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Abstract: Among the numerous factors that have an impact on coal permeability, coal porosity is
one of the main parameters. A change in the mechanical stress applied to coal results in a change
of porosity. The main objective of the conducted research was to answer the following question:
is a decline in coal permeability a direct effect of a decrease in coal porosity, and does mechanical
stress result solely in a porosity change? A study of coal porosity under mechanical stress conditions
was conducted using a uniquely constructed measurement stand. The coal samples used were
briquettes prepared from a granular coal material (middle-rank coal of type B—meta bituminous,
upper carboniferous formation) from the “Zofiówka” coal mine, in Poland. In order to describe
coal permeability, the Klinkenberg equation was used, as it takes into consideration the slippage
effect, typical of porous media characterized by low permeability. On the basis of the obtained
results, it was established that the values of the Klinkenberg permeability coefficient decrease as
the mechanical stress and the corresponding reduction in porosity become greater. As the briquette
porosity increased, the Klinkenberg slippage effect: (i) disappeared in the case of nitrogen, (ii) and was
minor for methane. The briquettes used were characterized by various porosities and showed that
mechanical stress results mainly in a change in coal porosity, which, in turn, reduces coal permeability.
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1. Introduction

The phenomena of the sorption and transport of gases occurring in a solid-gas system are closely
connected with the porous structure of sorbents. Bituminous coal is such a sorbent whose pores form a
vast and irregular network [1]. The share of macro- and mesopores in coal is small, with these two
types of pores playing the major role in the processes of transporting gases [2,3]. At the same time,
micropores and ultramicropores with a diameter below 1 nm, which constitute over 90% of the total
pore space in coal, occupy a significant share in coal’s porous structure [4,5]. Ultramicropores have
dimensions comparable to the dimensions of individual gas particles, and are capable of altering
their volume as a result of diffusion. However, the diffusion of gas within ultramicropores requires
overcoming a substantial energy barrier, necessary to separate the walls of these pores [6,7].

The parameters describing the processes of accumulation and transport of gas in a coal are,
respectively, the sorption capacity and diffusion and permeability [8]. The sorption capacity of coal
is a parameter that describes in a quantitative way coal’s ability to adsorb a sorbate. Diffusion and
filtration, in turn, describe the kinetics of the process of transporting a sorbate within the pore space
of a sorbent. These parameters always refer to specific conditions of the pressure and temperature
of the coal-gas system [9]. Numerous scientific studies show that—apart from the thermodynamic
conditions—the sorption capacity of coal and transport processes occurring in coal’s pore space may be
influenced by such properties as coal rank, maceral composition, type of the sorbed gas and presence
of other sorbates [10]. Another parameter influencing the processes of sorption and transport of gas
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in coal is the mechanical stress applied to coal. The majority of the sorption studies performed on
coal are carried out using granular samples, free of stress [11]. Under natural conditions, bituminous
coal occurs in coal seams located at significant depths, often exceeding a thousand meters. Under
such conditions, coal is affected by the geostatic pressure, which is dependent on the density of the
overburden material and the depth (i.e., geothermal gradient and geostatic pressure). Therefore, under
natural conditions, the sorption capacity, as well as the diffusion coefficient and permeability of coal
affected by the geostatic pressure differ from the values of the same parameters determined in a
laboratory, using stress-free coal.

Bituminous coal is characterized by a well-developed porous structure, and the process of gas
sorption results in a change of this structure, which is caused by, among other things, sorption strain
and swelling [12–18]. The swelling of coal, which accompanies sorption processes, reduces coal
permeability [12,19,20], while the shrinking of coal, accompanying desorption processes, increases
coal permeability [21–23]. The number of the available studies of the swelling-sorption relationship in
stress-affected coal is relatively small, and the available results show that stress applied to coal limits a
coal’s sorption swelling [13,24].

