———

Reservoir Engineering in Coal
Seams: Part 1—The Physical
Process of Gas Storage and
Movement in Coal Seams

lan Gray, SPE

Summary. This is the first of two papers concerning the movement of gas in coal seams. [t deals dircetly
with the physical behavior of the coat seam as a reservoir. Coal seams show consideruble Jifferences in
behavior from normal porous gas reserveirs in both the mode of gas storage and permeability characteristics.
Most of the storage of gas in coal is by sorption into the coul structure, while the coul permeability is cleat-
(fracture-) or joint~ontrolled and may vary over a wide range during production, This permeability fluctuation
is nat salely a phase relative permeability effect. but is rather a result of the opposing clfects of etfective stress
increase with fluid pressure reduction and shrinkage of the coal. Reducing tluid pressure tends 1o close the
cleats. reducing permeability, while shninkage tends to open them.

Introduction

The two papers in this series evolved out of 3% years
of work {1979-82) on the problems of outbursting in Aus-
tralian underground coal mines. This phenomenon in-
volves the expuision of gas and coal from the working
face with resultant danger to the mining crew, Because
energy release studies showed the outbursts to be primarily
gas-driven.! efforts concentrated on studyving gus
drainage to alleviate the problem. Because underground
mining methods were being used. most of the ¢xperimen-
tal work was conducted horizontally in-seam rather than
from surtace-drilled holes.

The mines studied are siruated in the Bowen basin area.
which extends from central to north Queensland, Austra-
lia. The seams with high gas contents are Permian age
(260 million vears) and bituminous, with rank determined
by vitrinite reflectance lying between 1.00 and [.30. The
working depths were typically 380 m {1.247 tt] for Leich-
hardt Cotliery, Blackwater: 135 m {443 ft] for Moura No.
4 mine, Moura: and 250 to 350 m [820 1o 1.148 ft] for
Bowen No. 2 Colliery. Collinsville. The tirst two mines
contained a seam gas consisting predominantiy of
methane, while the Bowen No. I seam gas was mostly
CQOa of igneous vrigin.~ In all three mines. seam thick-
ness was about 6 m {20 1], with seam slope lying between
herizontal and 107 10.17 rad] above horizontal.

Observations of flow and pressure variations in the seam
caused by drainage into borcholes or mine vpenings
showed that copventional oil and gas analysis approaches
to describe the reservoir were inappropriate. particuiarly
with respect to the apparent [arge increases in permei-
bility with drainage. Atiempts at simulation with a con-
ventional simulator incorpurating phase  relative
permeability etfeets could not explain large How increases
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measured during drainage. Conversely. some Jupanese
coal mines? showed the opposite effect with apparently
“self-sealing™ coals.

The theory presented in this paper helps to explain the
varations of permeability in coal associated with drainage.

Gas Storage in Coal )
Gas is stored primarily by sorption into the coal. This typs-
cally accounts for 98 % of the gas within a coal seam. de-
pending on the pressure at which the gas is sorbed. In
addition. gas 1s stored in the pore or cleat space either
free or in solution. As Fig. 1. a typical sorption isotherm.
shows, the amount of gas sorbed per unit increase in pres-
sure decreases with increasing sorption pressure. Because
gas drainage is often conducted under vacuum, the sorp-
tion isotherm has been extended below atmospheric pres-
sure. Such tests for sorptivn may be conducted
volumetrically? or indirectly by weighing pressurized
coal sumples at a measured equilibrium pressure.

Because seams are often water-saturated., in some cases
it is possible that the water pressure exceeds the pressure
at which ull gas becomes sorbed into coal solids or into
sofution gas. This is the coal-scam equivalent of the
bubble-point of an oil/gas system and is referred 10 in this
paper us the equivalent sorption pressure.

Darcy Flow and Diffusional Movement

A number of references indicate that the movement of gus
in coal is caused by Darcy flow down a pressure gradient
or ditfusion along a concentration gradient. %7 The liter-
ature provides no clear answers us to which type of be-
havior is taking place or which type of transport governs
the rate of gas production. One concept is that diffusive
fluw from the solids between cleats and Darcy flow along
the cleat structure take place. This view, however, is not
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Fig. 1—Example of sorption isotherm. Gemini seam, Leschhardt Colliery, isotherm at 33.5°C, °

universal: Hemela™ stated that tests on core showed Jiffu-
sive behavior, while Tabor er ul.® measured vore per-
meability changes with different saturations. suggesting
Duarcy behavior, and Somerton er al.” measured Darcy
behavior.

