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ABSTRACT

Adequate permeability is vital to the coalbed
methane industry. We report here on tfuee
issues of importqnce to the subject of coal
permeability.

Laboratory measurements of relati\€ penne-
abiiity in Australian coal have been made in
our laboratory. These eryeriments were con-
ducted to provide data for numerical simula-
tion and e'raluation of coalbed methane res-
erroirs. Transient flow was used to determine
drainage relative permeability, this having the
most relera.nce to the primary depletion of a
reservoir.

Many of the Australiqn coals we harac tested
have displayed minerrlisation of the cleats
and fractures. Acid leaching of these coal
cores in the laboratory has led to an increase
in permeability of up to two orders of magni-
tude.

Characteristics of coal that provide attractiw
permeability ha'r,e been examined micro-
scopically in cross-sections. Vitrite rich coals
display tbe best cleat and ftacture develop-
ment, and vitrite-rich s€rms may be the best
potendal exploration targets.

INIRODUCIION

The disco'rery of coal with adequate natural
permeability is arguably the most signifrcant
issue in the coalbed mettrane industry. Nu-
merical studies have verilied the importnnce
of absolute and relatire permeability in deter-
miniag c/bether viable methane production
rates can be achie'rpd (Arastoopour and
Chen, 1991).

Gas production is proportional to the prod-
uct of tbe absolute permeability and the rela-
tiw permeability to gas. It appears that there
are at least two factors in the Sydney and
Bowen basins inhibiting wide-spread discov

ery of commercial permeabilities. One factor
is the low le'ael of natural fracturing associ-
ated with seems containing a high percentage
of inertinite, tle other factor is secondary
minerrliqtion that fills the fractures and
blocks fluid flow.

In addition, lnowledge of relative permeabil-
ity rercals that high ra,lues of water saturation
mean that relative permeability to gas is far
below the permeability to fully saturated
water flow. Reduction in water saturation in-
creasas relatire permeability to gas, but the
theoretical maximum is not e\€n nearly
reached because of high residual or connate
water saturation.

It is tbe purpose of tbis paper to address
these issues. We report here on laboratory
measurements of absolute and relative per-
meability, results of acid leaching experi-
ments with laboratory cores. Microscopic ob-
senations of natural ftacturing or cleating
are also described, and evidence for charac-
teristics of eryloration targets is presented.

By petroleum staldards" tle literature on the
gas or water penneability of coal is limited.
Of published work, most of it deals with the
effect of stress on permeability (eg. Pomeroy
and Robinson, L967; Durucan and Edwards,
1986; Harpalani and Zhao, L989). Relative
permeability bas received little attention,
either due to the proprietary nature of the
testing or the difficulty of obtaining useful re-
sults. Relative permeab ility me:rsureme n ts for
some U.S. coals have been reported by
Reanik et aL (L/74), and rcry recently by Puri
et aL (1991) and Hynan et aL (1991)

CORE EANDLING AT.ID SAIVIPLE
sFtrFc:fIoN

Sample selection is a major issue in labora-
tory testing of coal. Samples of coal for labo-
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ratory testing are biased toward stroug coal
t1pes, because weak fragiie coal usually disin-
tegrates during coring or transport. Core
handling "o6 semple selection issues for US
coal are discnssed by Dabbous et aL (1974)
and Hyman et aL (199L).

Brigbt bands are more highly fractured than
the dull oneg vftich means coal cont:ining
bright bands has higber permeability, as dis-
cussed below. Howerrpr, coal tends to fall
ap:ut on the brigbt bandg so that testing is
generally performed only on the du[ low
permeability bands.

In our laboratory, we have tested a variety of
sizes of coal cores. Tbe diameter of explora-
tion holes is often s limi1i11g constraint, otler-
wise it is desirable to test srmples as large as
possible. It is usually necessary to prepare
samples with a particular orientation, due to
the aoisotropic permeability in coal. A com-
mon size of testing in our laboratory is with
cores of length l2O mm 2nd diamstsr 50 mm.
The coal was stored under water v&ererrcr
possible to prevent debydration and retard
oxidation. Plastic tube that shinks after brief
heating has been found useful to keep cores
intact. Where'rer possible we preferred to ob-
trin largg blocks, which can be cast in plas-
ter, and stored under water, until the coal is
ready to be tested.

