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Permeability evolution in coal is critical for the prediction of coalbed methane (CBM) production and CO2-
enhanced-CBM. The anthracite, as the highest rank coal, has ultra-tight structure and the gas flow dynamics is
complicated and influenced bymulti-mechanistic flow components. Gas transport in anthracite will be a nonlin-
ear multi-mechanistic process also including non-Darcy components like gas as-/desorption, gas slippage and
diffusion flow. In this study, a series of laboratory permeability measurements were conducted on an anthracite
sample for helium and CO2 depletions under both constant stress and uniaxial strain boundary conditions. The
different transient pulse-decay methods were utilized to estimate the permeability and Klinkenberg correction
accounting for slip effect was also used to calculate the intrinsic permeability. The heliumpermeability results in-
dicate that the overall permeability under uniaxial strain condition is higher than that under constant stress con-
dition because of larger effective stress reduction during gas depletion. At low pressure under constant stress
condition, CO2 permeability enhancement due to sorption-induced matrix shrinkage effect is significant, which
can be either clearly observed from the pulse-decay pressure response curves or the data reduced by Cui
et al.'s method. But within the same pressure range, there is almost no difference between Brace's method and
Dicker & Smits's method. Gas slippage effect is also significant at low pressure for low permeability coal based
on the obtained experimental data.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the United States, the development of coalbedmethane (CBM)was
initially encouraged by federal tax incentive during the early 1980s. Since
then CBM was considered as a valuable clean energy resource, and the
most recent annual energy report by the US Energy Information Adminis-
tration (Markowski et al., 2014) reveals an incredible increment in
coalbed methane production from 1989 to 2008 (Fig. 1). Although after
2009 the production rate shows a little decline trend, CBM is still an im-
portant natural gas production contributor. In the US, Pennsylvania is
the fourth largest coal producing state in the nation in 2014 and the
only state producing anthracite coal. Anthracite coal has a general higher
heating value than other coal types (Coal Age, 2014). The anthracites
were known as ultra-tight and also the highest rank coal with the highest
fixed carbon content. Additionally, from an environmental standpoint,
CO2 sequestration in anthracite coal seams is also attractive due to the
high CO2 holding capacity per unit volume/mass. For both anthracite-
CBM and CO2-enhanced CBM, the permeability of coal is one of the key
decision-making parameters and thus a sound knowledge of the perme-
ability evolution for anthracites will be essential.

During CBMproduction, the permeability of coal dynamically changes
as a result of pressure drawdown.When pressure decreases, therewill be
an increase of the effective stress, defined as the difference between the
external stress and pore pressure, tending to close the aperture of existing
fractures (Cui and Bustin, 2005; Mazumder and Wolf, 2008; Palmer and
Mansoori, 1998; Shi and Durucan, 2004; Wang et al., 2012a; Wang et
al., 2012b; Wang et al., 2011). And the pressure drawdown also results
in coal matrix shrinkage through a thermodynamic energy balance
which tends to open the factures and an enhancement of permeability
(Liu andHarpalani, 2013a, 2013b; Pan andConnell, 2007). Thepermeabil-
ity evolution is, therefore, controlled by two competitive effects, namely,
stress induced permeability reduction andmatrix shrinkage induced per-
meability enhancement during pressure depletion.What'smore, gas flow
in anthracites is expected to be influenced bymulti-mechanistic flow dy-
namics such as sorption, diffusion, slippage and, Darcy flows (Javadpour,
2009). The non-Darcy flows could be significant in anthracites because
of the extremely tight matrix structure when the mean gas flow path is
comparable with the pore size. Thus, the estimated permeability by as-
suming only Darcy's flow may not be valid for tight anthracites with
non-ideal gases like N2, methane and CO2 (Gensterblum et al., 2014),
and the characterization of non-Darcy components raises its importance
for both laboratory measurements and modeling.

In this paper, the transient method “pulse-decay” technique was
used to measure the low permeability on anthracite sample (Brace
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et al., 1968). However, this original pulse-decay method has its limita-
tionswhen applying to coal or other organic-rich reservoir rocks. For ex-
ample, it assumes no compressive storage in the rock sample (Hsieh
et al., 1981), pure Darcy's flow components without sorption effect
(Cui et al., 2009) and no gas slippage effect (Heller et al., 2014). Thus
in this study, both pulse-decay approaches with pore compressive stor-
age effect developed by (Dicker and Smits, 1988) and with sorption ef-
fect developed by (Cui et al., 2009) will be employed along with the
classic pulse-decay and Klinkenberg correction will be introduced to
weigh the contribution of slip flow, in order to test how non-Darcy ef-
fect would impact the tight coal permeability. Also, the permeability
was measured under various experimental boundary conditions and
the influence of different boundaries was discussed in detail.

2. Background and literature review

2.1. Anthracite-CBM studies

Coal is generally considered as a self-source reservoir rockwith high
gas storage capacity due to sorption effect. Anthracite, as the highest
rank coal, has higher adsorption capacity for gas storage than lower
rank coals (Markowski, 2014). However, anthracite coal has a relatively
low porosity due to high thermal maturity. Thus the lessons learned
from fluid dynamics in tight-shale may help us to better understand
the permeability evolution of anthracite coal. The past coal permeability
studies on anthracites showed complex permeability behaviors with
combined matrix swelling/shrinking and effective stresses effects
(Izadi et al., 2011;Wang et al., 2011; Yin et al., 2013). Also, gas transport
in anthracites is a multi-mechanistic process including sorption, diffu-
sion, slip and advection flows. Therefore, a comprehensive characteriza-
tion and evaluation of anthracite coal permeability evolution in
laboratory scale is critical to decipher the complexity of gas and coal
interactions during CBM/ECBM production.

