat is continuous throughout the seam, while the butt cleat in many cases
is discontinuous ending at intersection with face cleat, generally at right angles. These
cleats are thought to be formed during coalification, and the presence and extent of cleat
development differ from basin to basin. The cleat spacing ranges from about 1/2 to 1
inch for coal from the Western United States (Purl, 1991). The knowledge of the cleat
frequency and orientation is a required parameter to predict permeability trend,
diffusion rates at resen/oir conditions and unstressed fracture porosity.
Techniques currently employed to estimate total porosity include helium
porosimetry, thin section point counts, and fracture description. Helium molecule.
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Butt Cleat

MB

Matrix Blocks Containing Wcropores
Figure 2.2. The cleated structure of coal.
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owing to its small molecular size, can penetrate into pores narrower than 3 A, and
therefore, the entire pore structure of coal. It also has a very slight heat of adsorption
and consequently its adsorption on the coal surface is negligible, and therefore, the radii
of pores in coal is not altered. Hence, densities calculated using helium are considered to
be the true densities. Using these, the total porosity of coal is calculated.
A number of methods exist to estimate the total porosity of coal, but there are no
generally accepted methods for the laboratory measurement of cleat porosity. The
macropore porosity of coals is difficult to determine due to the small cleat volume and the
problem associated with isolating it. Normally, an approximation for macropore volume
is used. Recently, a miscible drive technique utilizing lithium chloride as a tracer and
X-ray absorption for monitoring the tracer has been used to measure the cleat porosity
(Gash, 1991).

2.3.3.1

Conventional Reservoir Porosity
Virtually all conventional reservoir rocks are of sedimentary origin; they are

formed by either mechanical deposition of erosion fragments of older rock (fragmentai
rocks) or by chemical or organic precipitation. Sedimentary rocks are fragmentai rocks
consisting of sand grains and may be broadly classified as sandstones, carbonates and
shales. Shales are generally tight and impervious rocks that do not classify as reservoir
rock. Yet shales are very important in connection with hydrocarbon reservoirs since
they often provide the sealing caprock for sandstone or cartwnate reservoirs.
The porosity of sandstones is generally intergranular, that is, it is controlled by
the size and shape of the grains that make up the rock (Figure 2.3 ). The porosities of
most commercial hydrocarbon reservoirs of non-coal origin are between 10 and 25
percent. On the other hand, porosities in coal reservoirs are lower than in sandstone
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SarK! grain
Figure 2.3. Structure of conventional reservoir rocks.
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reservoirs (2 to 5 %). However, this qualification can not be transposed to the overall
gas storage capacity of the reservoirs. A low porosity coalbed methane reservoir may
still qualify as an excellent commercial resen/oir because of the large volume of adsorbed
gas it can hold.
Figure 2.2 and Figure 2.3 illustrate the difference in the structure of
conventional reservoir host rocks and coal. In conventional reservoirs, the gas is stored
in the intergranular spaces between the grains, where as in the case of coalbed methane
reservoirs the entire void volume in coal is saturated with water and there is no free gas.
As the reservoir pressure is reduced, methane desorbs from coal surface, diffuses
through micropores and flows to the well via the cleat networks. Due to this difference in
the nature of gas storage and its release, gas production in coalbed reservoirs increases
rather than decreasing precipitously from initial production rates, as in the case of a
conventional gas well.

2.3.4

Sorption Isotherm
Adsorbed gas accounts for 98% of the natural gas stored in coal seams

(Gray,1987). The process of desorption makes available most of the gas obtained from
coal seams. Study of adsorption/ desorption isotherms, therefore, helps in determining
the coal's capacity to hold methane, and in predicting the release of gas from the
reservoir as the pressure is reduced during production, in addition, an estimated
recovery percentage can be made based upon the reservoir abandonment pressure.
Experimental measurements of the amount adsorbed, Ve , as a function of pressure
and temperature may conveniently be plotted in the form of adsorption isotherm:

VE = f(p)T
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where, Ve is the volume of gas adsortjed per unit mass of coal. The shape of the isotherm
can yield information about the adsorption process and give a semi-quantitative measure
of the surface covered by adsorbate, and hence, the surface area of adsorbent.
Many functional fomns of sorption isotherms have been proposed in the literature.
Two popular forms of sorption isotherms are the Langmuir and Freundlich isotherms.
The Freundlich isotherm is a power law relationship between the adsorbed volume and
pressure, and therefore, it does not limit the total volume adsorbed. Figure 2.4 (after
Mavor, 1990) shows that the adsorbed volume reaches a limit at high pressures,
indicating the inadequacy of using the Freundlich isotherm when the reservoir pressure
is high.
On the other hand, the Langmuir isotherm limits the total methane adsorbed.
Also, of the sorption models available, the simplest one is that of Langmuir for a
monolayer adsorption. This is usually felt to be appropriate for most coal seam
environments, and is the one most commonly used. The adsorption isotherm which
determines the volume of adsorbed gas, V, in equilibrium with free gas at pressure, P, is
defined as:

V• P + Pl

where,
Vl =

Langmuir Volume - total sorptive capacity of coal,

FL =

Langmuir Pressure - pressure when the volume adsorbed is half the total
sorptive capacity,

V =

sorlsed volume,

P =

absolute pressure.

Initial
<—Gas Content
355 SCF/Ton
Initial Rosorvoir
Prossuro 1620 psia

Critical Dosorptlon
Prossuro 640 psia
Abandonmont Gas
Content 120 SCF/Ton

MAXIMUM GAS RECOVERY 227 SCF/TON

Abandonmont
Prossuro 100 psia
200

400

GOO

000

1000

1200

1400

1600

Pressure, psia

Figure 2.4.