The permeability of coal in relation to gases is a key parameter used to describe coal in the
processes of fracturing CBM reservoirs in bituminous coal mines [25–27]. Laboratory measurements
have shown that coal permeability decreases in an exponential manner as the effective stress
increases [23,28–33]. Under the influence of the effective stress, the flow channels in pores and cracks
of coal become narrower, and might even become totally closed, which, in turn, significantly reduces
coal permeability [34]. Laboratory analyses have proven that the values of the coal permeability
coefficient in relation to sorbed gases, such as CH4 and CO2, are lower than the values of the coal
permeability coefficients in relation to non-sorbed or lightly sorbed gases, such as Ar, He or N2 [21,35].
The permeability of coal decreases with the increase of the confining pressure exerted on the sample,
with the value close to in situ conditions [34–36]. Among the numerous factors that have an impact
on coal permeability, coal porosity is one of the main parameters neglected by previous studies. A
change in the mechanical stress applied to coal results in a change of coal porosity. Thus, the following
question arises: is a decline in coal permeability a direct effect of a decrease in coal porosity under
the impact of stress? If so, then stress does not have a direct impact on coal permeability, but has
an indirect effect, by reducing coal porosity. Answering that question was the main objective of the
present research.

2. Methodology

2.1. Technical Analyses of Coal

The technical analyses of the coal destined for the research involved determining its porosity by
means of establishing the skeletal and envelope densities of the lump samples of the investigated coal
material. The skeletal density was determined by means of the helium pycnometry method, using
the AccuPyc II 1340 analyzer (Micromeritics Instrument Corp, Norcross, GA, USA). With the known
mass of the sample, the volume of helium (He) penetrating the pore space of coal was measured. The
measurement was performed at 298 K. It was assumed that at this temperature, helium is a non-reactive
gas, which is why its interaction with the surface of the sample could be neglected. The envelope
density was determined by means of the quasi-liquid pycnometry method, using the GeoPyc 1360
analyzer (Micromeritics). That analysis was based on the measurement of the envelope volume of
a lump sample under dry conditions, using the so-called DryFlo. Before the measurement, the coal
sample was crushed to particles of irregular shapes with the diameter of about 10–20 mm. The sample
of a known mass was placed in the chamber and the volume of the chamber together with the sample
was identified. The volume of the sample was determined based on the difference between the volume
of the empty chamber and the volume of the chamber containing the sample [37]. The measurement
cycle was repeated ten times.
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Once the skeletal and envelope densities were known, porosity was calculated using the
following formula:

φ =

(
1 − ρe

ρsk

)
·100%, (1)

where: φ (%)—is the porosity, ρe (g/cm3)—is the envelope density, ρsk (g/cm3)—is the skeletal
density.

2.2. Describing the Phenomenon of Coal Permeability in Relation to Gas

The physical processes occurring in the coal-gas system can be divided into proper
sorption/desorption, diffusion, and filtration [8]. Proper sorption/desorption, understood as the
change in the amount of degree of freedom of the gas molecules near the surface of the sorbent,
depends mainly on the porous structure of coal and takes place in the smallest pores [8]. The diffusion
phenomenon is related to changes in the kinetics of methane release/accumulation from/in coal, and
it occurs mainly in micro- and ultramicropores. In fractures and macropores of coal, filtration of gas
takes place, driven by the pore pressure gradient. The filtration process is analyzed as a phenomenon
of fluid mechanics, and it can be approximately described using the Darcy equation for incompressible
fluids [38]:

v = −k·dp
dx

, (2)

where: v
(m

s
)
—is the filtration rate, k =

kg
µ

(
mD
Pa·s

)
—is the filtration coefficient, kg (mD)—is the (Darcy)

permeability coefficient to gas, µ (Pa·s) —is the dynamic viscosity coefficient, p (Pa)—is the pressure.
To determine the permeability coefficient kg of porous media for incompressible fluids, the

Equation (1) should be transformed into the following formulas [39]:

Q = −
kg

µ
· (pout − pin)

l
·A, (3)

kg =
Q·µ·l

A·(pin − pout)
, (4)

where: Q
(

m3

s

)
= v·A—is the flow rate, A

(
m2), l (m)—are the surface and length of the sample,

pout, pin (Pa)—are the outlet and inlet pressure of the fluid.
The permeability of porous media to compressible gas can be calculated according to another

form of Darcy’s equation [40]:

kg =
2·Q·patm·µ·l

A·(pin
2 − pout2)

, (5)

where: patm (Pa)—is the atmospheric (reference) pressure.
In the case of bituminous coal, the flow of gas in its pore space is a very complicated process.