2.2. Compressive storage and sorption effect on coal permeability

Compressive storage of the reservoir in pulse-decay permeability
measurements is influenced by instantaneous volumetric flow rate
change, pressure drop rate and fluid and reservoir compressibility
(Jones, 1997). The original pulse-decay developed by Brace et al.
(1968) assumed no compressive storage effect in rock sample. Hsieh
et al. (1981) then derived a general solution accounting for the com-
pressive storage effect in pulse-decay, and Dicker and Smits (1988) pre-
sented a new model to apply this effect into pulse-decay method. The
significance of this effect depends on the ratio between the compressive
storage inside the sample and in the up-/downstream reservoirs, which
means it needs to be evaluated case by case. Since both Brace's method
and Dicker & Smits's method have been widely applied in sample
permeability measurements, the feasibility of each method, in our
case, should be deliberately tested for ultra-tight rocks.

As a primary storage mechanism in CBM reservoirs, adsorption is,
especially, necessary for indirect gas content estimation (Hartman,
2008). Gas sorption capacity is typically influenced bypressure, temper-
ature, microstructure of the rock, and it is further found that the
absorbed amount of gas is proportional to the organic carbon content
of the rock (Hildenbrand et al., 2006; Pillalamarry et al., 2011; Walls
et al., 2012; Zhang et al., 2012). For coals, adsorption has indirect influ-
ence on gas transport properties (Cui et al., 2009). Permeability is a fac-
tor measuring the ability of fluid flow through a porous medium
following Darcy's law (Mckernan et al., 2014). During CBM production,
methane molecules desorb from the internal surfaces of matrix
resulting a matrix shrinkage that opens natural cleats and then increase
of permeability (Liu and Harpalani, 2014a; Mitra et al., 2012). In (Liu
and Harpalani, 2013a), both mechanical effect and sorption induced
strain during reservoir depletion was combined in a sorption-induced
strain model that can be coupled into existing permeability models

(Liu and Harpalani, 2013b). This coupled model was tested to be valid
for subbituminous coal. However, the roles of sorption effect on the
high rank anthracite permeability has not been investigate and
quantified.

2.3. Pulse-decay method for stressed rock permeability estimation

Significant experimentalwork has been tried tomeasure the perme-
ability and its evolution in coal and other tight rocks. Brace et al. (Brace
et al., 1968) firstly introduced the pulse-decay technique as a transient
method derived from Darcy's law to simply measure the permeability
by applying a pressure difference between two sides of a core sample.
After the initial pulse-decay method was introduced, this technique
has been extensively applied for the tight rock permeability estimation.
Different data interpretation methods were used by different scholars
and they were summarized in Table 1 (Cui et al., 2009; Dicker and
Smits, 1988; Jones, 1997; Kamath et al., 1992; Luffel et al., 1993;
Malkovsky et al., 2009;Wang et al., 2011). Dicker and Smits (1988) pro-
posed a pulse-decay calculationmethodwith pore volume compressive
storage effect correction. However, they didn't incorporate any adsorp-
tion effect and non-Darcy flow regimes into the calculation to be
suitable for the unconventional gas permeability measurements. More-
over, laboratory estimation of permeability of unconventional reservoir
rockswith adsorption effect has been reported and it has been tradition-
ally measured either under hydrostatic conditions (Cui et al., 2009;
Soeder, 1988) or in the absence of applied stress (Cui et al., 2009). In
(Cui and Bustin, 2005), an approach was proposed to explicitly include
adsorption during pulse-decaymethod tomeasure the rock sample per-
meability. A sorption capacity term firstly derived by Dicker and Smits
(1988) was implicitly introduced to correct the compressive storage in
pore space at different pressures. Wang et al. (2011) used the original
pulse-decay calculation method to measure the coal permeability and
to quantify the sorption amount and sorption-induced strain under
fixed stressed condition. These laboratory work advanced the under-
standings of the unconventional gas permeability measurements, but
their laboratory conditions are not representative of true field condi-
tions and consequently, thefindingsmay be subject to faulty permeabil-
ity measurements of sorptive-elastic media (Liu and Harpalani, 2014a,
2014b; Mitra et al., 2012).

Mitra et al. (2012) presented a step-wise laboratory permeability
experiment under uniaxial condition, which replicates in situ condition
of reservoir by fixing the lateral dimension and vertical stress. The appli-
cation of uniaxial strain condition can interpret the dynamic changes of
the state of stress during reservoir depletion (Liu and Harpalani, 2014c;
Shi and Durucan, 2014; Shi et al., 2014). The uniaxial strain condition is
widely accepted as in situ condition for subsurface reservoir develop-
ment, in which the lateral boundaries of a reservoir are fixed and do
not move, as well as the constant vertical stress due to the unchanged
overburden (Geertsma, 1966; Lorenz et al., 1991). A reduction in reser-
voir pressure, in turn, results in a reduction in stress acting within and
surrounding the reservoir. The horizontal stress acting in a reservoir at
depth is observed to decrease significantly with decreasing reservoir
pore pressure (Liu and Harpalani, 2014c). This stress decrease is
known from simple theoretical calculations and has been observed in
field for many conventional reservoir formations (Breckels and
Eekelen, 1982; Teufel et al., 1991). In this study, permeability measure-
ments were conducted on tight anthracite coal samples and different
pulse-decay approaches were applied to figure out the feasibility of
each method on unconventional reservoir rocks, with the evaluation
of the permeability data under both constant stress condition and
uniaxial strain condition.