Langmuir's sorption isotiierm, after Mavor (1990).
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Another important term that can be established from the Langmuir sorption
isotherm is the critical desorption pressure. It is the pressure to which a well must be
reduced to in order for desorption to take place. If well pressure is higher than this,
there will not be any appreciable desorption.
The process of adsorption/desorption is very sensitive to certain parameters,
e.g., moisture content and temperature. Significant variation in the character of the
sorption isotherm can occur if the laboratory conditions vary from resen/oir conditions.
It is, therefore, important to determine the sorption isotherm at resen/oir temperature
and moisture content. The upper limit of the pressure for a sorption isotherm is
determined by the virgin reservoir pressure.

2.4 Gas Transport in Coal
Most U.S coals are characterized by very high water saturations. The coalbeds,
therefore, must be dewatered before gas flow can begin. Dewatering reduces the
hydrostatic head that holds the gas in an adsorbed state on the coal pore and fracture
surfaces and gas is released. With decreasing water saturation, the permeability to gas
increases and methane begins to flow towards the wellbore. As shown in Figure 2.5,
desorption and flow of gas follow three main stages (Koenig et al, 1984).
1)

Single-phase flow, where only water is produced and reservoir pressure
drop is small.

2)

Unsaturated single-phase flow, where both gas and water are present, but only
the water phase is mobile. At this stage, the decrease in reservoir pressure is
sufficient for methane desorption to begin. Isolated gas bubbles form, decreasing
the relative permeability to water. But since the gas bubbles are not connected,
no gas flow occurs.
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3)

Two-phase flow, where both gas and water are present and mobile. With
cx)ntinued pressure decrease and desorption, gas saturation increases to where
individual bubbles connect and form continuous pathway to the wellbore. Two
phase flow begins where the relative permeability to gas becomes non-zero.
As the reservoir pressure is further reduced and water saturation declines, the

relative permeability to gas increases at the expense of relative permeability to water.
This sequence of regimes progresses outward from the wellbore into the formation over
time and gas is produced.
Two basic mechanisms appear to govern gas migration, once the two-phase flow
starts. The first of these is the free-phase gas flow through fractures and the pore
system (macropores or cleats) according to Darcy's law and the operative relative
permeability relationship for the coal. Response of coalbed methane reservoir to this
flow type is similar to that in conventional reservoirs. The second mechanism is flow by
diffusion through the microporosity of the solid coal which follows the Pick's law for
diffusion. Since most of the adsorbed gas exists within the matrix micropore system, this
second mechanism is more important in terms of long-term production.

2.5

Compressibility of Porous Medium and Effective Stress
The analysis of gas flow in coalbed methane reservoirs requires the introduction

of the concept of compressibility, a rock property that describes the change in volume, or
strain, induced by applied stress/pressure. In the classical approach to the strength of
elastic materials, the modulus of elasiicity is a more familiar material property. It is
defined as the ratio of change in stress, ds, to the resulting change in strain, de.
Compressibility is simply the inverse of the modulus of elasticity, defined as
strain/stress. The term is utilized for both elastic and nonelastic materials.
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2.5.1

Effective Stress
To understand the concept of compressibility of a porous medium, consider that a

hydrostatic stress is applied to a unit mass of water saturated sand (Freeze and Cherry,
1979). There are three mechanisms by which a reduction in volume can be achieved;
1) by compression of the water in the pores,
2) by compression of the individual sand grains, and
3) by a rearrangement of the sand grains into a more closely packed configuration.
The first of these is controlled by the fluid compressibility, b. The second
mechanism is normally assumed to be negligible. To define a compressibility term that
reflects the third term, the principle of effective stress is invoked. This concept was
first proposed by Terzaghi (1925).
Consider the stress equilibrium on an arbitrary plane through a saturated
geological formation at depth (Figure 2.6). err'S the total stress acting downward on the
plane. It is due to the weight of overlying rock and water. This stress is borne in part by
the granular skeleton of the porous medium, and in part by the fluid pressure, p, of the
water in the pores. The portion of the total stress that is not borne by the fluid is called
the effective stress, oe.

is this stress that is actually applied to the grains of the

porous medium. Rearrangement of the soil grains and the resulting compression of the
granular skeleton is caused by the changes in the effective stress, not by the changes in
the total stress. The two are related by the simple equation,
oT = OE + P
or, in terms of changes,
doT = dcE + dp
The weight of the rock and water overlying each point often remains essentially
constant through time. In such cases, dcj = 0 and.
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doE = - dp
Under these circumstances, if the fluid pressure increases, the effective stress

Tcoal stress
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Figure 2.6. Total stress, effective stress, and fluid pressure on an arbitrary plane
through a saturated porous medium.

decreases by an equal amount: and if the fluid pressure decreases, the effective stress
increases by an equal amount.