Coal permeability to gases is higher than to liquids, due to slip effect between gas molecules and solid
walls [39]. During the flow of gas molecules in the pores of coal, they collide with each other and with
the walls of coal, and the frequency of these collisions increases with flow in smaller pores, due to
decrease in the mean free path of the gas particles. Hence the slip effect on the pore walls, during
gas flow through porous media with very small pores. This phenomenon is most often referred to as
Klinkenberg’s slippage effect (Figure 1), which results in an increase of the flow rate [39]:

kg = k∞

(
1 +

b
pavg

)
, (6)

where: k∞ (mD)—is the Klinkenberg absolute permeability coefficient under the infinite fluid pressure,
b (Pa)—is the Klinkenberg slippage factor, depending on the pore structure of the medium and
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the mean free path of gas particles, as well as the pressure of gas, its temperature and mole mass,
pavg (Pa) = pin+pout

2 —is the average pressure of gas flowing through the sample.Energies 2019, 12, x FOR PEER REVIEW 4 of 16 
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determined by fitting—by means of the least squares method—Equation (6) to the experimentally 
obtained values of 𝑘௚ for different values of the average gas pressure in the samples. 
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At the Strata Mechanics Institute of the Polish Academy of Sciences, innovative measurement 
instruments for investigating the rock-gas system have been constructed [41–49]. The permeability of 
coal under stress conditions was investigated using a novel measurement stand, whose schematic 
representation is provided by Figure 3, and a photograph in Figure 4. 

Figure 1. Gas flow in the pore space according to Darcy (a) and taking into account the Klinkenberg
slippage effect (b).

The Klinkenberg absolute permeability k∞ and the Klinkenberg slippage factor b can be
determined using the linear dependence of the permeability coefficient kg on the reciprocal average
pressure 1/pavg (Figure 2) [38].
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Figure 2. An example of the dependence of the permeability coefficient kg on the reciprocal average
pressure 1/pavg.

In the experiments, the permeability coefficients kg were determined from Equation (5). The
Klinkenberg absolute permeability coefficients k∞ and the Klinkenberg slippage factors b were
determined by fitting—by means of the least squares method—Equation (6) to the experimentally
obtained values of kg for different values of the average gas pressure in the samples.

2.3. Measurement Stand for Studies into Permeability of Coal under Stress Conditions

At the Strata Mechanics Institute of the Polish Academy of Sciences, innovative measurement
instruments for investigating the rock-gas system have been constructed [41–49]. The permeability
of coal under stress conditions was investigated using a novel measurement stand, whose schematic
representation is provided by Figure 3, and a photograph in Figure 4.
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diameter of 3.2 cm and length of 10 cm. The sample is subjected to axial stress under conditions that 
prevent radial expansion. The stress is applied by aluminum pistons adjacent to the sample. The 
pressure from the pistons is generated by means of a screw press, and the stress is recorded by means 
of a strain gauge system (model SGM-1C, The Strata Mechanics Research Institute of the Polish 
Academy of Sciences, Poland) placed on the side of one of the pistons [48]. Through an inlet, gas 
under constant pressure is supplied using a precise pressure regulator [49]. At the outlet of the device, 
there is a regulated gas flow damping valve and a capillary gas flow meter with the measurement 
range of 0–1 Ncm3/s [50]. The pressure at the inlet and outlet of the sample is measured using pressure 

Figure 3. A scheme of the measurement stands for investigating coal permeability under stress
conditions, where Pin, Pout—are the gas inlet and outlet pressure transducers; Patm—is the barometer.
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Figure 4. A photograph (left) and 3D model (right) of a part of the measurement stand for investigating
coal permeability under stress conditions.

