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A B S T R A C T

The main factors/mechanisms that influence coal permeability are effective stress, swelling, shrinkage, de-
formation and gas slippage. After an extended period of gas production, coal can have a rebound phenomenon
where permeability increases with increasing effective stress. This rebound can have a significant impact on gas
recovery during the late stages of a reservoir life cycle. This paper aims to characterise coal permeability by
combining laboratory measurements with a simple gas slippage model that explains the rebound phenomenon.
Gas and Klinkenberg corrected permeabilities of coal are measured at (1) constant confining pressure and (2)
constant effective stress. We estimate the length scales relevant to gas flow using mercury intrusion, a perme-
ability slip model, and the kinetic theory of gases, which allows us to estimate the Knudsen number for gas flow.
Results show a linear relationship between slip length and the mean free path of gas for all of the tested mean
pore pressures. This result suggests that a first order slip boundary condition is sufficient to explain the mo-
mentum exchange at the gas/solid boundary during flow under normal reservoir conditions. A correlation be-
tween Knudsen number and increased permeability is developed, which further demonstrates that slippage
cannot be neglected in coals when Knudsen number is greater than 0.1. Overall, we present a simple model that
explains permeability rebound in coal by considering only gas slippage. We do not discredit the mechanism of
coal shrinkage, which could also influence coal permeability. We confirm that gas slippage should be considered
in coal permeability models.

1. Introduction

Coal bed methane is a significant unconventional resource for nat-
ural gas. During methane production and/or CO2 storage in coal beds, a
primary parameter to evaluate production and/or injection rate is
permeability. Unlike sandstone and carbonate reservoirs, coal perme-
ability is highly dependent on reservoir parameters [52,17,50,40,35].
Coal is deformable and thus, increasing effective stress can drastically
reduce permeability. In addition, coal is known to shrink as gas is
desorbed, which could influence its pore volume and permeability.
Lastly, the characteristic length scales associated with the internal
structure of coal are often comparable to the mean free path of methane
gas and thus, gas slippage is a relevant flow mechanism. However,
current coal permeability models often consider only the mechanical
effects and often overlook the influence of gas slippage.

Coal is composed of matrix and cleats, which are denoted as face
and butt cleats. These cleats are normal to the bedding plane and per-
pendicular to each other [7,42,26,37]. Coal permeability is influenced
by a series of cleat characteristics including size, spacing, connectivity,
filled mineral and orientation patterns [26,40,22,22]. Coal perme-
ability has been evaluated widely based on various effective stresses

and matrix shrinkage studies [52,14,19,19,41,5,21,34,29,56]. These
studies have concluded that coal permeability in higher permeability
(100mD) samples can decrease a full order of magnitude when in-
creasing effective stress whereas lower permeability (1 mD) coal sam-
ples can decrease over two orders of magnitude. They have also con-
cluded that coal permeability increases with decreasing pore pressure
due to a mechanism commonly referred to as shrinkage. While gas
slippage may also play a role it has been suggested that the effect of gas
slippage is relatively small compared with the shrinkage effect at in-
termediate pore pressures around 10–25MPa [9]. However, how
shrinkage actually influences cleat aperture sizes and cleat network
topology has yet to be shown experimentally. To verify the contribution
of the slippage effect on coal permeability, the length scales associated
with gas slippage and those relevant to the coal structural morphology
must be considered. In addition, laboratory studies have found that coal
permeability with adsorbed gas such as methane is lower than perme-
ability with inert gases such as helium because of the swelling effect
that occurs when methane gas is adsorbed to the coal matrix. Overall,
the coupling between coal mechanics, swelling, and slippage has yet to
be fully explained in coal permeability models.

