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Abstract

Shale gas reservoirs contain small pore network that typically range from macro to nano meters and abundant gas
storage as sorbed gas. In addition, the storage medium in such pore network varies and may be affected by physical
parameters of shale matrix. This work presents the influence of gas sorption on pore radius and thickness at low and
high pressure and analyzes the gas apparent permeability. Langmuir model is generally used to quantify the adsorbed
layer thickness; however, such model undertakes mono-layer gas sorption on pore surfaces and provides poor results
especially at high pressure. In this work, supercritical dubinin radushkevich (SDR) model, micropore-filling mechanism
based, has been used to quantify the adsorbed layer thickness and their results have been compared with Langmuir
model. The impact of adsorbed gas density on gas sorption and the impact of gas sorption crucial factors on pore radius
were examined. At the end, gas slippage, geo-mechanical and adsorbed layers impacts were analyzed for evolution of
gas apparent permeability. The proposed gas apparent permeability model was also validated with experimental data.
The results show that assumed adsorbed gas density in Langmuir model is misleading the accurate measurement of
gas sorption. The SDR model does not only provide an accurate adsorbed gas density but also its values are very close
to the experimental at both low and high pressure. Gas sorption-induced pore radius based on SDR model was altered
when gas sorption behavior alter at same pressure than Langmuir model-based. Gas apparent permeability changes
due to gas slippage, geo-mechanical and gas adsorbed layers impacts. High gas adsorbed layer impact was observed
when using proposed model as compared with Langmuir model especially at high pressure.
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1 Introduction organic material which mostly contains micropores (less

than 2 nm) and mesopores (2-50 nm) and huge inter-

In shale gas reservoirs (SGR) the gas usually flows through
a network of several pores and transportations. Gas trans-
port processes are very complex and comprising three
important systems [36] such as kerogen, matrix and
natural-hydraulic fracture system. All these systems are
controlled by various key factors such as pore network
characteristics, permeating fluid, pressure, temperature
and stress [6] and [23, 24]. The kerogen system includes

sected nanopores which offer active places for gas sorp-
tion [19]. Organic nanopores provide a place for huge gas
storage and contribute significantly more than 50% of
total gas storage as adsorbed and absorbed gases, while
other storage is free gas [27]. The matrix system includes
both organic matter and inorganic matrix, i.e., clay min-
erals and both have different transport mechanisms and
gas sorption capacity [39]. The fracture systems are often
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complicated due to interchange of natural fracture with
hydraulic fractures network. Generally in SGR, the gas is
desorbing from kerogen, i.e., pore wall and flow towards
the matrix system. Then, due to pressure gradient the flux
transfer occurs between the matrix and fracture system
and gas reaches at the well bore and finally produced. Sev-
eral transport mechanisms occur in SGR such as viscous,
slip, diffusion and gas adsorption and gas desorption [7,
13,17, 28] and all depend on Knudsen number. The pore
size may affect the Knudsen number [22]. The larger aver-
age pore diameter may be the cause of smaller Knudsen
number and resultant gas flow mechanism differs. In addi-
tion, the pore size and thickness may also be affected due
to gas sorption and result change of pore volume, porosity
and gas permeability.

Gas apparent permeability is a significant factor to
characterize the shale gas productivity [9, 10] and [43]
and related to Knudsen number. Gas apparent perme-
ability can be measured by following three methods, (a)
laboratory experiment, (b) numerical methods and (c) ana-
lytical method. Steady-state flow experiment and pulse-
decay are common methods used at laboratory; however,
such methods are very complex and time consuming due
to ultra-low porosity and extremely low permeability of
shale rock [9, 10, 45]. Similarly, numerical methods are
also widely used, but it also requires large computational
resources and time [31, 45]. An analytical method is formu-
lated model under reasonable assumptions [38] and has
widely been used nowadays due to its simplicity, accuracy
and saving time. Much research has been done to exam-
ine the gas apparent permeability, but not enough atten-
tion has been paid to adsorbed layer impact especially
at high pressure on gas apparent permeability. However,
pore radius and their thickness play a vital role in shale
gas productivity. For example, Guo et al. [13] showed that
change in gas sorption, gas permeability, gas viscosity and
pore radius have great impact on gas production. Wei et al.
[37] discussed the relationship in between the nanopore
radius and thickness of the adsorbed layer. Moghaddam
and Jamiolahmady [26] analyzed the combined impacts
of gas slippage and geo-mechanics on gas permeability.
Wang and Porcu [35]and Huang et al. [15] developed gas
apparent permeability model and measured the thickness
of the gas adsorption layer-based on Langmuir model.