2.5.2

Compressibility of Porous Medium
The compressibility of porous medium is defined as,

^ "

-dVr/yj
dce

v/here Vj is the total volume of a soil mass , dVj is the change in the volume, and dce the
change in the effective stress. Compressibility is usually determined from the slope of a
volumetric strain-hydrostatic stress plot in the form of e versus ae. The
compressibility of a porous medium, a, unlike the fluid compressibility, b, is not a
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constant: it is a function of the applied stress and it is dependent on the previous loading
history (Freeze and Cherry, 1979).
One of the properties of a porous (or fractured) rock matrix in which fluid can
accumulate is that the matrix changes shape when the pressure to which it is subjected
changes. This results in an alteration in the volume available for fluid storage and affects
the reservoir pressure/cumulative production relationship.
For any type of porous media, it is important to distinguish the following types of
compressibilities:
1) Matrix compressibilitv: fractional change in volume of solid material per unit
change in pressure.

where dPm is the change in applied pressure at both the external and internal surfaces.
2) Bulk compressibility: fractional change in bulk volume per unit change in pressure,

where dPb is the change in applied pressure at the external surfaces with internal
pressure held constant.
3) Pore volume compressibilitv: fractional change in pore volume per unit change in
pressure.
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where dPp is the change in applied pressure at internal surfaces with external pressure
held constant.

2.6

Permeability
The permeability of a porous rock is a measure of the ease with which a fluid

flows through it. It is defined in such a way that greater the permeability, lesser the
resistance to fluid flow. It depends upon the continuity of pores and fractures within the
rock as weil as their geometry. Due to the heterogeneous nature of the pores within, and
their connections with each other, permeability is not a uniform parameter but a "large
scale" or "statistical" property.
Although there is usually no direct relationship between permeability and
porosity, it may be said that higher (interconnected) porosities usually result in higher
permeabilities, and that for rock of similar lithology and subject to similar conditions of
similar sedimentation it may be possible to establish approximate relationship between
the two parameters.
The quantitative definition of permeability, k, is normally given by a transport
equation, similar in form to equations used in definition of thermal or electrical
conductivity. It is known as the Darcy's law, based on the results of a series of
experiments carried out on the flow of water through a filter bed. Tne equation is
written in the form:

where,
V = ^ is the specific discharge or Darcian velocity through the rock
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is the pressure gradient
p is the fluid density, and
is the fluid viscosity.
The natural permeability of coal is dependent upon fractures, or cleats, in the
coal. Fractures produced by other means are also important in providing permeability
in coals. These fractures may be developed as a result of tectonic stresses after
coalification in a basin, or they may be the result of differential compaction of coals
over, or under, adjacent sandstone bodies (Black, 1990).
Permeability must be estimated to predict production rates, for selecting and
sizing artificial lift systems and surface production facilities. Because the intrinsic
permeability of the coal matrix is normally small, it must have a well developed open
cleat system, with the minimum required permeability generally greater than 1
millidarcy (Hughes and Logan, 19S0) for a reservoir to be economic. Measured values
of permeability can be used to correlate zones between wells and are useful in reservoir
engineering calculations that attempt to predict long-term productivity of weiis. The
rate at which permeability declines as a function of total volumetric throughput is
significant in assessing damage caused by watsr-rock interactions, chemical
precipitation, and fines mobilization.
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CHAPTER 3

PURPOSE OF THIS STUDY AND PREVIOUS STUDIES

One of the main problems faced during simulation and modeling of long-temi gas
production from coalbeds is the variation in the permeability of coal over the life of a
producing well. Permeability is influenced by several factors, including in situ stress
conditions, disturbance associated with drilling, water content of the coalbed methane
reservoirs and gas pressure. The dynamic nature of these factors makes the continuous
modeling of the flow process difficult. As mentioned eariier, knowledge of conventional
reservoir modeling is of little value due to the difference in the mechanism of gas storage
and the flow processes in coal.

3.1 Dynamic Variation in Permeability
As a reservoir produces, the fluid pressure decreases. As a consequence of this,
gas desorbs from the coal matrix and the effective stress (difference between overburden
stress and the fluid pressure) increases. This increase in the effective stress leads to the
compaction of the flow paths in coal. Conventional reservoir reasoning suggests that the
reduced dimension of these flow paths would decrease the permeability of coal, and hence
result in lower flowrates.
However, there is evidence from producing fields that the productivity of coalbed
methane reservoirs does not decline with time (Figure 3.1) (Zuber and Kuuskraa,
1989). In some cases, it has maintained a constant level for long periods of time - in
excess of ten years. Current reservoir models do not simulate or account for such
behavior. Since no known physical property can explain this increase in permeability
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Figure 3.1. Reported production increase with time, after Kuuskraa, 1989.
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with time, it implies that there is, in fact, another phenomenon present which
counteracts the decrease in permeability due to the compaction of cleats. Reservoir
engineers suspect that a gradually increasing permeability may explain this anomaly and
attribute this to the desorption phenomenon, unique to a coalbed methane system.

3.2 Previous studies
3.2.1 Fundamental theory of Physical Adsorption
When a gas is allowed to come to equilibrium with a solid or a liquid surface, the
concentration of gas molecules is always found to be greater in the immediate vicinity of
the surface than in the free gas zone, regardless of the nature of the gas or surface. The
process by which this surface excess is formed is called adsorption (Young and Crowell,
1962).
In any solid or liquid, the atoms at the surface are subject to the unbalanced
forces of attraction normal to the surface plane; the balance of these forces (Van der
Waal's forces) is partially restored by the adsorption of gas molecules. Adsorption is to
be distinguished from absorption which involves the bulk penetration of the gas
molecules into the structure of the solid or liquid by some process of diffusion (sorption
refers to both the processes occurring together).
Adsorption of gas on a solid is a spontaneous process and is therefore accompanied
by a decrease in the free energy of the system. This results in an expansion of the
adsorbent surface, its magnitude being proportional to the decrease in the energy level.
Gregg (1961) reported the phenomenon for charcoal with expansion as high as 1% from
benzene adsorption. Desorption being the reverse process of adsorption would,
therefore, cause an increase in the free surface energy of the system and the adsorbent
would shrink in size.
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Physical adsorption is like condensation, a general phenomenon, and will occur in
any gas-solid system provided the temperature and pressure conditions are suitable. A
physically adsorbed layer may be removed by reducing the pressure, temperature
remaining constant, although the process may be very slow. The same can be achieved by
increasing the temperature and exciting the gas molecules, resulting in desorption of
gas.