2.4. Slip effect

Note that unconventional reservoir rock has very tight structure, gas
flow inmatrix is controlled bymultiple flowdynamics includingDarcy's
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flow, diffusion and gas slippage (Cui et al., 2009; Javadpour, 2009). Since
pulse-decay assumes Darcy flow as the only flow regime during perme-
ability test, it is critical to at least address the gas slip effect as a correc-
tion to differentiate gas permeability from that of liquids. Klinkenberg
(Klinkenberg, 1941) initially identified gas slip effect in porous media
flow and introduced apparent permeability as the corrected gas perme-
ability. At a molecular level, gas molecules collide with pore walls and
tend to slide at the walls instead of losing velocity during gas flow
(Swami, 2012). So it is believed that gas slippage can be significant
when the pore throat size is comparable to the mean free path of gas
molecules at given pressure and temperature (Amyx et al., 1960). The
equation to predict apparent permeability component for Klinkenberg
effect is described as:

ka ¼ k∞ 1þ bk
p

! "
ð1Þ

where ka is the corrected permeability, k∞ is the intrinsic/Darcy
permeability, p is pore pressure at each step of experiments and bk is

the Klinkenberg factor shown as (Ertekin et al., 1986; Randolph et al.,
1984)

bk ¼
16cμ
w

ffiffiffiffiffiffiffiffiffi
2RT
πM

r
ð2Þ

where c is a constant typically taken as 0.9, μ is the gas viscosity,M is the
fluid molecular weight, w is the width of pore throat, R is the universal
gas constant, and T is temperature. Andwhen sorptive gas is used in the
permeability measurement, its Klinkenberg factor cannot be directly
measured since there is a combination of both slippage and sorption-
induced swelling/shrinking effects. Therefore, the value of b should be
obtained firstly using helium in order to separate slippage effect and
shrinkage effect (Harpalani and Chen, 1997). And the equation used to
obtain the slip factor for CO2 is shown as:

bCO2 ¼ μCO2
μHe

ffiffiffiffiffiffiffiffiffiffiffi
MHe

MCO2

s

bHe ð3Þ

where μCO2 and μHe are the kinetic viscosity for CO2 and helium, MCO2

and MHe are the molecular weights for CO2 and helium, and bCO2 and
bHe are the Klinkenberg factors for CO2 and helium, respectively.

Since gas slip flow is happening in tight structure during the
measurements, by obtaining apparent permeability data through the
pulse-decay method with sorption, Klinkenberg correction is able to
back estimate the coal intrinsic permeability (Li et al., 2013) which
can be further incorporated into existing stress/strain-based coal per-
meabilitymodels to analysis the effective stress influence on permeabil-
ity and coal structural changes and extrapolate the uniaxial strain
condition in the laboratory scale.

3. Experimental work

The pulse-decay technique was employed to estimate the perme-
ability of anthracite coal. The advantages of this method is that the
permeability can be calculated directly from the linear portion of the
solution (Kamath et al., 1992) and it is the only option for very low
permeability rocks since it is impossible for maintaining steady-state

Fig. 1. Annual CBM production in the USA from 1989 to 2013 (EIA, 2014).

Table 1
Comparison and evaluation of different pulse-decay methods.

Method Description Comments

Brace et al.
(1968)

Original pulse-decay method Assumed no compressive gas
storage and pure Darcy flow

Hsieh et al.
(1981)

Presented a general analytical
solution for compressive storage of
sample

Without considering the effect
of gas adsorption/desorption

Dicker and
Smits (1988)

Applied compressive storage effect
into pulse-decay measurement

Kamath et al.
(1992)

Pulse-decay to interpret the core's
heterogeneity

Jones (1997) Simplified the compressive storage
factor

Cui et al. (2009) Added adsorption component in the
compressive factor

Considering both compressive
storage and adsorption effect

Wang et al.
(2011)

Comprehensive pulse-decay test on
Anthracite coals

Simply used the original
pulse-decay method

Mckernan et al.
(2014)

Used oscillating pore pressure
method to get pressure decay
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flow in ultra-low permeability rocks. With the considerations of gas
storage/compressibility and non-Darcy components, this method will
be suitable to estimate tight reservoir rock permeability.

3.1. Sample procurement and preparation

Blocks of anthracite coalwere obtained from Jeddo coalmine located
in Hazleton in Luzerne County, Pennsylvania. The proximate analysis is
summarized in Table 2 and yielded a fixed carbon percentage of 78.35%.
Cylindrical cores were drilled from the anthracite blocks with one-inch
in diameter. Following this, the top and bottom of the drilled core was
trimmed to ~2 in. in length and the surfaces were polished to enable
proper placement in the triaxial cell. Two well-prepared samples were
shown in Fig. 2. After the sample cores were dried, they were then
preserved in a dry and clean plastic sample bag in a lab-use alloy box
for 3 h before being put into triaxial cell, in order to maintain the
integrity of each sample.

3.2. Experimental boundary conditions

To estimate the permeability change under various stress–strain
conditions, two boundary conditions were mimicked in our laboratory,
that is, constant stress boundary and uniaxial strain boundary condi-
tions. In triaxial cell test, the constant stress condition refers to both
the axial and confining stresses were maintained at a constant value
throughout the course of experimental duration. The stresses are gener-
ated and maintained by computer-controlled syringe pumps. The con-
stant stress boundary condition was relatively easy to achieve. To
better replicate in situ condition, the uniaxial strain condition was also
implemented in our measurements. Under this condition, the circum-
ferential dimension of the sample and the vertical stress were main-
tained constants (Palmer and Mansoori, 1998; Shi and Durucan,
2005). Consequently, the horizontal stress was adjusted to maintain
the zero net horizontal strain with gas injection or depletion. By com-
paring the results obtained from both boundary conditions, a quantita-
tive analysis was carried out in this study.