REX.CITIIE PERIVIEABILITY
MEA-SUREIVIEIYTS

Two methods baw been in usc in the petro-
leum industry to determine relatirrc pentre-
ability in liaboratory eperimenB. Tbe steady-
state tecbnique is preferred for sandstone
and carbonarc sanples (I{yuran et aI., L99I).
In the steady-state metbod, flow is estab-
lishgd uatil a constant rralue of water satura-
tion is obt'ined uniformly throughout the
sample. Permeability to gas and water is then
determined at that ralue of saturation. Then
tbe saturation is changed, the process being
repeated. Hower'er, heterogeneity and low
porosity in coal pose particular problems for
the accurate determination of saturation. The
time t^ken to achiera steady-state {low is a
major impediment to tbe implementation of
such methoris.

In the unsteady-state method, the core is
saturated witb one fluid, which is sub-

sequently displaced with a second fluid. If
gas displaces water, this is referred to as
drainage, whereas water displaclng gas is re-
ferred to as imbibition. A consequence of the
unsteady-state method is t-hat saturation equi-
librium is nercr achieved. Produced volumes
of bot! fluids are monitored and recorded as
a function 6f tims. A mathematical model is
then used to derive the relatire permeability
cur\Ds. We used the Johnson, Bossler and
|r[sgrnena (1959) nethod, lnown as the JBN
method, to analyse unsteady-state displace-
ment tests. The apparatus used for tbe tests
is shown in Figure 1.

The JBN metbod is an explicit method. It is
used routinely in the conventional oil indus-
try for calculating relatira permeabilities
from transielt displacement experiments
when capillar-Ii Jiessure is not important (Tao
and Watson, 1984). Wettability measure-
ments on coal often give a contact angle of
the gas-water interface close to 90o (see be-
low), so capillary effects in coal should be
small. Hence the use of tbe JBN method
sbould be mlid.

The JBN method is straightforwald, not re-
quiring an iteratire procedure or a priori
functional forms of the relatirc permeabili-
ties. A disadmntage of the JBN method is
that the derivati'rcs of measured data must be
estimated. It is well loown that the effect of
small measurement errors become amplified
rften derimtiws of measured data are to be
$timated. The JBN metbod is based on the
Bucklcy-Ler,rrett theory (Buckley and Lever-
ett" 1912). This is the clossic theory for core
displacements.

Tpical results of relative permeability meas-
urements for a Bowen Basin coal are shown
in Figure 2. Difficulties are encountered in
measuring relatira permeabilities when the
relatiw permeabiiity to water drops rcry low.
This is because it becomes di.ffrcult to reduce
the water saturation furtber. This results in
high residual water saturations, and relative
permeability to gas remeins low. Results from
relatiw permeability experimentq such as
shown in Figure L are used in numerical
simulations which forecast production and
determine viability of coalbed methane devel-
opmeo6.
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ACTD LEACEING

The ftequent occurrence of secondary miner-

alisation in the Ausualian coal we hare

tested ftom a number of locations appears to

be a significant issue' CoaI which would be

expected to harp an attractiw permeability

foi economic metbane exploitation can havp

its permeability subst^ntiqlly reduced by min-

"ralis"tioo. A rariety of minerals haw been

encountered infilling the ftactures and cleats'

including calcite, ankerite, siderite and illite'

We present here some results of laboratory

6i^ls with acid leaching that remo\E secon-

dary minslslisation. With coal infilled with

carbonates from the Hunter Valley' perme-

ability increases of a factor of 100 have been

s6trined after leaching with hydrochloric

acid. A typical result is shown in Figure 3'

Anomalous peaks and dips in the data are at'

tributed to the release and migration into

bottlenecks of coal fines.