3.2.2 Gray's Work
Based on field observations and the fundamental theory of adsorption/desorption,
Gray studied the physical behavior of coal seams as reservoirs. The mines he studied are
situated in the Bowen basin area, Queensland, Australia.
It is well known that changes in effective stress bring about a variation in the
permeability. According to Gray, three factors influence the effective stress. These are:
initial stress, fluid pressure changes, and shrinkage/expansion of the coal matrix
(which is related to the equivalent sorption pressure in the seam).
Initial stress in coal seams is difficult to estimate because of the weak and jointed
nature of coal. Total overburden stress always remains constant, and hence, is not of
primary interest. However, it is the horizontal stresses that play an important role
because they act across the sub-vertical cleats which conduct gas in a coaibed methane
reservoir. The initial fluid pressure can be measured by conducting packer tests, or
installing grouted sensors in seams. A significant lowering of water pressure in seam
reduces the fluid pressure to the equivalent sorption pressure and the so.bed gas is
released. Such fluid pressure reductions result in an increase in the effective stress.
But, perhaps, more important observation is the shrinkage of the coal matrix associated
with desorption. This shrinkage leads to a reduction in the effective horizontal stress.
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Gray postulates that continued matrix shrinkage can lead to a total loss of the horizontal
stresses and further opening of the cleats, thus increasing the permeability.
The ccr-clusion of the study was that the storage and permeability characteristics
of coal seams require an approach substantially different from that used for conventional
gas reservoirs. Permeability being a function of effective stress may increase, or
decrease, with drainage depending on whether the compaction is less than the matrix
shrinkage due to desorption of gas, or greater. Failure to acknowledge this effect would,
therefore, produce unreliable estimates of coal seam reservoir performance.

3.2.3 Other Work
Reucroft and Patel (1986) noticed significant swelling or volume increase in a
range of coal samples when exposed to carbon dioxide atmospheres. It was also observed
that evacuation of these samples, led to decrease in sample bulk volume and cause
shrinkage.
However, this swelling and shrinkage phenomenon has not been shown for coals
when they are subjected to elevated pressures of methane. Also, the impact of these
volumetric changes on the porosity and permeability of coal has not been previously
analyzed.

40

CHAPTER 4

EXPERIMENTAL DESIGN AND PRINCIPLES

4.1

Sample Description
Cores of coal from the Pittsburgh seam and San Juan basin were used for most of

the experiments discussed in the study. The initial work was carried out using samples
from the Piceance basin.
The coal from San Juan basin was very friable compared to that from the
Pittsburgh and Piceance basins which was fairly solid. Cylindrical specimens were used
for volumetric strain experiments. The ends of cores were trimmed prior to the
experiments. However, due to the fragile nature of the San Juan basin coal, no surface
grinding was done except where absolutely necessary. Table 4.1 gives the details of the
coal samples used for the experimental work completed.

Table 4.1: Coal Samples Us^ for the Experimental Work

# 8001

o

#8002

Diameter (inches)

>u
OC

Pittsburgh Seam

Lenqth (inches)

San Juan Basin Wheeler
4

CO

Source

#12U-1
Piceance Basin

#1(P)

3

The length/diameter (L/D) ratio varied from 1:1 to 1:2. Normally, an UD ratio
of 1:2 is recommended by ISRM for rock testing. But it is difficult to obtain coal
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samples of these dimensions, primarily due to the fragile nature of coal.

4.2

Coal Handling
The unique properties of coal place special constraints on. preservation and

preparation of coal cores (Pun, 1991; Gash, 1991). Due to lack of information on the
most suitable procedures to handle coal, early measurements involved oven drying the
coal at 70®C. However, it was soon realized that this was not acceptable. Coal cores
should be kept in contact with water to prevent drying, and contact of coal cores with air
should be avoided (Gash, 1991). Also, weathering (drying by exposing to air and heat)
alters the stnjcture of coal (Nelson, 1989), and weathered coal should not be used when
measuring rock properties of coal. Weathering results in induced fractures, and
measured values of permeability and porosity of weathered samples may be significantly
different.
Based on the above information, it was decided that coal will be kept immersed in
water at all times. For experiments requiring 'clean' sample (free of air and moisture),
the test specimen was prepared by purging the sample with helium repeatedly. This
"huff and puff" method worked well to get rid of the moisture when necessary.

4.3
4.3.1

Volumetric Strain Measurement
Technique for Wetting Samples
The sample was evacuated for 24 hours in a desiccator to remove moisture, and

then weighed (261.9 gm). The sample was placed in the container shown in Figure 4.1
and evacuated again for 24 hours with valve B dosed. With A closed, B was opened to
allow water to enter and completely immerse the sample (making sure that no air got
into the container). A pressure of 50 psi was applied to the water in the container by an

Water injector

Pressure
Gauge \

vacuum

Figure 4.1. Experimental setup for wetting samples.
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injector to ensure penetration of water in the sample. After 10 days, the sample was
assumed to be fully saturated with water. The sample was taken out, its surfaces were
dried, and the sample was weighed again (264.1 gm).