3.3. Experimental setup and procedure

Fig. 3 shows the whole experimental system in our laboratory. The
setup includes a Temco triaxial cell core holder, two ISCO syringe
pumps, flow rate and pressure monitoring and recording systems. The
syringe pumps are capable of maintaining or changing stresses in a con-
trolled manner to the desired stress values. Software panel, a desktop
LabVIEW software control panel, is programmed to accurately control
the pumps and record the stresses and injection/ejection volumes of
fluid. A rubber jacket is used to isolate the sample from the confining
fluid. The experimental temperature was kept constant at 296 K
(23 °C). The samplewas sandwiched between two steel loading platens
and then placed inside the core holder. Two comparable fixed volumes,
large diameter Swagelok tubing, serve as the upstream and down-
stream gas reservoirs. The volumes of up-/downstream reservoir
are 30,777 mm3 and 18,526 mm3, while the sample volume is
26,602 mm3. Two high-accuracy USB-based Omega pressure transduc-
ers were installed to continuously monitor and record pressure–time
responses with high sampling rate during the experimental measure-
ments. The pressure-decay pressure curves will be used to estimate

the permeability. We conducted the pulse-decay with both helium
and CO2 as the test fluids.

3.3.1. Helium depletion under constant stress condition
As a non-sorbing gas, helium was firstly chosen to test the coal flow

property. The sample was gradually stressed to 1000 psi for the confin-
ing stress and 2000 psi for the axial stress. After themechanical equilib-
rium was achieved, the entire system was vacuumed by a vacuum
pump to remove the residual air in the gas flow system. In order to
mimic the in situ gas production procedure, gas depletion was
employed. Helium was injected at 950 psi for both upstream and
downstream. After the equilibrium was reached, the downstream was
reduced to 800 psi, and in this way a pressure difference (“pressure-
pulse”) between up- and down-stream was created. Then the valves
between sample and downstream were opened to discharge the gas
through the sample to downstream reservoir. The permeability was
estimated based on the pressure–time responses. Following this, the
downstream pressure was decreased for next pressure step. Step-wise
depletions were carried out with similar interval for designed number
of times up to the final equilibrium pressure ~100 psi.

3.3.2. Helium depletion in uniaxial strain/in situ condition
In order to implement the uniaxial strain/in situ condition, the con-

fining stress was passively adjusted to maintain the constant horizontal
dimension at each pressure step, meanwhile, the vertical/axial stress
was kept constant at 2000 psi. During the experiment, the water was
injected into the triaxial cell to create the confining stress. To replicate
the in situ condition, the key is to maintain the zero horizontal strain.
We continuously monitored the water volume inside the triaxial cell
to implement the zero horizontal strain. The change of the water
volume inside the cell was equal to the volume change inside the
pump because they are a close system. Therefore, we recorded the
water volume in the pump and estimated the water volume in the
cell. By using this volume change, we can estimate the dimension
change of the sample inside the cell. During the experiment, the defor-
mation of rubber jacket was subtracted from the overall volumetric
strain change in the cell. A compression test was carried out to obtain
a quantitative relationship between rubber jacket deformation and the
applied confining stress. A steel rod with the same diameter and length
was placed in the cell and then the rubber jacket deformation was con-
tinuously recorded with the confining stress from 50 psi to 2500 psi. A
linear relationship between the confining stress and rubber jacket thick-
ness deformation is shown in Fig. 4. Taking the rubber deformation into
account, we can accurately maintain the constant horizontal dimension
by adjusting the confining stress. The constant axial stress was achieved

Table 2
Proximate analysis of Pennsylvania anthracite coal sample.

Proximate analysis

Fixed carbon Moisture Ash content Volatile matter

78.35% 1.59% 10.79% 9.27%

Fig. 2. Photograph of cylindrical Hazelton anthracite core samples.
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by simply setting the constant pumping pressure in axial direction. Sim-
ilar to constant stress condition, the sample was depleted from ~950 to
~100 psi with maintaining uniaxial strain condition. The sample was
initially stressed to 1070 in confining stress and 2000 psi in vertical
stress. During depletion, the permeability at each pressure step was
estimated and the corresponding confining stresses were also recorded.

3.3.3. CO2 depletion permeability measurements
After the helium cycle, CO2 was used for sorbing gas permeability

measurements. In order to make comparison, the external stresses
were set the same as the helium depletion, namely, 1000 psi for confin-
ing and 2000 psi for axial stresses. And similar depletion steps were
applied from ~900 psi to ~100 psi. The permeability was estimated as
each pressure step.

After the constant stress boundary condition, we tried to replicate
the uniaxial strain condition. Unfortunately, the sample fails during
the CO2 depletion which may be attributed to the “coal weakening”
and/or high deviatoric stresses (Harpalani and Mitra, 2009). Thus, we
did not report the data for the uniaxial strain CO2 depletion.