The constructed measurement stand makes it possible to investigate the permeability of coal
samples under stress conditions. A coal sample is placed inside a thick-wall steel pipe with a hole
diameter of 3.2 cm and length of 10 cm. The sample is subjected to axial stress under conditions
that prevent radial expansion. The stress is applied by aluminum pistons adjacent to the sample.
The pressure from the pistons is generated by means of a screw press, and the stress is recorded by
means of a strain gauge system (model SGM-1C, The Strata Mechanics Research Institute of the Polish
Academy of Sciences, Poland) placed on the side of one of the pistons [48]. Through an inlet, gas under
constant pressure is supplied using a precise pressure regulator [49]. At the outlet of the device, there
is a regulated gas flow damping valve and a capillary gas flow meter with the measurement range
of 0–1 Ncm3/s [50]. The pressure at the inlet and outlet of the sample is measured using pressure
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transducers Pin and Pout (model S-20, WIKA, Klingenberg, Germany) with the measurement range
of 0–16 bar and the measurement accuracy of ±0.125% of the full scale. A change in the porosity
of the sample, proportional to the changes in its volume, occurring as a result of the changes in the
stress applied to the sample, is established by means of the caliper measuring the distance between
the pistons.

The isothermal conditions of the measurement are ensured by placing the measurement system
inside a Q-Cell 60 thermostatic cabinet (Pol-Lab, Wilkowice, Poland), with the temperature adjustment
range of 276–313 K and stability of ±0.2 K. During the measurement process, the atmospheric pressure
is established using a barometer Patm (model LB-750B, LAB-EL, Reguły, Poland). Controlling the
measurement system and registering the measurement data is achieved through a transducer card
(model USB-4716, Advantech, Taipei, Taiwan) connected to a computer equipped with DasyLab
software (measX, Moenchengladbach, Germany), which serves as a control system.

2.4. Measurement Procedure

Studies into the permeability of coal under stress conditions were conducted using two gases
differing with respect to their sorption potential, i.e., nitrogen (N2) and methane (CH4). All the tests
were carried out at 298 K. The measurement procedure involved the following stages:

(1) Outgassing the sample to a vacuum 10−5 bar for 24 h;
(2) Measurement of the sample’s permeability of a particular gas (N2 or CH4), encompassing two

subs-stages:

2.1 Applying stress on the sample (0, 6, 12, 18, 24, 30 MPa);
2.2 Injecting the gas under specific measurement conditions (pressure at the sample’s inlet

and outlet) and waiting for the flow to stabilize, with the process repeated 5–8 times
under various measurement conditions (by changing the pressure at the sample’s inlet
and outlet).

After sub-stage 2.2 was completed for a specific stress applied to the sample, the stress was
increased again (sub-stage 2.1) and sub-stage 2.2 was performed again. After the maximum stress was
reached and sub-stage 2.2 was completed, the sample was replaced with another one, having different
initial porosity, and the entire procedure was repeated.

In order to establish the Klinkenberg absolute permeability coefficient k∞ and the Klinkenberg
slippage factor b of the sample, for specific measurement conditions (the type of gas and the value of
stress applied to the sample), it was necessary to determine Darcy’s permeability coefficient kg. To
this end—on the basis of the results obtained from the permeability measurement—Equation (5) was
applied. Subsequently, on the basis of the relationship kg

(
1/pavg

)
, determining the coefficients k∞ and

b became possible.
In order to determine the permeability coefficients kg of the sample, it was necessary to identify

the following parameters during the measurement process:

• the gas pressure values at the inlet and outlet of the sample measured by the Pin and Pout

pressure transducers,
• the gas flow rate measured by the gas flow meter,
• the atmospheric pressure measured by the barometer Patm.

Additionally, in order to determine the measurement conditions, the strain—proportional to the
stress applied to the sample—was registered by means of a properly calibrated system of strain gauge.
Moreover, for a specific value of the stress applied to the sample, the distance between the pistons was
measured using the caliper, which made it possible to determine the porosity of the sample.