4.3.2
4.3.2.1

Experimental Work
Volumetric Strain Measurement
Following the procedure recommended by ISRM (International Society of Rock

Mechanics), four strain gages were installed on the specimen surface - two each for
axial and radial strains, placed 180° apart. Strain gage leads were passed through an 0ring which was used for efficient sealing of the sample container. The sample container
was closed and the leads connected to the switch and balance unit in a quarter Wheatstone
bridge which in turn was connected to a strain indicator. The experimental setup is
shown in Figure 4.2.
The sample container was kept in a constant temperature water bath throughout
the experiment. The temperature variation over the entire duration of the experiment
was within ± 0.1° C. Maintaining a constant temperature was important because the
process of adsorption/ desorption is very sensitive to temperature. However, due to the
lack of in situ temperature data, the experiments were performed at 75° F (for the
Piceance Basin sample), 79° F (for the Pittsburgh Seam sample), and SS^F (for the San
Juan Basin sample). A small cylinder containing distilled water was used as a gas
humidifier, fwioist gas was used because it is more representative or the gas recovered
from coalbeds. Another benefit of using moist gas was that it did not alter the moisture
content of the sample by picking up moisture from it.
In order to avoid any loss of sample moisture, the container was not evacuated.
To account for the fact that the experiment started at atmospheric pressure (~ 14 psia),

44

To Pressure Indicator
Pressure Transducer

To Vacuum Pump
^ Water Bath

Strain Indicator

Humidifier

Sample

Bleeder Valve
Gas Cylinder

Figure 4.2. Experimental setup to measure volumetric strain (matrix shrinkage).
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partial pressure of methane was considered as the gas pressure. The zero readings on
the strain indicator were recorded. Helium was injected into the sample container until
the pressure was approximately 100 psi. After the readings on the strain indicator
stabilized, they were recorded. This normally took two to three hours. The entire
procedure was repeated for increments of 100 psi until the pressure inside the
container was about 1000 psia. Gas pressure was then decreased in similar steps of
100 psi until atmospheric pressure was reached.
The procedure was then repeated in similar steps for methane. During the
increasing pressure cycle, four to five hours were required for the readings to stabilize
on the pressure indicator. But for the decreasing pressure cycle, 12 to 15 hours were
given for the pressure to stabilize because desorption and diffusion from the coal matrix
are very slow processes.
Initially, it was planned to monitor the effect of desorption on coal matrix and
conduct permeability testing simultaneously. But permeability testing is based on the
transient analysis, which requires a pressure gradient across the sample. A pressure
gradient, however, results in a change of the volume of pores, fractures and microcracks
in the specimen. The measured volumetric changes, therefore, represent not only the
volume changes in the coal matrix, but changes in void volume (macropore volume) as
well. Hence, it was decided to conduct these experiments independently. The
permeability experiments are currently being carried out at the University of Arizona
as a separate effort.

46

CHAPTER 5

RESULTS AND ANALYSES

5.1

Volumetric Strain of Coal Matrix
An average of the two axial strain measurements were taken as the net strain in

the axial direction. Similarly, the net strain in the radial direction was determined.
Volumetric changes were calculated for each pressure level. Figure 5.1 shows the
change in volumetric strain (AVA^) plotted against decreasing gas pressure for helium
and methane cycles for Pittsburgh Seam Core - 8001. The results have been plotted for
the decreasing part of the cycle only. This is of primary interest because in field
conditions the reservoir pressure always decreases. The matrix and matrix shrinkage
compressibility values were also calculated for decreasing pressures only. The matrix
volume at maximum pressure was considered as the reference point which is analogous
to tne conditions in a virgin reservoir. The mathematical derivations and a sample
calculation of the volumetric strain are given in Appendix C.
For the helium cycle, with increase in pressure the volume of coal matrix
decreased as expected due to the compressibility of grains. As the pressure was
decreased, the coal matrix volume started regaining its volume. It was obsen/ed that the
coal did not attain its original volume when the pressure was dropped back to
atmospheric because coa! is not perfectly elastic. The complete cycle of variation in
volumetric strain with increasing and decreasing pressures of helium and methane is
shown in Figure 5.2 (Piceance Basin sample) (Zhao, 1991).
The grain compressibility, cm. is the slops of the plot for decreasing helium
pressure, as shown in Figure 5.3, and given by:
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Figure 5.1. Volumetric strain of coal matrix with decreasing gas pressure (core
8001)
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Figure 5.3. Changes in the volume of coal matrix with variation in helium pressure.
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where Vm is the matrix volume, and dP is the change in applied pressure at both interna!
and external surfaces. For Pittsburgh Seam Core - 8001, Cm was estimated to be -1.5
X 10"6/psi.
When the experiment was repeated using methane, the volume increased with
increasing pressure as shown in Figure 5.2. This indicated a swelling of the coal matrix
as a result of adsorption of methane molecules on the internal coal surfaces. When the
pressure was reduced, the volumetric strain followed a non-linear path at high
pressures, and an almost linear path at low pressures. Below 700 psi, there was a
continuous decrease in the volume of the coal matrix. This can be attributed to the
desorption of gas which is significant at pressures below 700 psi. However, at
pressures above 700 psi, a small hump in the plot is observed. One possible explanation
could be that at high pressures, coal demonstrates the effect of grain compressibility
similar to that observed with helium, and this effect is much more pronounced
compared to the effect of desorption, or shrinkage of coal matrix. But at low pressure
levels, when a large quantity of gas is released from the coal matrix, this is reversed.
Another set of experiments was carried out on a sample from the Piceance Basin.
The results were plotted for decreasing pressure cycles only as shown in Figure 5.4. It
was observed that the aforementioned hump was conspicuous in the results from the
Piceance Basin samples (Figure 5.2, Figure 5.4). However, it was insignificant in the
results from the Pittsburgh seam cores (Figure 5.1).
If the effect of grain compressibility is incorporated, then the effective
shrinkage of coal matrix resulting from desorption can be obtained. The results from
the helium part of the experiment were used to obtain this, since helium is a nonadsorbing gas and accounts for the grain compressibility effect only. For the part of the
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Sample: Piceance basin, (1) P
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Figure 5.4.