One of the first coal permeability models was proposed by Gray
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[17], which considered various effective stresses and matrix shrinkage
with desorption. The relationship between shrinkage strain and sorp-
tion pressure was built by considering an elastic relation between stress
and strain. Sawyer et al. [47] demonstrated a 3D coal bed model, which
was built by considering the correlation between matrix compressibility
and adsorbed gas amount. They illustrated that the shrinkage effect of
coal can offset the effective stress from cleat shrinkage related to pore
volume compaction. However, a systematic coal permeability model
was not developed until the matchstick geometry model, which was
first built by Reiss [44]. Based on the matchstick geometry, Seidle et al.
[49] derived a permeability equation with matrix shrinkage, hydro-
static stress and laboratory results using uniaxial stress condition. This
model was further developed by Shi and Durucan [51] to address the
impact of matrix shrinkage and swelling with the assumption that
permeability varies exponentially with horizontal effective stress.
Palmer and Mansoori [39] built a popular permeability model to cor-
relate permeability with stress and pore pressure by assuming uniaxial
strain and constant vertical stress. In addition, many other researchers
developed permeability models for coal by considering stress-induced
matrix shrinkage [28,39,43,8,50,45,8,31,30,57]. But only a few de-
veloped models consider gas slippage [18,18,16,56].

This paper examines coal permeability based on the coupling of gas
slippage and matrix deformation. We exclude the effect of matrix
shrinkage by using helium gas, which does not undergo sorption to
coal. Two conditions are considered in this paper: (1) constant con-
fining pressure and (2) constant effective stress. We conclusively show
that permeability rebound can occur in the absence of coal shrinkage.
The results demonstrate that coal permeability models should account
for both gas slippage and shrinkage. A simple permeability model using
the Maxwell slippage boundary condition [33] is developed to explain
permeability rebound observed with helium gas. We provide a detailed
analysis of the length scales involved, boundary conditions required to
model the physics, and provide conceptual insights into coal perme-
ability rebound. Our model and experimental data demonstrate that
permeability rebound due to gas slippage is most prevalent in coals
with permeabilities less than 1mD and at pore pressures approaching
the expiration of a coal seam.

2. Materials and methods

The experimental setup is displayed in Fig. 1. The coal samples are
6 cm in diameter and of various lengths from 3.70 cm to 9.65 cm, which
are placed in a triaxial core holder and hydrostatic confining pressure is
applied. Two high-precision transducers of maximum 1000 psig and
100 psig with precision of 0.08% are used to measure the inlet and
outlet pressure. Flow rate is measured three to five times by a Ruska
gasometer and measured values are averaged to calculate permeability.
A backpressure regulator is installed at the outlet to keep the pressure
drop over the sample limited to 40 psig for all experiments. Controlling
the pressure drop is critical for gas experiments with coal since coal is
highly deformable and gases can exhibit large pressure drops. A large
pressure drop would make it difficult to interpret the results since ef-
fective stress would change along the cores length and thus, average
values for the experiment would not be representative.

The volumetric flow rate for gas varies along the core due to com-
pressibility. Following Darcy’s law and applying the ideal gas law, the
gas permeability is measured as
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where Pa is atmosphere pressure, Q is flow rate measured at Pa, µ is
viscosity, L is sample length, A is area, P1 is inlet pressure and P2 is
outlet pressure [48]. To determine the samples Klinkenberg corrected
permeability, we follow the work of Klinkenberg [25] where it was
proposed that gas permeability (Kg) is a linear function of the reciprocal
mean pore pressure (p), defined as
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where K is absolute (Klinkenberg corrected) permeability and b is the
Klinkenberg coefficient. Here, p is related to the characteristic length
scale as
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where λ is the mean free path for gas, r is the characteristic system size
and c is a proportionality factor. The parameters b and c must be de-
termined empirically for a given gas and rock combination. The mean
free path of a gas can be determined from the kinetic theory of gases,
defined as

=λ k T
π p2 d
B

2 (5)

where kB is the Boltzmann constant, T is absolute temperature, d is
cross-sectional diameter of the gas molecule and p is pressure [4].