During the measurement, the pressure of gas at the inlet of the sample was regulated (within
the 0.15–0.35 MPa range), as well as the flow rate of gas at the outlet of the sample (within the
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0.05–0.50 Ncm3/s). Under specific measurement conditions, after setting the proper level of pressure
at the sample’s inlet and the proper level of gas flow rate at the sample’s outlet, it was necessary to
wait to a steady flow rate of gas. For each permeability measurement, with a given gas used and a
specific value of stress applied to the sample, 5–8 measurement points were registered, on the basis of
which the relationship kg

(
1/pavg

)
was established. A sample course of the changes of the registered

parameters for a single measurement procedure, along with the permeability coefficients kg obtained
on that basis as a function of the inverse average pressure of gas in the sample, were presented in
Figure 5. By fitting Equation (6) to the values of the permeability coefficients kg calculated from
Equation (5), using the least squares method, the Klinkenberg absolute permeability coefficients k∞

and the Klinkenberg slippage factors b were established.
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procedure (with the sample porosity amounting to 18.87% and the stress value equaling 0 MPa—the
graph to the left) and the permeability coefficients kg obtained on that basis as a function of the reverse
average pressure of gas in the sample (the graph to the right).

The procedure of determining the Klinkenberg permeability coefficients was similar, with the
consecutive stress values applied to a sample.

3. Research Material

The permeability measurements were conducted using a bituminous coal sample from the
“Zofiówka” coal mine in Poland, retrieved from the coal bed 409/4, section D. The seam 409/1 is
deposited in upper carboniferous formation in Namurian C, Upper Silesian Sanstone Series, and
belongs to Ruda beds. Selected parameters of the coal used in the research are presented in Table 1.

Table 1. Properties of the coal sample.

Physical Properties Petrographic Analysis *

ρe
(g/cm3)

ρsk
(g/cm3)

φ
(%)

Ro
(%)

Vitrinite
(%)

Inertinite
(%)

Liptinite
(%)

1.203 1.392 13.6 1.29 65.3 33.5 1.2

* based on [51].

According to the classification of coal based on the average vitrinite reflectance Ro, in line with the
UN-ECE International Classification of In-Seam Coals [52], this particular coal represents middle-rank
coal of type B (meta bituminous).

The coal samples used for the research were coal briquettes made from granular coal material
(grain size <0.2 mm), which was pressed directly inside the measurement pipe. In total, 8 coal briquettes
(with a diameter of 3.26 cm and a length of 1.89 cm to 2.08 cm) characterized by various initial porosities
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were prepared. Four samples were selected for permeability tests using nitrogen, and the other four
were used in permeability tests using methane. Selected parameters of the prepared samples are
presented in Table 2. Before the start of each measurement, coal was dried in the temperature of 378 K,
to eliminate the hygroscopic humidity.

Table 2. Properties of the coal sample.

Sample Symbol Sample Pressing
Pressure (MPa)

Slenderness Ratio
(Length/Diameter)

Initial Porosity
(%)

Type of Gas Used in
Permeability Tests

N1 47.9 0.64 18.87

NitrogenN2 71.9 0.62 15.81
N3 83.9 0.60 14.24
N4 95.8 0.59 12.91

M1 83.9 0.62 14.41

Methane
M2 119.8 0.60 11.33
M3 155.7 0.59 9.97
M4 191.7 0.58 9.21

Preparing a sample characterized by a properly low value of the slenderness ratio ensured that
the stress exerted on that sample during the axial compression approximated the oedometric stress
conditions [53]. Each sample was pressed with a hydraulic press to its initial porosity, which changed
during the measurement as a result of applying stress to the sample.

4. Results

As a result of the conducted experiments, the following parameters were analyzed:

• Darcy’s permeability coefficients kg of coal briquettes, as depending on the average pressure pavg

of nitrogen and methane,
• the Klinkenberg absolute permeability coefficients k∞ of coal briquettes and the Klinkenberg

slippage factors b, as depending on stress and coal porosity,
• the Klinkenberg permeability parameters ratio to nitrogen and methane.

4.1. Darcy’s Permeability Coefficients kg

According to the established measurement procedure, the values of the Darcy permeability
coefficients kg under particular measurement conditions (stress σ and porosity φ) were determined
using Equation (5), on the basis of the registered measurements of the coal briquettes' permeability to
nitrogen and methane. The relationship between the Darcy permeability coefficients kg and the average
gas pressure pavg—where the value of kg decreases with rising pressure as a result of, among others,
sorption swelling of coal [54,55], as well as the Klinkenberg effect declining along with pressure [56]—is
widely known.