Volumetric strain of coal matrix with decreasing gas pressure (Piceance
basin, (1) P).
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experiment using metliane, two mechanisms, grain compressibility and matrix
shrinkage associated with desorption, influence the matrix volume. The measured
results reflect the combined effect of these two acting against each other. To obtain the
effect of desorption alone, the volumetric strain from the helium experiment was
subtracted from that obtained using methane. This gave the effective shrinkage of the
coal matrix and is included in Figure 5.1 as the lowermost plot.
From the effective shrinkage plot, pressure at which the shrinkage actually
begins was obtained. This value was used in estimating the matrix shrinkage
compressibility, cm*. given by:

Cm* was calculated to be 1.9 x l0"6/psi.
The effective shrinkage of coal matrix with pressure drop looks very similar to
the sorption isotherm obtained from the same coal sample (San Juan Basin) as shown in
Figure 5.5 (Pariti, M.S. thesis, to be published, 1992) . These results suggest a linear
relationship between the volumetric strain and the mean concentration of gas in coal as
shown in Rgure 5.6. This relationship can be expressed as,

where,
p is a constant depending on the characteristics of the coal type,
C is the average concentration of the adsorlsed gas.
But C can be represented by Langmuir's equation,
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Therefore,
AVm . VlP
Vm =PPL+P

This clearly means that every parameter that affects desorption of methane from
coal will also affect matrix shrinkage. For example, at higher temperatures the amount
of gas sorted on the internal coal surfaces deaeases due to increase in excitation level of
surface molecules. This implies that smaller amount of gas will desorb from coal
micropores with reduction in pressure, and hence, the coal m.atrix volumetric strain
will be smaller, or the matrix shrinkage compressibility will decrease in magnitude,
fuloisture content is another important parameter which affects the desorption of
methane from coals. The amount sort)ed decreases with increasing moisture content upto
a limit of 5% (Boxho et al, 1980). Hence, smaller volumetric strain will occur wiih
increasing moisture content upto a limit.
The constant p can be used to characterize a particular seam or basin by carrying
out adsorption/desorption and volumetric strains experiments on core samples from
different locations in the seam/basin, if p has a reasonably similar value, it can be used
to obtain volumetric strains, and hence the matrix shrinkage compressibility, for other
areas of interest. Therefore, only sorption isotherms will be required for samples from
these areas. However, this interpolation can not be used for seams with a variable p at
different locations.

5.2
5.2.1

Analysis of Results
Effect of Matrix Shrinkage on Cleat Porosity
The shrinkage of matrix volume results in a change in the void volume of the

specimen, thus altering its porosity. Assuming that the total volume remains constant,
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the decrease in the volume of the coal matrix is, in fact, the increase in the cleat volume.
From Figure 5.1 the total shrinkage (AVmatrlx) was known. Using the relationship,
AVmatrlx = - AVyoid .
the change in the total void space in the sample was estimated for different pressure
levels.
The measured AVmatrix. when coupled with the total porosity of the sample
(3.8%) (Harpalani, 1991), gave an increase in porosity of 4.3%, as shown in Figure
5.7. But, the matrix shrinkage affects the flow behavior by altering the cleats, or the
cleat aperture. Hence, only the cleat porosity rather than the total porosity, should be
considered when calculating changes in porosity. However, there are no reliable
methods available currently for estimating the cleat porosity accurately. The most
recently published work (Puri et al, 1991) used a miscible drive technique where the
fluid saturating the core was displaced by a second fluid (helium). Sodium iodide was
used as a tracer, and X-ray absorption for monitoring the tracer was used to measure
the saturation level at different times. The volume of water displaced - mobile water
volume - from the core was used to estimate the irreducible saturation in the cleats, and
the cleat porosity. But, sodium iodide adsorbs on coal. Also, the ability of helium to hold
moisture increases when the pressure is reduced, suggesting that the amount of water
actually lost by the sample may have been overestimated.
The water imbibition method, described in Chapter 4, is assumed to give accurate
estimate of the cleat porosity. One serious drawback of this method was that the sample
was oven dried in order to determine the dry weight of the sample limiting its use in
future work. However, the method can still be used on a single sample from a particular
basin, and the cleat porosity determined can be considered to be representative for other
samples from the same basin. The value of 1.1 % obtained was, therefore, used to
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Sample: Pittsburgh seam - 8001
Volume of sample: 11.84 cu.in
Temperature: 78® F
Moisture content: 1 %
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Figure 5.7. Variation in absolute and cleat porosity as a result of matrix shrinkage for
core 8001.
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calculate changes in the cleat porosity. Using this value, along with the measured
AVmatrlx. an increase of 15% in cleat porosity with desorption of methane was
estimated, shown as the upper plot in Figure 5.7. Since the available coalbed methane
simulators are capable of handling dynamic changes in input parameters, this presents
an excellent way of providing the laboratory porosity variation data for field use.
Usually, information of this nature is very expensive to obtain in the field since it
requires multi-well tests (Zuber et al, 1990).
For the samples from the Piceance, Appalachian, and the San Juan Basins, the
general trends in the results were very similar. However, the values for matrix
compressibility and matrix shrinkage compressibility were different - as expected.