From Eq. (2), when gas permeability is plotted verse p1/ , the ap-
parent gas permeability extrapolated to infinite pressure provides a
constant permeability without the effects of slippage. This concept is
utilised to determine the Klinkenberg corrected permeability of our
samples by plotting gas permeability versus p1/ for constant effective
stress with variable mean pore pressure. The resulting extrapolated
permeability value is the Klinkenberg corrected permeability of the coal
samples at a given effective stress.

Three coal samples are considered, which we refer to as low
(0.05–0.25mD), intermediate (1.5–2.2 mD) and high permeability
(6–8.5 mD). One sandstone sample is also used as a control, which is
relatively non-deformable and has permeability in range of 0.5–1.5mD
that is in the same order of magnitude as the coal samples. The coal
samples are from Gloucester Basin, New South Wales, Australia and the
tight sandstone sample is from Camden South, New South Wales,
Australia. Images of the inlet and outlet faces of all samples are dis-
played in Fig. 2. Coal is a brittle material and it is nearly impossible to
get a core sample without some degree of damage. There are damaged
regions along the perimeter of the samples, where we apply blue tack to
fill the gaps between the rubber sleave and sample. This is required to
prevent gas flow along the cores perimeter, i.e. between the sleeve and
core.

Two experimental conditions are used: (1) constant confining
pressure and (2) constant effective stress. Condition (1) is applied to
mimic the production process. The inlet pressure decreases from
140 psig to 10 psig (Effective stress increases from 80 psig to 195 psig)
and the outlet pressure, which is controlled by a backpressure regulator
decreases from 100 psig to 0 psig. Following the work of Terzaghi [53],
the effective stress is defined as:

= −σ σ αpe a (6)

where σe is effective stress, σa is confining pressure, α is Biot number and
p is mean pore pressure [53]. While =α 1 is not necessarily the case for
coal, the assumption is valid since we only compare trends between
similar samples and thus we only need constant/similar values of α for
the comparison. For Condition (2), we maintain constant effective stress
by increasing/decreasing both pore pressure and confining pressure at
the same time. The range of pressures used for Condition (2) is the same
as that used for Condition (1). This allows us to remove the influence of
matrix deformation and thus, study gas slippage independently. Ac-
cording to the changing mean pore pressure at constant effective stress;
we are able to apply the Klinkenberg correction to determine the the-
oretical Klinkenberg corrected permeability for each effective stress.
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3. Model development

We derive a simple model for gas slippage through a capillary tube
starting from the Navier-Stokes equation and applying a first order slip
boundary condition. While coal is a complex structure of fractures and
porous matrix, it is likely that core-scale permeability is controlled by
only a few of the largest pores/fractures, as demonstrated in other
porous materials [46]. Therefore, we assume that a simple capillary
tube model with a single length scale can capture the permeability of
coal in core-scale experiments. The entire model derivation is provided
for completeness. When fluid flows pass a solid wall under a no-slip
boundary condition, the tangential velocity at the wall is considered as
zero [12]. However, non-zero tangential velocity can occur with the
flow of a gas, which is denoted to as the slip velocity νslip [61] and is
defined as

= ∂
∂ =

v b v r
r
( )

slip
r R

1
(7)

where b1 is the slip length, R is pipe radius, v r( ) is tangential velocity
[36,10,55,10,2]. The slip length (b1) is a well-defined parameter that
characterises the fictitious depth into the capillary tube wall that would
bring the velocity profile to a value of zero. Based on the original works
of Maxwell on the kinetic theory of gases, it was shown that the slip
length (b1) has a linear relationship with mean free path length. This
expression is defined as
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σ

λ cλ2 ν

ν
1 (8)

where λ is the mean free path length, σν is the tangential momentum
accommodation coefficient (TMAC) that represents the mean exchange
rate of molecules at the surface boundary [58,59]. The proportionality
constant = −c σ σ(2 )/ν ν is often referred to as the slip constant. The
boundary condition defined in Eqs. (7) and (8) is known as the Maxwell
slip boundary condition and its application is often limited to low
Knudsen numbers, i.e. ⩽Kn 0.1 [24]. Knudsen number is defined as

=Kn λ
re (9)

where λ is mean free path length and re is characteristic length scale,
which can be considered as the capillary radius (R= re) in the proposed
model.