In order to determine the Klinkenberg permeability by means of the method described in
Section 2.4, it was necessary to establish the relationship kg

(
1/pavg

)
. A sample relationship between

the permeability coefficients kg of the sample N3 and nitrogen, as a function of reverse average pressure,
for various stress values and the corresponding sample porosities, is presented in Figure 6.

As the value of the permeability coefficients kg decreases with an increase in the average
gas pressure within the sample, the relationship kg

(
1/pavg

)
rises. According to the measurement

procedure, the values of the kg coefficients—determined experimentally on the basis of Equation (5)—
were matched with the linear Equation (6) by means of the least squares method. On the basis of the
obtained equations, it was possible to determine the Klinkenberg permeability parameters k∞ and b
for all the investigated samples.
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4.2. The Klinkenberg Permeability Parameters k∞ and b

A majority of studies of the permeability of coal under stress focus on the reduction in the value
of the parameters describing the permeability, occurring as a result of applying effective stress to a
coal sample [57–59]. However, it is extremely important to separate the impact of the applied effective
stress on a change in coal porosity from the impact of the applied effective stress on a change in coal
permeability. It is obvious that applying stress to a sample results in a change in its porosity [23].
If reduction in coal permeability, occurring as a result of reduction of its porosity, equals permeability
reduction occurring as a result of applying stress to a coal sample, then change in the sample’s pore
structure (mainly reduction of porosity) directly influences the sample’s permeability change. Effective
stress, in this particular case, would only have an indirect effect on a change in coal’s permeability.
Such an effect was suggested by Ma et al. [60], which investigated the impact of changes in the porosity
of a granular coal sample on the permeability of that sample. Here, the change in the porosity was
generated solely by reduction of the free pore space between grains, and not by applying stress.

While describing the permeability of a porous medium, many researchers limit themselves to
using Darcy permeability due to simple, linear solution to Equation (5). However, in the case of porous
media characterized by low permeability—in particular, in the case of bituminous coal under effective
stress—applying Darcy permeability is inappropriate [61] due to the occurrence of the slippage effect
identified by Klinkenberg.

The main objective of the present paper was to investigate the impact of the changes in stress
on the porosity of coal, and the reduction/increase in the value of the Klinkenberg permeability
parameters k∞ and b from the Equation (6) resulting from these changes. The values of the Klinkenberg
permeability parameters on coal samples N1-N4 using nitrogen are presented in Table 3, and the values
obtained during the tests performed on the samples M1–M4 using methane are presented in Table 4.
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Table 3. The values of the Klinkenberg permeability parameters on coal samples N1–N4 using nitrogen.

Sample Stress (MPa) Porosity (%) Permeability Coefficient k∞

(mD)
Slippage Factor b

(MPa)

N1

0.00 18.87 0.816 0.072
6.26 18.24 0.611 0.061

12.12 17.72 0.492 0.076
18.27 17.24 0.428 0.078
24.40 16.83 0.366 0.093
30.10 16.52 0.320 0.106

N2

0.00 15.81 0.249 0.122
5.99 15.23 0.175 0.136

12.30 14.71 0.132 0.152
18.10 14.32 0.109 0.170
24.54 13.99 0.098 0.159
30.22 13.78 0.080 0.195

N3

0.00 14.24 0.142 0.163
6.06 13.78 0.106 0.165

12.14 13.38 0.082 0.177
18.17 13.07 0.069 0.170
24.01 12.84 0.059 0.180
30.30 12.67 0.050 0.195

N4

0.00 12.91 0.083 0.187
5.99 12.48 0.063 0.173

11.98 12.11 0.039 0.260
17.97 11.81 0.030 0.291
23.96 11.58 0.023 0.345
29.95 11.42 0.021 0.324

Table 4. The values of the Klinkenberg permeability parameters on coal samples M1–M4 using methane.