Observation of Australian coals indicates that the most
impartant mode of tluid transport is Darcy low i the
cleats. The recasons for this are the close spacing of the
cleats (typically 20 to 150 mm (0.8 to 3.9 in.]). the fact
that most flow was measured as occurring along the cleats,
the generally low bulk permeability of the coal (1.5 md).
and the ready desorption of vere in gas-content tests. The
lust involves taking coal core from borchale. placing it
in a container. and measuring the gas evolved as de-
scribed. 'Y Such core desorbed refutively quickly without
a residual gas content. Such 2 residual gas content may
be released frem some U.S. couls only if the coal core
is ground. The days or weeks taken for desorption of core
drilled to approximately the same diameter as the cleat
spacing is a short time interval compared with the months
or years necessary for a coal block between borcholes to
degas, which supports the hypothesis that Darcy tow is
the rate-governing part of the drainage process for Aus-
tralian coals. Other coal scams with a lesy fractured struc-
ture and with slower desorption from solid may show a
rate that is controlled by diffusive movement, Because
some of the blocky coils tend to be more porous in na-
ture, however, the low may shift back to being Darcian
with gas movement through the pore structure, as in 2
more conventional reservair.

Ax described in Purt 2 of this paper, the permeability
can be strongly directional-controlled by predominant
cleat sets. This also lends weight to the concept that Dir-
clan flow is of prime importance in the movement of gas
within the coal.

Taking quantitative aecount of ditfusive movement
within a seam is ditticult becuuse the structure of the seam

“Personal communicaton. M L Hemaia, Broken Hitt Proprietary Ca Lid, Ol and Gas
Dw | Malbourna, Australia. May 12, 1962,
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could be considered to approsimale a series o solid blocks
between ¢leats. Because clear spacing varies over a wide
range—rom u few millimeters to wns of meters—and the
nature of the cleats varies sigmficanidy. it s virtually im-
posathic to assign o meaa cleat spacing and permeability
into which the solid blocks could be considered 10 diftuse.

Variations in Coal Permeability

The permeability of the cleat structure within the coal may
vary in two basic ways. The first s by phase relative per-
meability effects. wherehy the degree of saturation wiil
atfect the zas and water relative permeabilities of the
reservoir, This etfect is welt-known in the mil and gas in-
dustry. The second and probably mare important way by
which the permeability may vary is by 1 change in the
etfective stress within the seams. The effective stress is
the tetai stress minus the seam tuid pressure. The effec-
tive stress tenus to close the cleats and © reduce permea-
bility within the coal. Although not proven conclusively
by field and laboratory tesis. it is very likety that the per-
meability is related particularty to the effective normal
stress across the cleats because these appear (0 conduct
most seam [luids. The etfective normai stress referred 1o
is the total stress normal to the cleat minus the fuid pres-
sure within the cleat. If this is the case, then permeability
variations brought about by variations in Nuid pressures
will be anisotropic. depending on the nuture, frequency,
and direction of the cleats. Such opening and closing of
the cleats is ulso likely to chunge the phase relative per-

- meabilities and capillary pressures within the coal.

The imporance of effective stress is emphasized in this
paper because of its large range tcaused by seam drainage
compared with tatal stress and the large variations in per-
meability that may be brought about by changes in effec-
tve sress.

Relution Between Effective Stress and Permeability.
The effect of such a vanation in permeabiiity of coal core
with contining stress was presented by Somerton ef al. ?
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Fig. 3—Permeability va. sffective streas using CH, tar
core samples taken from the Gemini seam. Laichhardgt
Colllery.

Work at the Australian Coal Industry Research Labora-
tories confirmed their findings and showed that the rela-
tionship existing between effective stress and permeability
for core taken from Leichhardt Colliery is approximate-
ly as shown in Eq. 1.

k=1.013x10 0310

where & is the dry permeability in md and o is the effec-
tive triaxial confining stress in MPa. This suggests a
{0-foid reduction in permeability with a 3-MPa [433-psi]
increase in etfective confining stress.

Note that the term ““effective triaxial confining stress™
is used here ruther than *effective normal stress across
cleats.” The reason is that the core was tested for per-
meability in a triaxial Hoek cell,!' and specific cleats
generally could not be isolated within the 30-mm [2-in. |
-diameter cores. In addition, it was impaossible to identi-
fy how the gas traveled through the specimen. Fig, 2
shows the test apparatus, and Fig. 3 shows test results
Ifrom which this relation was established. The test proce-
dure involved confining a core sampie under a number
of isotropic stress levels in the cell and passing methane

30

through the sample at a steady pressure until the flow came
to cguilibrium, Because gas pressure varied across the
specimen, the average of the two end gas pressures was
used in the calculation of the effective stress. Eq. 2 was
used to calculate core permeability.