5.2.2

Variation

in

Permeability

As explained earlier, shrinkage of the coal matrix leads to an increase in the size
of the cleat aperture. Hence, it is expected that the permeability would also increase.
Experiments to investigate the variation in permeability accompanying desorption are
being carried out at the University of Arizona, and the results will be used for
comparison with the results obtained in this task.
If the change in volume of the porous structure occurs in such a way that the
structure remains geometrically the same, the theory of flow of fluids in channels
suggests that the permeability, k, should vary as the third power of the channel diameter
(or width), and consequently, as the third power of the porosity (cubic law).

Using the cleat porosity values we have (for Pittsburgh Seam Core - 8001)
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Hence,
ir=
•'•52
Kq
or an increase of 52% in permeability was estimated from the base permeability, ko, at
about 1000 psia.
Using the experimental results of matrix and matrix shrinkage compressibilities
for the Piceance Basin samples as input parameters a set of simulation runs was earned
out using the COMET PC simulator (Harpalani, 1989). COMET PC is a two-phase flow,
3-D model, used to describe the methane transport and production in coalbed methane
resen/oir. It is based on the fundamental mass conservation equation for gas and water.
The model can be used to history match production from coalbed methane wells. The
reservoir data used for the simulation is given in Appendix A.
Four simulation runs were made to determine the effect of pore volume and
matrix compressibility on five-year gas production. The results are shown in Figure
5.8 (Harps'arii, "ISSSj Sa'iwysr, ISSO). '(Jsirig Case 1 as basts of comparison, the
results show that production can be underestimated by not considering the matrix
shrinkage compressibility. Moreover, Case 3 shows that matrix shrinkage can more
than offset the reduction in permeability due !o pore volume compressibility.
As mentioned earlier, the shrinkage of coal matrix with desorption may not only
widen the cleats, but also reduce the effective horizontal stress leading to a complete loss
of horizontal stress and further opening up of the cleats (Gray, 1987). The flow
through the cleats is, therefore, influenced by two opposing changes in permeability.
Where shrinkage is less than the compaction forces, the permeability may decrease with
production. On the other hand, in case of large shrinkage, the permeability may
increase. Therefore, matrix shrinkage can have a significant impact on long term gas
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production from coalbed methane reservoirs and can be a very important parameter in
predicting production.
Another key question that needs to be answered is: at what pressure does the
shrinkage of coal matrix begin? In other words, when does the permeability start
increasing appredably. Any increase in permeability at too late a stage in the life of a
reservoir would, therefore, not benefit gas production since the normal reservoir
abandonment pressure in coalbed reservoirs is around 150 psi (Purl et al, 1990). For
example, in case of one of the samples tested, it happened at approximately 800 psia
(effective shrinkage plot). In another sample from the same basin (Pittsburgh Seam
Core - 8002), shrinkage of coal matrix started at 740 psia. Once this criterion is
attained, the magnitude of the change in permeability from the base case is important.

5.3

Modified Experimental Design
For the experiments completed so far, the maximum experimental pressure was

always below the pressure corresponding to the Langmuir volume, Vl. Hence, some
desorption must be taking place with reduction in pressure. The volume of coal matrix
should, therefore, be less than or equal to that at the highest experimental pressure, the
exact change depending on the matrix and matrix shrinkage compressibilities. However,
the results show that there is, in fact, an increase in the coal matrix volume as the
pressure is reduced initially from 1000 psia to 800 psia. This is particularly
prominent for the coa! from the Piceance Basin.
This observation indicated that there might, in fact, be an additional mechanism
occurring simultaneously. One of the reasons to which this could be attributed was that
the experimental technique required the pressure to be dropped in steps of 100 psi.
With a sudden pressure drop outside the sample, the sample swells up like a balloon due
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to the pressure gradient between the inside and outside of the sample. The effect is
virtually non-existent with helium since a non-adsorbing gas (in free form) flows out
of the sample almost immediately when the outside pressure is reduced. With methane,
the effect is prominent because of the time required for the gas to desorb slowly and flow
out. When the pressure within and outside of the sample stabilizes, some of the shock
induced volume increase is retained. The effect is more dominant at high pressures
because little desorption takes place. Although the pressure gradient during each
pressure level change is always there, the effect is subdued at lower pressures when
there is more desorption taking place.
Another flaw in the technique was the assumption that when the pressure on the
indicator stabilizes the volumetric strain readings on the indicator stabilize as well.
But some strain takes place even under constant load conditions. This was overcome by
monitoring the strain readings at every few hours interval and plotting a graph of strain
against time to see whether the strain had stabilized.
To improve the overall technique, it was essential to get rid of the grain
compressibility effect, and the shock induced volume increase (the "balloon effect").
These were eliminated by modifying the experimental setup and procedure in order to
reduce the pressure of methane in the sample container, and simultaneously injecting
helium to maintain the total pressure constant. The coal matrix was thus subjected to a
constant total pressure throughout the experiment. The measured volumetric strain
was, therefore, due to the sole effect of coal matrix shrinkage induced by the desorption
of methane, which is independent of the presence of helium in the container. A gas
chromatograph was used to monitor the partial pressure of methane in the container by
monitoring the methane concentration. The modified experimental setup is shown in
Figure 5.9.
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Figure 5.9.