Sample Stress (MPa) Porosity (%) Permeability Coefficient k∞

(mD)
Slippage Factor b

(MPa)

M1

0.00 14.41 0.01031 0.171
6.01 14.02 0.00835 0.188

12.05 13.69 0.00755 0.185
18.25 13.41 0.00713 0.181
24.23 13.18 0.00686 0.177
30.11 12.99 0.00649 0.174

M2

0.00 11.33 0.00316 0.264
6.11 10.87 0.00291 0.211

12.15 10.48 0.00251 0.198
18.07 10.16 0.00210 0.204
23.98 9.89 0.00178 0.212
29.90 9.75 0.00154 0.205

M3

0.00 9.97 0.00195 0.290
6.02 9.61 0.00150 0.295

12.12 9.29 0.00120 0.293
17.95 9.02 0.00104 0.273
23.97 8.79 0.00096 0.221
29.89 8.55 0.00084 0.228

M4

0.00 9.21 0.00127 0.265
5.98 8.76 0.00089 0.298

12.11 8.37 0.00082 0.254
18.03 8.04 0.00065 0.272
24.08 7.77 0.00055 0.254
29.92 7.41 0.00052 0.267
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The values of the Klinkenberg permeability coefficient k∞—for all of the investigated samples
using both gases—decrease with rising stress and a corresponding reduction in porosity. In the case of
the tests using nitrogen, the reduction in the samples' porosity changed from 18.87% to 11.42%, the
value of the Klinkenberg permeability coefficient fell around 40 times, and the value of the slippage
factor b increased about five times. The results of the tests involving methane, in turn, showed that the
reduction in the samples' porosity from 14.14% to 7.41% was accompanied by a 20-time decline in the
value of the Klinkenberg permeability coefficient k∞, as well as by a 1.5-time increase in the value of
the slippage factor b. Changes in the values of the Klinkenberg permeability coefficients in relation to
porosity were depicted in Figures 7 and 8.
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Figure 8. The relationships between the values of the Klinkenberg permeability coefficient k∞, and the
slippage factor b, as a function of the porosity, obtained from the tests on the coal samples M1–M4
using methane, where: σ—are the stress values; φ—is the porosity.

Assuming that coal porosity is the main factor affecting the permeability of coal, one should
expect an unequivocal relationship between the coefficients k∞ & b and porosity, regardless of how
the porosity is achieved. During the tests, the initial porosity of the prepared sample was reduced in
stages, via exerting stress on the sample during permeability measurements. Figure 7 (permeability
of the samples N1–N4 to nitrogen) and Figure 8 (permeability of the samples M1–M4 to methane)
present the charts illustrate the relationships between the coefficients k∞ & b and porosity. In both
cases, the hypothesis porosity is the dominant factor on permeability was confirmed. The relationship
between both Klinkenberg permeability coefficients and porosity is described by means of power
equations: k∞ = 1.5×10−9·φ6.8, b = 474·φ−3 (permeability of the samples N1–N4 to nitrogen) and
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k∞ = 3.9×10−8·φ4.7, b = 1.2·φ−0.7 (permeability of the samples M1–M4 to methane). In the case
of slippage factors b, for measurements involving methane, the spread around the applied power
fitting was considerable. This may be the result of the methane sorption processes in coal, and
coal swelling caused by the methane sorption process [62,63]. These processes might influence the
occurrence of the Klinkenberg slippage effect. In the case of the measurements on samples N1–N4
involving nitrogen—a gas with low sorption potential in relation to coal—the spread of the values of
the parameter b was small.

The conducted tests into the permeability of the coal briquettes, involving nitrogen and methane,
showed that stress applied to a coal sample results in a change in the sample's porosity. In addition,
porosity is the main factor impacting the nature of the permeability process described by the
Klinkenberg Equation (6).