3.4. Pulse-decay permeability estimation

The transient pulse-decay approach provides an effective way to
measure the gas permeability of tight rocks. To determine the perme-
ability, the pressure transient equation was introduced by Brace et al.
(1968) shown in Eqs. (4) and (5):

Pu tð Þ−Pd tð Þ ¼ Pu t0ð Þ−Pd toð Þð Þe−αt ð4Þ

α ¼ kaA
μcgL

! "
1
Vu

þ 1
Vd

! "
ð5Þ

where Pu(t) and Pd(t) are the upstream and downstream pressures at
time t, Pu(t0) and Pd(to) are the initial upstream and downstream pres-
sures respectively, α is the slope of the line when plotting the pressure
decay Pu(t) − Pd(t) on semi-log paper against time, A is the cross-
sectional area of the sample, L is the length of sample, cg is gas compress-
ibility, and Vu and Vd are the upstream and downstream reservoir
volumes respectively. After pressure data are collected from experi-
ments, the only unknown will be sample permeability k which can be
estimated.

This classic methodwas still one of themost popularmethods to es-
timate the low-permeability rocks, but it is questionable whether this
method can be directly applied to compressible testing fluids. Brace
et al. (1968) assumed Darcy flow only during the measurement and
no compressive storage in the rock sample for the testing fluids. It was
a good assumption if the testing fluid is water or liquids that can be
treated as incompressible fluid in the testing pressure range. However,
the gas is known to be highly compressible that the storage volume
should be corrected to get the real gas transport properties. To compute
both permeability and specific storage of the test sample experimental-
ly, Hsieh et al. (1981) derivedmore restrictive analytical solutions of the
differential equation describing the decay curves from the permeability
measurement with compressive storage effect. The general solution of
the differential equation for dimensionless pressure difference and di-
mensionless timewas improved and shown asDicker and Smits (1988):

ΔpD ¼ 2
X∞

n¼1

a b2 þ θ2n
$ %

− −ð Þb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ θ2n

$ %
b2 þ θ2n

$ %r

θ2n θ2n þ aþ a2 þ bþ b2
$ %

þ ab aþ bþ abð Þ
% e −θ2ntdð Þ ð6Þ

where, a and b are the ratios of sample's storage capacity to that of
upstream reservoir and downstream reservoir, and θn is the nth root
of the following equation:

tanθ ¼ aþ bð Þθ
θ2−ab

ð7Þ

where a ¼ Vp
Vu
, b ¼ Vp

Vd
and Vp are the pore volumes of rock sample.

To simplify the above method, Jones (1997) introduced a factor f as
follows:

f ¼ θ2

aþ b
ð8Þ

Fig. 3. Picture of the pulse-decay experimental setup for permeability evolution test. V1 is the valve controlling inlet gas flow from upstream, V2 is the valve controlling outlet gas flow to
downstream and V3/V4 is the valve controlling the confining/axial stress applied on the sample.

Fig. 4. Rubber jacket deformation evolution with confining stress (linear relationship).
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and the original pulse-decay equation turns into:

α ¼ f kaA
μcgL

! "
1
Vu

þ 1
Vd

! "
: ð9Þ

Then the measured sample permeability becomes:

ka ¼
αμcgL

f A
1
Vu

þ 1
Vd

! " : ð10Þ

Another feature of the organic-bearing rocks is adsorption. TheDick-
er & Smits's method can correct the compressive storage, but it could
not handle the loss of adsorbed gas during the gas injection because
the adsorbed gas is no longer in gaseous phase. In order to extend the
pulse-decay technique for sorptive and tight material, Cui et al. (2009)
presented a new approach to estimate permeability with both pore
compressive storage effect and sorption effect for organic-bearing
rocks. Corresponding to the effective porosity of core sample, an effec-
tive adsorption porosity term is introduced to account for
the contribution off gas molecule adsorption. Langmuir model was
used to quantify the gas adsorption volume as a function of pressure
(Langmuir, 1918) and mathematically described as follows:

Va ¼
VLp

pL þ p
ð11Þ

where, Va is the gas adsorbed volume, VL is the Langmuir volume and pL
is the Langmuir pressure. So the sample storage capacity ratio in Cui
et al.'s approach becomes:

a ¼
Vp 1þ ϕa

ϕ

! "

Vu
ð12Þ

b ¼
Vp 1þ ϕa

ϕ

! "

Vd
ð13Þ

where,ϕa ¼
ρsð1−ϕÞpLVa

ρVstdCgðpLþpÞ2
, ϕ is the matrix porosity of rock sample, ρ and

ρs are the molar density of gas and the skeleton density of porous sam-
ple respectively, and Vstd is themolar volume of gas at standard pressure
and temperature (i.e. 273.15 K and 101,325 Pa). In this study, we
compared the estimated permeabilities by different aforementioned
approaches including the classic Brace approach, Dicker & Smitsmethod
and Cui et al. approach, and recommendations were made for the tight
anthracites.

4. Results and discussion

4.1. Pulse-decay pressure curve comparison between helium and CO2

Fig. 5 shows the helium and CO2 pulse-decay pressure response
curvesmeasured at each gas pressure step during constant stress condi-
tions. Due to the fact that equilibrium time is extremely long (may last
for more than 1 week at 100 psi gas pressure) at low pressure, we
only took partial pressure-decay curve to estimate the permeability.
This is an advantage feature of the transient method. From Fig. 5, we
found that the time required to approach the equilibrium decreases as
increase of injection pressure for both helium and CO2. Considering
helium as a non-sorbing gas, only effective stress effect influences the
permeability evolution, and the permeability are expected to increase
with elevated pore pressure at which the effective stress reduced
correspondingly.

For CO2 gas, beside the effective stress effects, the sorption process,
happened on the internal surface of coalmatrix, influences the structure

of coal matrix and thus the gas deliverability. Driven by multiple mech-
anisms, the permeability of CO2 is expected to follow different variation
trend compared to helium which will be directly captured and visual-
ized from the pressure curves. From Fig. 5, the CO2 gas pressure equilib-
rium time, as we can observe, is generally more than that for helium,
whichphysically indicates CO2 transport slower than heliumunder sim-
ilar conditions. And the pressure decay rate is lower between 300 and
500 psi than other pressures, which indicates a lower permeability in
this pressure range.