Experimental setup to measure volumetric strain (matrix shrinkage) using
gas chromatography.
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5.4

Results Using the New Technique
Volumetric changes were calculated for each pressure level. Figure 5.10 shows

the changes in the volumetric strain (AV/V) as a function of the decreasing gas pressure
for helium and methane cycles for the San Juan Basin sample. The matrix and matrix
shrinkage compressibility values were calculated for decreasing pressures only.
The grain compressibility, Cm. given by the slope of the curve for decreasing
helium pressure, was calculated to be 6.7 x 10"^/psi. The matrix shrinkage
compressibility, Cm*. was calculated to be 7.5 x 10*^/psi, which is greater than the
grain compressibility value.
From the results (Figure 5.10), it is obvious that the hump at high pressures
observed with the old method, is no longer present. Therefore, the results exhibit the
matrix shrinkage associated with desorption only, and the effect of grain compressibility
is completely eliminated. Due to the unavailability of porosity data for the San Juan
Basin sample, the effect of matrix shrinkage on the cleat and total porosity was not
estimated.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1

Conclusions
The most important conclusion of this study is that coal matrix shrinks with

desorption of gas. The measured matrix shrinkage compressibility was greater than the
matrix (or grain) compressibility for all types of coai tested. A major consequence of
the matrix shrinkage is an increase in the cleat (or fracture) porosity of coal. For coai
from the Pittsburgh seam, this increase was 15%. These results suggest that the
shrinkage of matrix, and the associated increase in the cleat porosity increases the
permeability of coal. Depending on the stress conditions, this increase can be significant
and may result in high fiowrates over the life of methane producing wells. It is,
therefore, recommended that coal matrix shrinkage should be considered along with cleat
contraction due to pore volume compressibility in order to accurately simulate and
predict long term gas production from coalbed methane wells.
Another finding, of this study was that the macropore porosity of coal
(Pittsburgh seam), as measured by water imbibition method is 1.1% (total porosity,
3.8%); suggesting that over 70% of the total void space in coal is inaccessible to water.

5.2

Future Work and Recommendations
Based on the work discussed in this study, it is veit that the following aspects of

the gas flow characteristics of coal should be investigated further:
1)

Carbon dioxide is one of the constituents of natural gas found in coalbeds. !t is
also known to be more adsorptive than methane. Therefore, effect of desorption
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on coal matrix volume should be studied using a multi-component gas mixture
(methane, carbon dioxide and nitrogen).
2)

The phenomenon of gas desorption is dependent on parameters like moisture
content, temperature, etc.. Therefore, it is important to know these parameters
accurately for the basins fnsm which the samples are obtained. The experiments
should be conducted at the in situ conditions.

3)

More laboratory work needs to be done in order to quantify both pore volume and
matrix shrinkage compressibilities for U.S. coals. These values can then be used
to accurately model long-term production of gas for a particular basin.

APPENDIX A

Sensitivity of Gas Production to Coal Matrix Shrinkage
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Description of Model Runs
The following compressibilities, based on laboratory data on Piceance Basin
samples, were used in a set of simulation runs using the COMETPC 3-D Model
(Harpalani, 1989).

Pore Volume Compressibility, Co

4.5 X 10*5 psi'"'

Matrix Shrinkage Compressibility, Cm*

6.2 X 10-6 psi*"*

It should be noted that Cp is a calculated number using the bulk compressibility
(Cb) of 9 X 10-7 psi-1 from laboratory data and a porosity of 2 percent in the
Oh
relationship Cp = ^ (Sawyer, 1990).
Other reservoir parameters used in the simulation runs were as
Drainaae area

80 acres

Permeability

5.0 md

Thickness

10 ft

Porosity

2.0%

Sorption time

10 days

Cleat soacina

0.25 in

Initial pressure

1100 psia

Desorption pressure

1100 psia

Lanqmuir volume

20.0 scf/cu.ft

Lanqmuir pressure

400 Dsia

Bottomhole well pressure

47 psia

Temoerature

95°F
95% Methane
3% Ethane
2% Carbon Dioxide

Gas composition

APPENDIX B

Sample Calculation of Volumetric Strain of Coal Matrix
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The volume of the cylindrical specimen is given as,

V=fD2H
4

where,
D is the diameter of the specimen, 37.8 mm
H is the iength of the specimen, 71.5 mm
The variation in the volume is given by

av=^H DaD+jD2aH

or, AV =^H D AD+JaH
The circumference, C, of the specimen is
C = nD

or

AC = jt AD

,
AC
Therefore,

AD

.(f

or,4D

]D

Also,

^^and

are directly read from the strain gage indicator in microstrains,

Therefore,

Four strain gages were used to monitor the change in the dimensions in radial and axial
directions. By substituting the values of H and D,
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( r
X 10-6

A V = f HD2
4

For increase in pressure from 0 to 200 psi,

= 290 microstrains

= 304 microstrains

= 160 microstrains

[ " It I = 1 0 3 microstrains
Therefore, AV = 58.04 and

AV
58.04
V " 80237.89 " 0-000723 = .0-%
This was repeated for every pressure ievei. it may be noted that this volumetric strain,
^, is independent of the assumption of the cylindrical shape of the sample. A cuboid,

aVA

for example, v/ith two of its dimensions equal will still give the same result. This can be
proved mathematically.
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