Based on the Navier-Stokes equation, the flow equation in a pipe
applying cylindrical coordinates is expressed as
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where r is pipe radius, z is axis direction [12,2]. By integrating r, Eq.
(10) is further derived as
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We then apply a symmetry boundary condition that =∂
∂ 0ν

r at =r 0
(the tubes center), such that C1= 0, then further integration results in

=
∂
∂

+v r
μ

p
z

r C( ) 1
4z
2

2
(13)

Applying the slip boundary condition from Eq. (7) to Eq. (12) at
=r R and combine with Eq. (13) at r= R, C2 can be determined as
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By inserting C2 into Eq. (13), the velocity profiles v r( )z expression
[54] is defined as
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Lastly the flux Q can be obtained by integrating v r( )z from Eq. (16)
for the tube cross section [27] which is expressed as

Fig. 1. Permeability experiment scheme (①: Helium
cylinder; ②: Helium pressure regulator; ③: Hand pump
for confining pressure; ④: Inlet pressure transducer; ⑤:
Triaxial core holder; ⑥: Pressure gauge for confining
pressure; ⑦: Outlet pressure transducer; ⑧: Back pres-
sure regulator; ⑨: Pressure display monitor; ⑩: Gas
flow meter).
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If the tube radius (R) in Eq. (17) is large, we then have the standard
Hagan-Poiseuille equation for flow through a tube and thus, the influ-
ence of gas slippage is negligible. Therefore, the flux without gas slip-
page is defined as
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where Q0 is the flux. Then dividing Eq. (17) by Eq. (18), we obtain
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To relate Eq. (19) to laboratory permeability measurements, the
ratio of gas permeability and Klinkenberg corrected permeability based
on Darcy’s law for Q Q/ 0 is defined as
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where Kg is apparent gas permeability, Kl is Klinkenberg corrected
permeability without slippage and R= re the characteristic length
scale.

Eq. (20) is useful since it relates the ratio between gas and Klin-
kenberg corrected permeabilities to the ratio between the slippage
length (b1) and a characteristic length scale (re). In addition, the results
are analogous to Klinkenberg [25] as discussed in Section 2 for de-
termining gas and Klinkenberg corrected permeability.

We consider the result of Eq. (20) by plotting K K/g l versus R at a
given mean pore pressure using our 4 different permeability samples to
provide a range of characteristic length scales (re). The free parameter is
slippage length (b1), which we adjust to best fit the experimental data
using regression analysis. For this purpose the characteristic physical
length scale of the porous samples are estimated as

≈r K5 /øe (21)

where K is absolute permeability and ø is porosity [13]. In addition, to
estimate porosity and length scales, mercury intrusion data is applied.
In this way, we can estimate the characteristic length scale of the
samples by Eq. (21) and substantiate our results with mercury intrusion
data. Coal porosity is estimated by Mercury intrusion measurements
while sandstone porosity is calculated as

= −
ρ
ρ

ø 1 b

s (22)

where ρb is bulk density, ρs is solid density, which is assumed as quartz
density (2.65 g/cm3).

4. Mercury intrusion measurements

Mercury intrusion porosimetry (MIP) is a frequently used method to
determine the porosity and effective pore size distribution (PSD) of
coals. However, MIP data require thorough corrections to conformance,
thermal expansion and matrix compressibility effects. An excellent re-
view of MIP procedures, considerations, and potential errors is pro-
vided by Comisky et al. [6]. Further accounts on the procedures and on
magnitude of the compressibility effect associated with MIP measure-
ments on coals are given by Li et al. [30] and Okolo et al. [38].