If we make a careful comparison with helium and CO2 pressure
decay curves, a few notable findings can be observed qualitatively. Ac-
cording to Fig. 5, the overall time for helium permeability measurement
is just as half as the time for CO2, and even that a few helium curves al-
ready get equilibrium while most the CO2 still on its half way at most
pressure steps. For example, when the pseudo equilibrium pressure is
about 300 psi (upstream pressure about 400 plus and downstream
pressure about 100 plus for both gases), the helium pressure difference
between upstream and downstream reservoir change from 340 to
98 psi within less than 1 × 105 s while it took almost 2 × 105 s for the
CO2 pressure difference to only vary from 330 to 196 psi. With this
comparison, we can conclude that it requires much more time for the
equilibrium for CO2 than for helium to pass through the rock sample
at same condition, which indicates the helium gas permeability is
higher than the CO2 gas permeability. This also indicates the coal
permeability is a gas type dependent property. For non-sorbing gas,
the total free gas keeps constant in the whole system. However, for an-
thracite coal and other sorptive reservoir rocks, the gas ad-/desorption
process can either store in or produce gas from the matrix, dominating

Fig. 5. Comparison of pulse-decay pressure responses for helium and CO2 injections. The
pressure equilibrium time for helium is at least 30 h less than that of CO2 at each pressure
step. At high pressure helium pressure can get equilibrium in a relatively short time while
the CO2 pressure yet have a longer equilibrium time.
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the flux in/out the matrix. In Fig. 5, we can observe several obvious
asymmetries for CO2 depletion. For examplewhen the pseudo equilibri-
um pressure at 550 psi, the upstream pressure drops in a higher speed
from 640 to 600 psi while the downstream pressure hardly has any
increment larger than a few psi. This indicates that the absolute free
gas quantify decrease as time elapse. This lost gas quantity should be
considered during the permeability measurement.

In order to qualitatively analyze the sorption effect on the pressure
decay cures, we repeat three pressure decays for the same coal sample
under the same experimental conditionwherewe allowed fully equilib-
riumas shown in Fig. 6. The samplewas depleted from ~700psi. The dot
lines represent the pseudo equilibrium pressure at each pressure step.
One interesting observation is that the equilibrium pressure slightly in-
creases with time elapse at 410 and 120 psi, which indicates there is
extra gas mass influx to the free gas phase. This may be attributed to
the slow gas desorption with gas depletion. Because desorption is a
slower process than pressure-driven flow. Conceptually, the equilibri-
um takes two coherent processes: one is the pressure drive equilibrium
where the pressure equilibrium between up- and down volume hap-
pens relatively fast; the other is desorption-driven flowwhich happens
relatively slow. This desorption-driven flow makes the tails of pressure
equilibrium slightly upwards instead of maintaining stationary at low
pressures. And this effect is hardly seen at high pressure because of
the nature of the sorption behavior that sorption reach the plateau at
high pressures for coals (Busch et al., 2004; Harpalani et al., 2006).

If we look into different scale of this phenomenon, we may see that
the ad-/de-sorption effect has the real influence on the permeability
evolution during reservoir pressure change. For unconventional reser-
voirs, the adsorption effect provides a large gas storage capacity while
the desorption process leads to a significant increment on the total
non-Darcy flux, and thus may control late-time production reservoir

behavior, if desorption/diffusion is the rate-limiting step (Cui et al.,
2009; Yi et al., 2008). Besides, the shrinkage of matrix due to desorption
effect also results in the rock matrix deformation and, consequentially,
permeability change (Kumar et al., 2014, 2012; Liu and Harpalani,
2013a; Wang et al., 2012).

4.2. Helium permeability results under constant and uniaxial strain
condition

As Section 3.4 mentioned, the compressive storage could cause the
error in the permeability estimation. We quantitatively analyzed how
compressive storage influences the permeability estimation here.
Since helium is a non-sorbing gas, helium permeability was estimated
under constant stress condition obtained by Brace's method (without
compressive storage correction) and Dicker & Smits's method (with
compressive storage correction). In order to apply Dicker & Smits's
method, the initial porosity is required and was assumed to be 8%
(Gan et al., 1972; Rodrigues and Lemos De Sousa, 2002). For both
methods, the permeabilities were estimated and plotted in Fig. 7. The
permeability decreases from ~0.01 to ~0.0002 md with pore pressure
decreasing from 900 to 100 psi. Although Dicker & Smits's method
includes the compressive storage effect, there is almost no difference
between the two permeability profiles. This is not surprising since the
anthracite coal has really low porosity. This has been confirmed for
the uniaxial strain condition with the results shown in Fig. 8. The
permeabilities estimated by both methods were very similar.

In order to test how the contribution of pore volume compressive
storage varies with pore volume, we calculated the permeability differ-
ence in percentage between Brace's method and Dicker & Smits' meth-
od, within a porosity range between 5% and 30%. Fig. 9 shows the

Fig. 9. Permeability increments of Dicker & Smits's method comparing to Brace's method
at constant pressure at 350 psi.

Fig. 8. Helium permeability profiles under uniaxial strain condition, obtained by Brace's
and Dicker & Smits's methods respectively.

Fig. 7. Helium permeability profiles under constant stress condition, obtained by Brace's
and Dicker & Smits's methods respectively.