2qp ,Lu &

k=(1.013x10%%) .
’“pi- -Pf:")

As can be seen in Fig. 3, different core samples gave
widely differing permeabilities. This is normal for coal

samples taken from different plies in the seam and em-,

phasizes the need for field testing that includes the whole
seam.

Three factors influence the effective stress: initial stress,
fluid pressure changes, and 1he shrinkage/expansion char-
acteristic of the coal matrix, which is related to the equiva-
lent sorption pressure in the scam.

Initial Stress in Seam. The initial stress in the seam is
difficult to estimate because it is directional and not east-
ly measured from surface or underground because of the
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woeak and jomted nature of the coal. Towal overburden
SIresy s not of primary inierest, because 1t will remain
unaltered by drainage, provided thal this is carried out
over awide area. Rather, the hurizontal stresses are more
important because they act acrass the subvertical cleats
that conduct gas. Some idea ot the stress pattern possibly
may he gained from stress messurement in the rock sur-
rounding the seam. This may be carried out either by over-
coring from underground workings'® or by hydro-
fracture. ' This stress may be approximately separated
into twa components. The first is caused by gravitational
eltects—ize, . an uverburden stress und the associated later-
al stress developed under conditions of no ateral strain
and given in Eg. 3.'¢
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The second component is the tectonically induced horizon-
tal stresses that, apart from redistribution through creep.
should theoretically be propartional to the inoduli of the
rocks, provided that horizontal sirains are approximatefy
cquzl, as could be expected in extensive sedimentary
Jeposits,

Fluid Pressures. Initial uid pressures may be measured
by conducting packer tests or by installing grouted sen-
sars in seam as described in Part 2 of this paper.

Fluid pressure changes in the seun typically are brought
about in the short term by drainage works or by the crea-
tion of minc openings. [n geological time. the fluid pres-
sures are probably controlled by the overburden thickness
and the hydrostatic pressure associated with [luctuating
groundwater levels.

As already mentioned. the water pressure in the scam
is not necessarily related to the equivalent sorption pres-
sure, In some cases, significant lowering of water pres-
sure may have to take piace before the equivaient sorption
pressure is reached and sorbed gas is released. Such (luid
pressure reductions will be associated with un increase
in effective stress.

Equivalent Sorption Pressure. Equivaient sorption pres-
sure needs 1o be measured because it is related to the state
of coal matrix expansion and contraction, The most usual
method would be to obtain core and desorb it fully so that
an estimate of gas content can be obtained that may then
be related to effective sorption pressure through the sorp-
tion jsotherm for the coal. A more direct but as yet un-
tried method would be to isolale the seam with packers
and to fower the water pressure within the drillstring un-
til gas is released. This method would require the solu-
tion pressure of the gas in the borehole Nuid to be equal
to the equivalent sorpticn pressure in the coal. This may
not be the case if there has been inadequate time for equi-
librium to become established.

Where the tluid pressure is lowered below the equiva-
lent sorption pressure, gas is desorbed from the coal. This
typically results in a shrinkage of the coal marrix, -3
leading to a reduction of effective horizontal stress. This
could lead to a complete loss of horizontal stress and the
further opening of the cleats caused by continued shrink-
age of the matrix.
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Coal shrinkage Reluted to Equivalent Sorption Pres-
sures. Coal has been shown w shrink on desorption of
aas and to expand again on resorption, Hargraves '3 con-
ducted 2 series of tests on coal from Metropolitan Col-
liery, New South Wales, Austratia, that showed an
average linear strain of 0.00132 per MPa change in
equivalent sorption pressure using COa as the pas.
Japanese workers showed a similar but lesser effect using
methane on coul trom the nerthern [shikari coal field in
Hokkaido. } Their average value was 0.000125 linear
strain per MPa. more than an order of magnitude less.
The latter low value is significant, particularly in the con-
text of the “selt-sealing™” coals encountered in this part
of Japan.

To incorporate this shrinkage effect into the estimation
of effective stress within the coal, it is necessary to ex-
amine the elastic relation between stress and strain changes
within the coal, If do. is the chunge in vertical stress and
Ag, and dg, are changes in the principal harizontl
stresses, then it is possible to write Ey. 4 describing the
change in strain, e, in the horizontal ¢ Jirection by use
of clustic theory,

Ao, = —({A7, —vdo, —vio.),

Ml —

where £ s Young's modulus of elasticity.