MIP measurements are performed on dried (not crushed) samples
using a Quantachrome PoreMaster PM33-17. Samples of an average
volume of about 0.7 cm3 and a penetrometer with a stem volume of
0.5 cm3 are used in these experiments. The samples sealed in a glass
penetrometer are first evacuated via a low-pressure port to< 15 μm Hg
for 20min. Then the step-wise increasing pressure of up to 50 psia
versus intruded mercury volume is recorded. A high-pressure hydraulic
station is then used to inject mercury to approximately 33,000 psi. The
PSD can be calculated using the empirical Washburn [58] equation as

= −P σcosθ
R

2
Hg (23)

for mercury/solid systems the default contact angle of θ=140° and
mercury surface tension σ=480 dynes/cm are used. MIP-based char-
acteristic length (re) controlling transport in the cleat network is defined
as a mean radius of PSD truncated below 100 nm since smaller pore
sizes would have little contribution to bulk permeability. Therefore to
determine re, we measure average aperture size for all pores greater
than 100 nm in size. The coal samples are not affected by matrix
compressibility for pore sizes in the range of 0.7–2 µm since applied
pressures are relatively low. We will demonstrate the applicability of
our approach by comparing re from MIP to re from Eq. (21).

Fig. 2. Overview of the experimental samples ([a1–a2]: Low permeable coal top and
bottom; [b1–b2]: Intermediate permeable coal top and bottom; [c1–c2]: High permeable
coal top and bottom; [d1–d2]: Sandstone top and bottom).
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5. Results and discussion

5.1. Permeability analysis

A sandstone sample and three coal samples are measured for gas
and Klinkenberg corrected permeability by helium gas. Hydrostatic
pressure is applied laterally around the sample as confining pressure.
Constant confining pressure is applied to measure gas permeability
under various mean pore pressure from 135 psig to 20 psig. The relative
effective stress varies from 80 to 195 psig. This range of measurements
is within the range of pore pressures experienced in a CBM reservoir
near the completion of its production. Well shutoff pressures are ap-
proximately 40–60 psig. With decreasing mean pore pressure the effect
of gas slippage becomes stronger because the mean free path of the gas
approaches the characteristic length scale of the coal structure.
Consequently, gas permeability increases with diminishing mean pore
pressure. Meanwhile, lower mean pore pressure means higher effective
stress resulting in a reduction of cleat aperture size. As a result, gas
permeability decreases by increasing effective stress. These two an-
tagonistic effects are critical in determining what permeability trend is
measured when effective stress is increased.

In Fig. 3, we demonstrate that the permeability for all of the tested
samples rebounds at high effective stress. The triangular data points
represent gas permeability measured by helium while the square data
points represent the Klinkenberg corrected permeability. To measure
the Klinkenberg corrected permeability at each effective stress, the
confining pressure and mean pore pressure are increased simulta-
neously while keeping the effective stress constant. Then the Klinken-
berg corrected permeability can be estimated using the Klinkenberg
correction described in Eq. (2).

Because of the gas slippage effect, gas permeability is greater than
Klinkenberg corrected permeability for all of the measured mean pore
pressures, which is seen in Fig. 3. It is also observed that while Klin-
kenberg corrected permeability decreases with increasing effective

pressure the gas permeability eventually increases at high effective
stress. As noted by Arabjamaloei and Ruth [1], the concept of viscosity
used to determine gas permeability becomes invalid as the system size
approaches the mean free path of the gas molecules. The manifestation
of this mechanism is that gas permeability increases. The effective stress
at which this occurs is dependent on the specific sample tested. As seen
in Fig. 3, the low permeability coal and sandstone display an increase in
gas permeability around an effective stress of 130 psi whereas the
higher permeability samples do not have increased gas permeability
until an effective stress of around 200 psi. For the higher permeability
samples an increase in effective stress initially decreases the gas per-
meability since the matrix is deforming and flow pathways decrease in
size. However, this decrease in size has yet to reach the mean free path
of the gas molecules. While in the lower permeability samples, when
effective stress is increased the structure of the sample becomes smaller
in size than the mean free path of gas and thus, permeability increases.
We will further confirm these observations when looking at the char-
acteristic lengths scales.