Field trials haw not been conducted, nor

haw the economics been ewluated' How-

e!€r, the success of the laboratory trials'

combined witb the knowtedge gained from

successful acid treatment of carbonate rocks

in tbe conwntional petroleum industry are

encouraging. Tbis is obviously a topic for fur-

ther in'restigation.

FRACTURE FORTVIAIION

Characteristics of coal that provide attractire

permeability have been exanined micro-

scopic in cross'sections. Fracture width' con-

strictionc coordination, connectivity' bad'-

bone patbs and dead-ends are important not

onty for permeability but for determining the

reasons for the high raiues of residual water

saturation. To locate regions of bigber per-

meability it is wortbq&ile to exa'urine the fac-

tors that csuse natural fractures to occur'

Obsenations other than direct measurement

may then become useful in locating higb per-

meabilitY regions.

Coal has been formed from plant debris in

two stageq In the peatifrcation stage' e)cen-

sirre biocbemical reactions occurred, in which

the mechanisnns were principally determined

by tbe accessibility of tbe debris to orygen' In

tbe geochemical coalification stage, abiotic

alteration proceeded mainly by compaction'

debydration and a series of condensation re-

actious. Coalification is considered to be a

diagenetic process up to the stage of mature

brown coals. From hard brown coal rank tie

alteration is so sewre as to be regarded as

meta$,orphiqm (Stach et aI., 1982" p'38)'

Coalbed mettrane is formed during ttre coali-

fication Process.

Here we hypotiesise that fractures in coal

are due to shrinkage of the coal as a portion

of the coal is con'rcrted to gas and water' As

the coal shrinks, nertical contraction can be

accommodated by a downward movement of

the orerburden rock. This is possible because

of the rast lateral esent of coal seams' This

downward movement will retard tbe forma-

tion of horizontal fractures.

Horizontal sbrinkage, however, will not nec-

essarily be accommodated by inward side-

walt mo'€ment of rock. This is because coal

seams are in general thin, and the roof and

tloor strata, which do not shrin( will provide

support to inhibit sideways contraction' Thus

thi coaf goes into tension sideways and verti-

cal ftactures form. Generally, tbe horizontal

stress freld is anisotropic, and tbe ftactures

will form normal to tbe dlection of minimum

horizontal comPressirre stress'

Obsenation of coal shows that is composed

of many borizontal layers of different compo-

sition (Smyth and Cook, 19?O' The micro-

scopic components of coal' or macerals are

gouped inio tbree major types: vitrinite' lipt'

inite and inertinite. In the peat stage ot coal

formation, tbe plant debris whicb has been

serrrely bio chemically attered forms t'b e iner-

tinite macerals. These do not undergo further

alteration to tbe extent of the viuinites and

liptinites. The inertinites produce the least

rolume of gas and their size and shape re-

mains relati\rely unaltered througb the coalifi-

cation process. In con8ast' the vitrinites' pre-

senad from serere biochemical oxidation in

tbe peatification stage, undergo etensive

c,nanies as coaliEcation progresses' passing

Otough a "gelification" phase, whicb leads to

tle Jmewnat homogeneous appearance of

vitrinit€ and to a trigbt" lustre' Vitrinites

produce more gas than inertinites' Liptinites'in 
eustratian pss6inn coals rarely comprise

more than I07o of a serm'

It is therefore argued tbat because vitrinites

have produced more gas than inertinites tbey
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ha.a conseguently shrunk more. Thick layers
of inertinite-rich coal, or inertiteg may thus
be considered as performing some of the
same role as tbe roof and floor strata, sup-
porting horiz6ntal loads and fi:alsmitling yes-
tical loads. Vitrinite-rich layers of coaf or
vitrites, ciiich macroscopically are described
as 'bright" coal, are expected 1s ssat^in th9
most fractures. Indeed, direct observation of
slices through coal sbows that a higher de-
gree of fracturing is in the brighter baads.

In a microscopic study of the Permirn Ger-
man Creek Coal ftom the Bowen Basin in
Queenslqnd, ftactures of sizes less than 1 Um
to 20 pn, and nore, were clearly visible. The
fractures occurred predominantly in vitrinite,
especially where present h thick vitrite
bands. This is consistent with the concept
that fine fractures srs meinly confiaed to
vitrinite layers and are developed due to the
shrinkage of the coal. The coars€r ftactures
c/hich cut througb all microlithotypes could
be due to processes eternal to the coal
forming pro@ss, such as tectonic activity, or,
simply, to the efiaction of the coal.