4.3. The Klinkenberg Permeability Parameters Ratio to Nitrogen and Methane

Several laboratory tests of the permeability of coal shows that the permeability of coal in relation
to gases with a high adsorption potential is lower than the permeability of coal in relation to inert
gases (Ar, He, N2) [21,35]. Figure 9 presents the relationship between the Klinkenberg permeability
parameters of coal briquettes and the porosity. In the case of several samples characterized by similar
porosities (area marked in green on the graph), the charts additionally show the relationship between
the values of the permeability parameters k∞ & b and nitrogen & methane.
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Figure 9. The relationship between the values of the Klinkenberg permeability coefficient k∞, and the
slippage factor b of coal briquettes and nitrogen & methane as a function of porosity.

The values of the permeability coefficients k∞ of the coal samples in relation to N2 and CH4 were
presented in a logarithmic scale. The changes in the permeability of the samples to N2 and CH4 as a
function of porosity was similar; however, in the case of nitrogen, the values of k∞ were higher by one
order of magnitude (Figure 9—left graph). The Klinkenberg slippage effect, in the case of applying
nitrogen for samples with higher porosities, was small. In the case of methane, the decline in the value
of the slippage factor b occurring along with the increase in porosity was much smaller, which means
that this effect still occurred in the entire range of the tested porosities of the coal samples.

The permeability coefficients k∞ ratio to N2 and CH4, for the samples with porosities of
approximately 11.3%, was 6.6, whereas samples with porosities of approximately 13.7%, was 14.
Therefore, the permeability of the investigated coal to nitrogen exceeded its permeability to methane
by up to one order of magnitude. This may be the result of methane, as a gas characterized by a high
sorption potential, causes swelling of coal, which, in turn, reduces coal permeability. The slippage
factor parameter b, for the investigated coal material, were similar for both nitrogen and methane,
and their value ratio declined from 1.2 for samples with ca. 11.3% porosity to 0.8 for samples with ca.
14% porosity.
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5. Conclusions

The permeability of coal depends on a number of factors, of which—as research suggests—the
effective stress applied to coal is dominant. Changes in stress applied to coal alter its porosity. The
main objective of the conducted research was to answer the following question: is a decline in the
permeability of coal a direct effect of a decrease in coal’s porosity, with stress leading solely to a change
in porosity? The conducted tests—performed on briquettes characterized by various porosities and
prepared from the same coal material—indicate that stress causes predominantly a change in coal
porosity, which, in turn, reduces its permeability.

Specifically, the following conclusions were drawn:

• the values of the Darcy permeability coefficients kg decrease as the average gas pressure in a coal
sample increases,

• the values of the Klinkenberg permeability coefficient k∞ decrease along with an increase in stress
and the corresponding reduction in porosity,

• reduction of the porosity of the samples from 18.87% to 11.42% caused: (i) a 40-time decrease
(from 0.816 mD to 0.021 mD) in the value of the Klinkenberg permeability coefficient k∞ in relation
to nitrogen, and (ii) a 5-time increase (from 0.072 MPa to 0.324 MPa) in the value of the slippage
factor b,

• reduction in the porosity of the samples from 14.14% to 7.41% caused: (i) a ca. 20-time decrease
(from 0.01031 mD to 0.00052 mD) in the value of the Klinkenberg permeability coefficient k∞ in
relation to methane, and (ii) a 1.5-time increase (from 0.171 MPa to 0.267 MPa) in the value of the
slippage factor b,

• the permeability of the investigated coal to nitrogen exceeded its permeability to methane by up
to one order of magnitude (6.6 times for the porosity of ca. 11.3%, and 14 times for the porosity of
ca. 13.7%),

• the slippage factor parameter b for the investigated coal reached similar values using nitrogen
and methane, within the investigated range of the coal briquettes’ porosities,

• along with an increase in the porosity of briquettes, the Klinkenberg slippage effect: (i) disappeared
in the case of nitrogen, (ii) and recorded a slight decline in value in the case of methane,

• the stress applied to coal samples resulted predominantly in a change of their porosity; that
porosity was the main factor influencing the nature of the permeability process described by the
Klinkenberg Equation (6).

• The conducted tests into the permeability of coal briquettes of various porosities demonstrate that
the stress applied to samples resulted predominantly in a change of the porosity of these samples.
The present research shows, in an experimental manner, that the porosity is the parameter with a
deciding impact on permeability as described by Klinkenberg.
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