Fig. 4 shows the permeability contour plots generated by plotting
pore pressure versus confining pressure. The contour plots show that
coal permeability changes with changes in either pore or confining
pressure while sandstone permeability changes mostly by only changes
in pore pressure. This highlights the observation that while slippage
occurs in both coal and sandstone; the influence of matrix deformation
is mostly prevalent in coal. In addition, from Fig. 3 we can see that the
low permeable coal has the largest difference between gas permeability
and Klinkenberg corrected permeability at high effective stress and this
difference becomes less for the medium and high permeable coal. The
behaviour would suggest that the aperture size of the low permeable
coal is closer to the gas mean free path length than that for the high
permeable coal and that the influence of matrix deformation is less for
the low permeable coal sample. This is most evident in Fig. 4 where
permeability is more influenced by pore pressure than confining pres-
sure for lower permeable coal sample while higher permeable coal
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Fig. 3. Permeability rebound under constant confining pressure ([a]: low permeable coal; [b]: intermediate permeable coal; [c]: high permeable coal; [d]: sandstone. The experimental
data are averaged based on 3–5 flow rate measurements and all errors are less than 10%).
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samples are more influenced by confining pressure.

5.2. Knudsen number distribution and slip length analysis

To determine Knudsen number, we need to approximate the char-
acteristic length scale for the coals (re) and the mean free path for gas
(λ). The later is simply determined by Eq. (5). However, a single value
for re may not exist since the structure of coal extends over many length
scales. The resulting normalised pore size distribution (PSD) of the coals
are presented in Fig. 5a, where the vertical axis is normalised frequency
analysed using MIP in the range of 3.2 nm≤ re≤ 50 μm. The MIP-
based characteristic length controlling flow is described as the mean
radius of the PSD truncated to pores below 100 nm because perme-
ability is determined by large pore throats in a dual porosity system
[46], which is displayed in Fig. 5b. Average values are reported in
Table 1 along with bulk density and macro-porosity, which is defined as
porosity of pores with aperture sizes greater than 100 nm. The high
permeability coal has the greatest average aperture size while the
medium permeability coal has the smallest aperture size. However, the
porosity of the medium permeability coal is greater than the low per-
meability coal sample, which could explain the difference in perme-
ability. Overall, the mercury data only provides an estimate of the re-
levant length scale and further analysis of trends between data sets is

difficult due to the complex structure of coal. We also report re values
estimated from Eq. (21) using experimental results near ambient con-
ditions (effective stress= 80 psi). Overall we find that Eq. (21) can be
used as an order of magnitude estimation of re when considering coal
permeability.

The mean free path length for helium for all of the experiments
using Eq. (5) is presented in Table 2. In addition, Fig. 6 provides a
histogram of Knudsen numbers Kn( ) for all experimental data using re
from Eq. (21) and λ from Table 2. As a result, most of the experiments
are within the range of Kn values where the first order slip boundary
conditions proposed by Maxwell should be applicable. Besides, the
Knudsen number for the sandstone experiments are on average greater
than Kn for the coal experiments. For those data that have higher
Knudsen number, a second or third order slip boundary condition may
be required, as suggested by Karniadakis et al. [24].