Fig. 6. Carbon dioxide pulse-decay pressure curves at three different pore pressures under
constant stress condition in gas depletion process.
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permeability difference between Dicker & Smits's method and the orig-
inal Brace's method. The difference between the twomethods increases
with the increase of sample porosity. With the porosity below 10%,
Dicker & Smits's estimated values are at most 5% larger than Brace's
method. When the sample porosity increases to 30%, this difference
can become up to 12%. Note that in this study the sample volume is
not so different with up-/downstream reservoir volume, and the pore
volume takes up only 6% of upstream volume and 11% of downstream
volume. Consequently, we may safely assume that at a relative low
pressure for non-sorbing gas, the pore compressive storage effect, in
our case when the sample volume is quite small compared to up-/
downstream volume, is insignificant and thus there is no significant dif-
ference between Brace's method and Dicker & Smits's method. Either
method can be used predict the permeability at both constant stress
condition and uniaxial strain condition. For other type of ultra-tight
rocks, the compressive storagemay not be significant due to the lowpo-
rosity nature. Therefore, it would be a good assumption that for shale
and tight reservoirs, Brace's method can be safely applied for the non-
sorbing gas permeability estimation at relatively low pressures.

Nowwe compare the permeability results obtained by Brace'smeth-
od under two boundary conditions. Differed from stress-controlled con-
dition, horizontal stress decreased from 1070 to 770 psi for pore
pressure depletion from850 to 150psi, as shown in Fig. 10. The effective
horizontal stress for both boundary conditions were calculated and
shown in Fig. 11. With depletion, the increase of effective horizontal
stress for uniaxial strain condition is slower than for constant stress con-
dition. The reason is simply because horizontal stress under uniaxial
strain condition kept decreasing to maintain the zero horizontal strain
resulting in a relatively slow effective horizontal stress increase. This
phenomenonhas been observed for low rank coals in our previous stud-
ies (Liu and Harpalani, 2014c; Harpalani and Mitra, 2009). As expected,

the permeability under uniaxial strain conditions was found to be
higher than the constant stress condition as shown in Fig. 12 and
Table 3. These results well correlate to the effective stress variations as
Fig. 11. With increase of effective stress, the permeability decreases
with depletion.

4.3. CO2 gas permeability results with stress-controlled condition

In order to test influence of different pulse-decay calculation
methods for sorbing gas, CO2 depletion was conducted under constant
stress condition. Based on the pressure response curves obtained during
the experiment, comparisons were made between the three pulse-
decay calculation methods, original pulse-decay (Brace et al., 1968),
modified method with pore compressive storage effect (Dicker and
Smits, 1988) and modified method with sorption effect (Cui et al.,
2009). The resultswere shown in Fig. 13. The permeabilitywas calculat-
ed using threemethods. In order to take the sorption into consideration
in Cui et al.'s method, the sorption data were measured in our lab, in-
cluding Langmuir pressure (pL = 200 psi), Langmuir volume (VL = 24
ml/g), sample length (L = 52.5 mm), temperature (T = 295.15 K).
Gas properties and other pressure–temperature dependent parameters
were calculated by following the ASTM standard methods.

In Fig. 13, the calculated permeabilities using three different pulse-
decaymethods behave somewhat similar. The permeability initially de-
clines sharply with pressure-depletion from 850 to 400 psi and then
start to respond. It is well known that the gas permeability in coal was
simultaneously controlled by the effective stress and microstructural
change due to sorption known as matrix shrinkage (Cui and Bustin,
2005; Palmer and Mansoori, 1998; Shi and Durucan, 2005). The initial
permeability decrease was attributed to the effective increase as
shown in the figure. Although the desorption-induced shrinkage hap-
pens in these high pressures, but the dominate effect is the increase of
effective stress tending to narrow the gas flow channels. When the
pore pressure keeps decreasing, a significant portion of CO2 will desorb
from the matrix and this sorption induced permeability increase will
dominate the flow behaviors in the low pressures. Because of matrix
shrinkage effect, permeability tends to increase though the effective
stress increases. This CO2 permeability behavior in pulse-decay test

Table 3
Experimental data of helium permeability (mD) under stress-controlled and uniaxial-
strain conditions.

Pore pressure (psi)

Pulse-decay
method

150 230 350 440 580 700

Stress-controlled 0.000449 0.000442 0.000486 0.000614 0.00204 0.00320
Uniaxial-strain 0.000469 0.000461 0.000507 0.000640 0.00213 0.00334

Fig. 12. Permeability evolution with helium depletion under both constant stress and uni-
axial strain condition using Dicker & Smits's method.

Fig. 11. Change in effective horizontal stress with helium depletion under two different
stress–strain conditions: uniaxial strain and constant stress.

Fig. 10. Horizontal stress variation for helium depletion under uniaxial strain condition.
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matches previous laboratory measurements on tight coal samples done
by several researchers (Izadi and Elsworth, 2013; Li et al., 2013; Wang
et al., 2011). However, the permeability did not recover to or exceed
its original values for anthracite, which is different from some of the
low-rank coals (Liu and Harpalani, 2013b; Mitra et al., 2012). This
might be due to the tight structure of anthracite and the sorption in-
duced matrix shrinkage is comparatively less than bituminous coals.