Since decades the Langmuir isotherm model has gener-
ally been used to quantify the gas adsorption of shale res-
ervoirs and undertakes mono-layer gas sorption on pore
surfaces [8]. But, some time, it may not provide positive
results especially when shale has rich organic carbon and
also underestimates the impact of adsorbed layer thick-
ness [30, 37, 41]. The multi-molecular layer adsorption on
pore surfaces has been identified by many researchers in
shale and gas adsorbed on such multi molecular layer at
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both low and high pressure. In this type of adsorption, the
SDR model can be best suited as it is based on micropore-
filling mechanism. This model is more suitable in term of
mathematical and physical success, and may provide bet-
ter results than Langmuir model at both low and high pres-
sure [29]. Furthermore, this model has a broad application
under reservoir conditions because of these key features,
(a) wide pressure and temperature ranges, (b) undertakes
both mono-layer and multilayer gas sorption, (c) based on
micropore-filling mechanism (d) accurate adsorbed phase
gas density measurement, and (e) analyses the gas adsorp-
tion capacity with depth.

The main goal of this work is to quantify the adsorbed
layer thickness and revisit on gas apparent permeability
model for SGR. In order to accomplish such goal, follow-
ing steps were taken: (a) two shale samples were collected
and their characteristics analyzed (b) some experimental
data were collected from literature sources for model vali-
dation and comparison, (c) quantified the adsorbed layer
thickness using Langmuir and SDR models and compared
their results, (d) investigated the impacts of gas sorption
parameters on pore radius and (e) analyzed the gas slip-
page, geo-mechanical and adsorbed layer thickness using
existing and proposed gas apparent permeability model.

2 Experiments and methods
2.1 Sample descriptions

Two intact shale samples were taken from China Petroleum
& Chemical Corporation (SINOPEC) and then analyzed the
gas sorption capacity and total organic carbon (TOC) at
the laboratory. The crush samples with mesh size 40-80
were used for above analysis. The TOC of shale samples
3-124 and 3-153 was 3.66 wt% and 2.94 wt%, respectively.

2.2 Isotherm gas sorption tests

The computer controlled automatic isothermal sorption
measuring instrument made by Beijing Yong Rui Da Elec-
tronics Co., Ltd (China) was used. The following experimen-
tal steps were followed in measuring the isothermal gas
sorption experiments: (a) sample crushing and screening,
(b) crush the sample drying and water balance and (c)
isothermal gas sorption experiments. The details of these
steps are given below:

2.2.1 Sample crushing and screening
A large rock was broken into small pieces with the help

of hammer and other blunt. Then, an artificial grinding
method was used to get 40-80 fine particles; and other
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non-rock debris were removed. The other tools used
in grinding method are grinding pestles, screens and
tweezers.

2.2.2 Crush the sample dying and water balance

Since the moisture content of the sample seriously
impacts on gas sorption, the water balance of the sample
was carried out before the gas sorption experiment. In this
step, the sample was placed in the oven and the oven tem-
perature was set at 120 °C. Then, after 5-6 h of prolonged
drying, the water was completely removed from sample.
After that dried sample was placed in a desiccator vessel
and stored.