Since the slip boundary condition applied in our capillary tube
model should be valid for the range of Kn values tested, we can estimate
slip lengths from the experimental data. It is generally accepted that
when mean pore pressure is constant, the slip length will be constant.
Therefore, we can plot re vs K K/g l under constant mean pore pressure.
We then fit Eq. (16) to the experimental data using regression analysis
to find the slip length (b1). Fig. 7 provides data sets for the best and
worst fits for slip length (b1). It can be seen that the slip model fits the

(a) (b)

(c) (d)

Fig. 4. Permeability contours for coal and sandstone sample (a. low permeable coal; b. medium permeable coal; c. high permeable coal; d. sandstone). Circles indicate the data points
from which contours are determined.
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overall trends even for the case that provides the most error, which is
for Kn > 0.1.

To systematically investigate the model, we plot the error for each
data set versus slip length, as provided in Fig. 8. We define error in the
regression model as the summation of the squared difference between
the measured and predicted value. We observe that error becomes large
when the slip length is greater than 90 nm, which corresponds to mean
pore pressure less than 25 psig. At low mean pore pressure, Knudsen
number is greater than 0.1. In Table 3 we provide the slip length and
mean free path data for all of the experiments, which can be used in
comparison to Fig. 8 where we plot b1 versus error.

The relationship between mean free path length and slip length
under different Knudsen numbers Kn( ) is presented in Fig. 9. Based on
Maxwell’s model, solid walls are assumed as mathematically smooth,
meaning that surface roughness of the boundary is not considered.
However, Cao [3] demonstrated that roughness of a solid wall could
affect the slip length, resulting in non-Maxwell behaviour were the slip
length is no longer a linear function of mean free path. However, we
observe a linear trend between b1 and λ for all of the tested data sets.
Even though the surface of coal pores/fractures are rough the influence
of roughness on slip length is not observed in our experiments. It is seen
in Fig. 8 that a liner trend is established with R2= 0.95. These results
suggest that the applied first order boundary conditions for our ex-
periments provide an appropriate approximation even though a few of

the data sets have Kn > 0.1.
In Fig. 10, we investigate the ratio of gas permeability to Klinken-

berg corrected permeability for various Kn. The permeability ratio re-
flects the degree of slippage, i.e. a larger ratio implies greater rebound.
As Knudsen number increases the slippage effect becomes increasingly
obvious. At low Knudsen number (Kn < 0.01), the gas slippage is not
obvious and the ratio between gas and Klinkenberg corrected perme-
abilities is nearly 1. However, for the range of Knudsen numbers of
0.01–0.1 the effect of gas slippage increases and when Knudsen number
is greater than 0.1, the effect of slippage is significant. It should also be
noted that the effect of matrix deformation is completely account for
when dividing the gas permeability by Klinkenberg corrected perme-
ability since the effect of permeability reduction with increasing ef-
fective stress is accounted for in the Klinkenberg corrected permeability
measurements. This is clearly observed when comparing coal to

(a)

(b)

Fig. 5. PSD of the three coals calculated from MIP experiments (both normalised): (a) the
complete PSD 3.2 nm≤ dp≤ 60 μm; (b) a part of PSD, corresponding to meso- and
macropores/fractures, dp > 200 nm.

Table 1
Summary of samples properties determined from MIP experiments.

Sample/ID Bulk density ρb (g/cc) re MIP > 100 nm (μm) Macro-porosity Φm (%) re Eq. (21) (80 psi effective stress) (μm)

Low-permeability Coal 1.60 1.01 0.87 0.81
Medium-permeability Coal 1.34 0.69 1.10 2.13
High-permeability Coal 1.26 2.03 1.04 4.13

Table 2
Mean free path length of Helium under different mean pore pressure.

Effective stress Mean pore pressure (psia) λ (nm)

195 20 83
190 25 66
180 35 47
160 55 30
140 75 22
120 95 17
100 115 14
80 135 12

Fr
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y
Kn

Fig. 6. Histogram of Knudsen numbers for all of the experiments.
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Fig. 7. Slip length estimation (Best fit at 135 psig and worst fit at 20 psig).
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sandstone data. Sandstone is rigid and thus Klinkenberg corrected
permeability does not decrease when effective stress increased. There-
fore even though for large Kn the ratio of Kg/Kl is not as large as that for
coal. This means that the gas slippage effect in coal is more obvious
than sandstone at similar Knudsen number.