It is a relati'rely simple matter to map out the
positious and tbicknesses of vitrite, inertite
and intermediate laprs in a coal seem. This
may assist in tbe e'raluation of a seam for de-
stabb permeability characteristics. Vinite
rich coah display the best cleat and ftacture
de',aelopmenL and may be potential explora-
tion targets.

vIIETTABILITY

Fluid distribution and displacements in po-
rous rocLq crn be considerably affected by
preferential wetting of the rock surfaces.
Thus the contact angle of the interface be-
tween gas and water and the surface of coal
may be of consideralls importance to the
coalbed methane. Althougb some measure-
ments of contact angles in coal haw been re-
ported (Bond et aL 1950; Anderson zt al
1986), direct measurements on coal surfaces
in a reserroir engineering contet do not
seem to have recei.,ed attention.

The measurements of contact angles in coal
that bara been made haw been in the conte;c
of coal dust suppression and coal processing.
Bond eral (1950) conducted flotation eryeri-
ments to determine the contact angle of tbe

interface between gas and water witi a coal
surface. These eryeriments inrolra observa-
tion of small lunnps of coal floating in a con-
tainer of water, and the load that is required
to cause tbem to sink. All the measurements
reported are in the range 75o-95o, with an in-
crease in coal rank corresponding to an in-
crease in contact angle.

Anderson et aL (198A measured advrancing
water contact angles of wry fine Young-
Wallsend seqm and Blair Athol Coalfield
coa\ oltqining results in the range 6f -1,1o.
They discuss the implications of these results
to applications such as dust suppression, flo-
tation and flocculation.

In a study of gas-water capillary pressure in
coal, Dabbous et aL Qnq calculated equiva-
lent pore sizes from capillary pressure daLa.
To do this calculation, they made the as-
sumption that water completely wets coal and
the contact angle is 0o (ie. coal is hydro-
philic). They recognised that the conra,ct an-
gle is normally somecftat greater tian zero,
but they refer to receding contact angles in
the range &om 18o to 38o.

The me&od we harrc used for determining
relatiw permeabilities from transient dis-
placement tests, the JBN method (Johnson et
al 1959), relies on being able to ignore capii-
lary forces. Thus it is important to establish
the conditions tbat capillary forces can be ig-
nored in coal. As capillary forces correspond
to the cosine of the contact angle, conLact an-
gles close to 90o are desirable for transienr
relatire permeability measurements. Initial
unpubtished results from measuremenls at
the University of New South Wales indicate
that methane-water contact angles at reser-
.'oir pressures are indeed close to 90o.

CONCLUSIONS

Relatiw permeability has been measured in
coal from the Bowen and Sydney Basins in
our laboratory. The low permeability in many
sanples has created problems for relatiw
perneability determination. The arailabiiity
of larger cores will assist in orercoming this
problem.

Some coals in Australir exhibit secondary
minerelisation in the cleats and fracture. Cal-
cite can be leached out with hydrochloric
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acid in tbe laboratory, leading to an increase

of permeabiiity of up to a factor of 100. Suc-
cessful application of this principle in the
field may render some coalbed metlane res-
enoirs more economically attractire.

Serms rich in vitrite may be worthc/hile ex-
ploration targets. This is because virite dis-
plals better cleat development, chich is asso-
ciated with better permeability.
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LEGEND

BC bubble chamber
BV ballvalve
DPT differential Dressure transducel
GR oas reservoii
MFC mass flow controller
MFM mass flow meter
NV needle valve
PC pressur€ cylinder
PG pressure gauge
PT pressure transducer
PR pressure regulator
PRV pressure release valv€
QC quick connect
SV solenoid valve
WR water reservoir
N2 nitrogen gas bottle

pigtre.l. The laboratory apPalatus for relative permeability messurement
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