Comparing the permeability data fromoriginal pulse-decaymethod,
the result fromDicker & Smits'smethod still shows almost no difference
with Brace'smethod, indicating the pore compressive effect at lowpres-
sure is also less significantwith CO2 gas, aswe can see from the values in
Table 4. On the other hand, at low pressure less than 100 psi, there is an
obvious enhancement in Cui et al.'s model. By considering the sorption
effect, the Cui et al.'s method estimates higher permeability than the
other two methods, especially at low pressure. For example, the esti-
mated permeability Cui et al.'s approach is 28% higher than the other
two at 30 psi pore pressure. The reasonwhy the estimated permeability
deviation is elevated is that the sorption effect becomesmore significant
at low pressure. And clearly this sorption process during gas depletion
has a positive influence on the permeability. The contribution of sorp-
tion to overall multi-mechanistic flow is thus important and the
pulse-decay method with sorption correction significantly benefits ex-
perimental characterization of tight rock permeability.

In order to testwhether the found permeability results were compa-
rable with the reported results for the similar coal or not, a quantitative
comparison was conducted between the experimental data fromWang
et al. (2011) and this study (Fig. 14). InWang et al.'swork, the coal sam-
ple was collected from the Northumberland Basin, Mount Carmel in
Pennsylvania. Similar experimental setup was used for pulse-decay
and a constant confining/axial stress of 6 MPa (870) was applied. The
method they followed is Brace's method. Compared to our data with
Brace's method, the permeability values from Wang et al.'s work is
very close to our results, and the permeability evolutions share the
same trend as “check-shape”. Overall their values are higher than
ours. This may be attributed to the lower external stresses they
applied, since less external stress generally resulted in less effective
stress and higher permeability. Although other factors, such as mineral

contents, adsorption capacity, physical properties, and cleat spacing,
may contribute to the permeability difference.

4.4. Intrinsic permeability prediction

Generally speaking, rock's intrinsic permeability obtained by
Klinkenberg correction can be lower than the apparent permeability,
because slip effect is such a phenomenon showing that gas permeability
potentially is higher than pure liquid permeability at the same condi-
tion. The influence of Klinkenberg effect on low permeability reservoirs
will increase with the reduction of gas pressure (Wang et al., 2014). To
apply the Klinkenberg correction, the average width of pore throat in
anthracite coal is assumed to be 0.001 μm in this study (Halliburton
Company, 2007). The apparent permeability data obtained by the
above experiments were reduced by Klinkenberg correction to the in-
trinsic permeability. We took Cui et al. method's result only since the
other two methods follow the same behavior and the result was
shown in Fig. 15. The intrinsic permeability starts to deviate from the
measured apparent permeability from 180 psi. There is a 20% reduction
of permeability value comparing to the apparent permeability at 30 psi.
On the contrary, the intrinsic permeability is almost the same with the
apparent permeability above 180 psi. This phenomenon consists with
the most recently findings for the tight shales that the slip flow play
increasingly important role at low pressures and is minimal at high
pressures (Civan et al., 2011; Javadpour, 2009; Javadpour et al., 2007).
Therefore, based on the obtained results, we may see the importance
of non-Darcy flow on tight rock permeability measurement and
analysis.

5. Conclusion

A series of experimental studies and theoretical analyses on perme-
ability of Hazelton anthracite core sample under different stressed con-
trolled conditions has been presented. The results show that the
permeability evolution of studied coal is pressure-boundary dependent
and it is simultaneously controlled by the effective stress profile and the
sorption process which tends to alter the microstructure of coal. Three
different pulse-decay calculation methods for conventional and uncon-
ventional gas permeability are utilized and compared. Based on the
work completed, the following conclusions are made and summarized:

1. Under uniaxial strain condition, the applied horizontal stress linearly
decreased with gas pressure depletion, which consists with tradi-
tional oil/gas reservoirs. Because of the horizontal stress loss, the per-
meability under constant stress conditionwith helium depletionwas
found to be less than the results under uniaxial strain condition.

2. The sorption induced matrix shrinkage plays important role on the
permeability enhancement at low pressure for the anthracite coal.
But it is not strong enough to compensate the stress effect as the
bituminous coal did.

3. For the pulse-decay method, the contribution of ad-/desorption can
be clearly observed from the pressure respond curves. And this effect
is stronger at low pressure than high pressures.

4. Comparing Brace's method and Dicker & Smits's method, Dicker &
Smits's method incorporates the pore compressive storage effect

Fig. 13. Comparison between three different pulse-decay methods with effective stress.

Table 4
Experimental data of CO2 permeability (mD) by using different pulse-decay approaches.

Pore pressure (psi)

Pulse-decay method 30 140 250 350 550 875

Brace et al. (1968) 8.36E−05 6.28E−05 3.75E−05 1.91E−05 2.18E−05 2.4E−04
Dicker and Smits (1988) 8.40E−05 6.31E−05 3.76E−05 1.92E−05 2.19E−05 2.4E−04
Cui et al. (2009) 1.05E−04 7.26E−05 4.31E−05 2.12E−05 2.33E−05 2.5E−04
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only and it may havemore influence on gas permeability at pressure
higher than 1000 psi. On the other hand, these two methods can be
identical and both valid at relatively low pressure. For simplicity,
Brace's method gives reliable data at the range of investigated
pressures for tight and ultra-tight rocks.

5. Cui et al.'s method gives an obvious enhancement for the contribu-
tion of sorption effect in permeability calculation, providing a good
direction of how the gas sorption effect can help to predict apparent
permeability.

6. Based on the data observation, at extremely low permeability the
Klinkenberg effect becomes significant, and gas slippage is consid-
ered to be an important effect when predicting unconventional
reservoir gas permeability due to multiple flow mechanism. The
characterization of gas slip flow, along with sorption and other
non-Darcyflowcomponents, plays an important role in both produc-
tion analysis and laboratory measurement. It is worthwhile to pay
more attention on how to measure and calculate the apparent per-
meability in a laboratory scale with so many non-Darcy components
in future study.
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