Overall, the proposed slippage model provides a reasonable ex-
planation for permeability rebound with helium gas. With gas flow;
however, high flow rates are possible leading to inertial effects, which
could also have a large influence on coal permeability [15]. For-
chheimer flow is known to occur for Reynolds numbers (Re) between
0.1 and 10 [60]. Fig. 11 provides a cross-plot between Kg/Kl and Rey-
nolds numbers for all of the experiments. We observe that permeability
rebound (Kg/Kl > 1) is measured for data sets where Re < 0.1. The
cross-plot is not intended to demonstrate a trend between Kg/Kl and
Reynolds numbers rather it demonstrates that Forchheimer flow can be
neglected for most of the experimental data points and in particular for
the data when slippage is the greatest, which we account for using the
presented gas slippage model.

6. Conclusion

We measured gas and Klinkenberg corrected permeabilities for
three coal samples with various permeabilities and one tight sandstone
sample. By using inert helium gas for the experiments, we remove the
mechanisms of swelling and shrinkage caused by gas sorption. Only gas
slippage and mechanical deformation of cleats are considered and
permeability rebound is evaluated within these constraints. The results
demonstrated that higher permeable coal has less rebound than lower
permeable coals. Also, rebound in the low permeable coal occurred at
lower effective stress than high permeable coal. In addition, the
Klinkenberg corrected permeabilities for all of the coal samples de-
creased with increasing effective stress.

A simple gas slippage model was developed using a first order
boundary condition for slippage. Slip length (b1) was estimated by fit-
ting Eq. (20) to experimental data using regression analysis. As ex-
pected, slip length increases with decreasing mean pore pressure. The
characteristic physical length scale was determined by permeability
measurements and confirmed from MIP data. We demonstrated a linear
relationship between b1 and λ, as expected for low Kn. In particular, Kn
is the key parameter for determining the extent of gas slippage, which
can be estimate by using Eqs. (21) and (5) to approximate the relevant
length scales. From this insight, we provided a correlation between
Knudsen number Kn( ) and permeability ratio K K( / )g l to describe the
extent of gas slippage. Permeability rebound is more obvious in coal
compared with sandstone under similar Knudsen number as coal is a
more deformable medium.

In this paper, we describe permeability rebound based on the
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Fig. 8. The correlation between slip length and error from the regression analysis of Eq.
(16) to the experimental data.

Table 3
Data of slip length (b1) and mean free path length (λ) for all of the experiments.

Mean pore pressure (psig) b1 (nm) λ (nm)

20 102 83
25 89 66
35 48 47
55 33 30
75 23 22
95 12 17
115 9 14
135 1 12

b1 = 1.19
R² = 0.95

0

20

40

60

80

100

120

0 20 40 60 80 100

b 1
(n

m
)

Ȝ (nm)

Fig. 9. Relationship between mean free path of gas and slip length under different
Knudsen number.
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Fig. 10. Correlation between various Knudsen number and the ratio of gas permeability
to Klinkenberg corrected permeability.
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Fig. 11. Cross-plot between Reynolds numbers and Kg/Kl for all of the experimental data
presented.
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correlation between effective stress and gas slippage by ignoring matrix
shrinkage. Permeability rebound could be a significant process to en-
hance CBM recovery at the late stages of a coalbed life cycle. By con-
sidering these findings, permeability rebound by gas slippage can be
more reliably detected/predicted for CBM reservoirs. In addition, our
work can help those operators in CBM field understand when perme-
ability rebound occurs and to what extent. Further studies are still re-
quired to characterise the additive effects of shrinkage and swelling on
permeability rebound.
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