[f the changes in horizontal stress are the same and there
is no change in vertical stress. then itis passible to write
Eq. 5. which relates horizonial stress and strain changes,

[

| —»

Ao, = e,

In the case of coal shrinkage. there 15 no real overall
horizontal stratn of the coal, provided that the effective
stress does nat drop below zero, becuuse the coal is con-
fined taterally. Where etfective stress does drop below
zero, the coal may be expected to shrink away from the
cleats, and localized lareral stram of the coai will occur.
Until this happens. the stress change in the coal can be
described by replacing the strain-change term in Eq. 5
with the free strain-chunge vulue that could be expected
in coal subject 1o desorption, Ap . (P, refers o equiva-
lent serption pressure). This in tum may be related Jirectly
to the equivalent sorption pressure change. Ap .., and Eq.
6 can be written to describe the variation in horizontad
stress with a change in equivalent sorption pressure.

E  Je,,
ag, = AP
I—v Ap e

The effects of fluid pressure increasing effective stress
and matrix shrinkage reducing it cause opposing changes
in permeability. These changes can be of several orders
of magnitude. Where shrinkage is smail. permeability may
Jrastically reduce during drainage, while in the case of
a high shrinkage, the permeability will increase.
Estimation of Permeability When Effective Stress Is
Negalive. To ¢xamine the range of permeability when ef-
fective stress extends into the negative range, it has been
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assumed that ail gas Now takes place in the cleats, The
permeubility cun then be estimated by luminar tlow the-
ory for a series of parallel cracks, perpendicular to the
direction of flow as described by Snow'® and shown in
Eq. 7.

bJ
k=(1.0!3><109)—1:‘-5. ...................... N

e

where # is the crack width and s is the spacing betwecn
cracks.

Thus if we know the permeability as zero effective stress
is reached in the cleat. it is possible to estimate the cleat
width for a given cleat density (1/5). Variations in this
width may be calculated with further desorption and fluid
pressure reduction. In each case. the shrinkage caused by
desorption or the elastic expansion caused by a fluid pres-
sure drop across the intercleat width (s) is added or sub-
tracted. respectively, from the cleat width. For the
example below, the contraction of the solid coal between
cleats is assumed to take place without constraint perpen-
dicular to the cleat set. This is reasonable because usual-
ly a secondary cleat set will intersect the principal set.
The elastic strain. e, of cach intercleat block associated
with an isotropic change in effective stress caused by a
Nuid pressure variation dp can be found from Eg. 8
(which is derived from Eqg. 4). It is not known whether
this type of elastic strain occurs with a block subject 10
different gas pressures because the nature of the etfec-
tive stress in a sorbent medium as opposed to 4 porous
medium is uncertain, [n the case where water is the seam
fluid. however, this type of relation seems reasonable.

l
Ae=—{1 =20YAD, i s wei mE S e &)
€ E vYAp {

Fortunately, the strain derived from testing samples of
coal that are free to move in all directions will be the re-
sult of the shrinkage and effective stress terms and can
be directly used in calculations where strain is related to
varying equivaient sorption pressure.

Note that, while a zero or negative effective horizontal
stress may exist in one direction, a positive value may
exist in another hecause of the different initial in-seam
stresses. The vertical effective stress will always be
positive.

Example of Varying Seam Permeability With
Drainage. To illustrate the effects of stress and shrink-
age changes on the permeability of the coul 102 single
fluid. an example is given with assumed but reascnable
values for seam properties. [ncorporated into this exam-
ple is a series ol ditferent possible shrinkage cases: the
greatest was that recorded by Hargraves '3 for Metropoli-
tan Colliery coal. and the smallest was no shrinkage with
varying equivalent sorption pressure. The relationship be-
tween etfective stress and permeability used is that given
in Eq. 1. Note that because of shrinkage the actual stress
in seam will become anisotropic. This was not the case
for the laboratory testing cited in the derivation of Eq. L.

Seam parameters used for the example are (1) sotrop-
ic initial toral stress in seam of 6.8 MPa [986 psi], (1)

trutal seam water pressure of 4 2 MPa (0% pal, 30 ing-
nal equivalent sorption pressure ot 3.8 MPu [351 pual.
(31 ubsolute seam permeability ab 2ero etfective stress of
F.O13 md. 15) Young s modulus of elasticity of 2.7 GPa
[392:< 107 psi]. (6} Paisson’s ratio of 1.32,17) clet spac-
ing of 20 mm {0.79 in.}. and (8) scam shrinkage coetfi-
cients Ae,,./Ap .. shown below fin MPa -,

Case 2 —0.00182 Metropalitan coal with CO4 gas:

Case b —0.00091;

Cuse ¢ —0.000182:

Case d: —0.0000125 northern Ishikari coul with CH

gas;

Case e: 0.0.

The calculations for Cuses b and d are given in Table
1. and the results for all cases are ploted in Fig, 4. As
can be seen from this figure, very subsiantial variations
in permeubility take place because ot changes in etfee-
tive stress and the opening of the cleat structure below
zero effective stress. Notably, as fluid pressure decreases
without deserption, all permeabilities reduce. Then, Je-
pending on the shrinkage associated with desorption, the
permeability may increase or continue to decrease as thad
pressures continue to drop along with equivalent sorption
pressures. Where the effective stress falls 10 zero and cleat
separation can vecur, the permeability increases sharply.

Discussion
The concept of permeability variations closely controiled
by cffective stress—related both to fluid pressure and to
shrinkage characteristics of the reservoir material—is sub-
stantiaily different from normal reservorr engineering con-
cepts. Along with these permeability variations descnibed
here for a singie phase. the other reservotr parameters—
such as pore volume. capillary pressure, and phase rela-
tive permeability characteristics—can be expected to
change. This makes calculating coal seam reservorr per-
formance an extremely nonjinear and difficult preblem.
One suggestion to overcome the permeability testing
problems associated with sample strain is [0 stress core
and then hold it at a constant circumterential strain dur-
ing permeability testing. This would parually retlect con-
ditions in seam. This type of test has lhmitations. hawever,
because the main gas flow is usually paraliel 1o the seam,
not vertical to it. and principal stresses are probably Jiffer-
ent and unable to be modeled with convengonat core per-
meubility test apparaws that can provide oniy a single
circumferential stress.

Conclusions

The storage and permeability characteristics of coal seams
require that an approach substantially ditferent from that
for conventional gas reservoirs be used to assess their per-
formance. Of primary importance is the storage of gas
within the coal. Associated with this gas storage within
the coal structure is a change in coal volume. Shrinkage’
of the coal oceurs on desorption. leading to a ctfective
stress reduction. This opposes the effective stress increase
that would normally be expected with a lowering of fluid
pressure. Because permeability is a function of the effec-
tive stress. it may inerease or decrease with stress chunges
associated with drainage. Faiture o acknowledge and take
into account this effect will preclude reliable estimates of
coal seam reservoir performance. These estimates are
complicated additionally by scum inhomogeneity.
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i TABLE 1—DERIVATION OF PERMEABILITY CHANGES

WITH DRAINAGE. EXAMPLE FROM TEXT.
Absciute  Equivalont Eftactive
Fiuid Sorption Eilective Cleat
Pressure  Prassure Siress Widlh Parmeability
{MPa) {MPa) (MPa) {arm) {md)
Case b: de Jap . = —0.00091 MPa -’
4.2 38 2.6 - 0.158
3.8 33 3.0 - 0.118
3.5 35 2.2186 — 0.208
3.0 3.0 0.308 - 0.529
2.653 2.653 0.0 §.21 1.013
2.0 2.0 -20 18.1 25.03
1.0 1.0 -1.0 36.3 201.64
0.5 g5 -0.5 45.4 384.15
Casa d: A¢ Jip,. = —0.000125 MPa -!
4.2 3.8 2.6 - 0.158
3.8 38 3.0 - 0.118
a5 3.5 315 — 0.106
3.0 3.0 3.403 - 0.089
2.0 2.0 31.507 — 0.063
1.0 1.0 4.411 —_ 0.044
0.5 0.5 4.682 — 0.036
Nomenclature

A = urea of core cross section. em- [in.*)
b = crack width, mm [in.]
k = permeability. md
L = length of core, m [fi]
p; = inlet pressure. MPa {psi]
P, = outlet pressure, MPa [psi]
P = equivalent sorption pressure, MPa [psi]
Ap = pressure variation. MPa [psi]
3, = change in cquivalent sorption pressure,
MPa {psi|
g = tlow at outlet pressure, m?3/s [ft?/sec]
spacing between cracks, mm [in.}
V. = sorption, m? gas/m? coal [ft? gas/ft?
coal]
Ae = change in strain, m/m [ft/f1]
dé,./Ap. = strain in unconfined coal specimen
caused by a change in equivalent
sorption pressure, MPa~! [psi~!]
JAe, = change in strain in the horizontal x
direction, m/m [ft/ft]
@ = viscosity, Pa-s [cp]
v = Ppisson’s ratio
g = effective triaxial confining stress, MPa

Ly
I

(psi]
gy = horizontal stress caused by self weight,
MPa [psi}
g, = vertical stress caused by self weight,
" MPa [psi]

Ag,,Aad, = changes in the principat horizontal
stresses, MPa [psi}
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