2.2.3 Isothermal gas sorption

Under the control of the computer control software, the
isothermal gas sorption host was automatically achieved
in the entire sorption process, however, during the experi-
ment the pressure boost and vacuum extraction process
was done manually (Fig. 1). The crushed samples with the
mesh size of 40-80 were selected and used for isothermal
gas sorption experiments at 0-9.535 MPa and temperature
of 45 °C. The experimental steps that were followed are: (a)
clicked to start the experiment and open the device, (b)
opened the valves 2, 5, 6 and 7 for reference and experi-
ment cell pressure sensor correction, (c) load the crushed
sample, (d) after opening the valves 3, 4, 5,6 and 7 to vent
the gas, the valve 4 was closed, the valve 3 was opened,
and the vacuum was applied, (e) after the vacuum was
drawn, the valves 3, 5, 6 and 7 were closed, and (f) fill the
methane gas into reference cell and then, same gas flowed
toward sample cell. This step was automatically achieved

Gas inlet Pressure transducer
ol plg ol
Valve 1 Valve 2 Valve 7
= r
3 2
3 £
=3 =}
§ 174
&
Gas cylinders
. Valv
To air alve 4 Water bath
-—
Vacuum pump

Valve 3 Valve 5 g; Valve 6 ¥
! =

Fig. 1 Schematic diagram of isotherm gas sorption equipment

under the control of the computer control software. At the
end, the pressure, temperature, adsorption and other rel-
evant data were stored in the computer system.

2.3 Total organic carbon

The non-dispersive infrared absorption method was car-
ried out to quantify the total organic carbon (TOC) of given
sample and following steps followed: (1) preparation, (2)
inorganic carbon treatment, (3) cleaning after acid solu-
tion treatment, (4) testing and (5) data processing. At the
end, following equation was used to get the TOC of given
samples:

ms —m,
TOC = —— x TOC, m
m,
where m;, m, and m; are an experiment recorded mass,
pre-processing sample quality mass, and post-processing
sample and the crucible mass, respectively, g and TOC, is
the tested TOC, wt%.

3 Mathematical model and validation
3.1 Gas sorption-induced pore radius change

Langmuir is one of the important and common model
through which gas sorption can be quantified using below
equation [20]:

P
Va=Vipp 2
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where V, and V/ is the absolute gas sorption and Langmuir
volume, mmol/g and P and P, is the equalibrium gas and
Langmuir pressure, MPa. The existence of adsorbed gas
in shale alters the effective pore size and affects the gas
transport phenomena. The effective pore radius can be
defined as [22]:

Iy ="ry— Ar (3)
where Ipifo and Ar is the effective pore radius, actual pore

radius and pore thickness, m. According to the Langmuir
model, the above Eq. (3) can be expressed in term of aver-
age pore radius measurement as [7]:

r —-6d

p =T

o

m (4)

where d,,, is the diameter of gas molecule, and 8 is the gas
coverage which can be measured as:

P
0=
P +P (5)

Dubinin-Radushkevich (DR) proposed gas sorption
model-based on a pore-filling mechanism and expressed
as [34, 46]:

2
V,=V,.exp l—D.{In <@>} ] (6)
Pq

where V, and V, is the gas sorption and maximum gas
sorption, mmol/g; D is the parameter related to the affinity
of the sorbent for the gas, and p,4; and p is the adsorbed
and free gas density; kg/m?. According to above model,
the Eq. (3) can also be expressed as:

Va VO { <pads > }2
r,=ry,— =, — ———¢exp -D<SIn{ =
P ° padsSSA ° padsSSA l pg

7)

where SSA is the specific surface area, m?/g.
3.2 Gas apparent permeability model

Due to the presence of various flow regimes in SGR, Dar-
cy'’s law cannot provide the actual behavior of gases and
its transport phenomena in nanopores. The flow regimes
such as Darcy, slip, transition and free molecules can be
identified on the basis of Knudsen number. The Knudsen
number can be defined as [16].

Ko = — ®)

where r,, is the pore radius, m and A are the mean free path
of gas molecules that can be defined as:
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P K, T
== 9
\/EirSrznp 9)

where Ky, is the Boltzmann constant, J/K; T is the tempera-
ture, K; 8,, is the diameter of gas molecule collision, m; and
p is the pressure, Pascal. In most of SGR the Knudsen num-
ber lies between 1073 to 1 [42] which indicates that the slip
and transition flow regimes are most likely encountered in
such reservoirs. According to the Egs. 4 and 7, the Knudsen
number may also expressed as:

A
m (10)

_ A
v, ) L2 11
ry — pad;SA exp [—D.{In (”p—;’)} ] (1

The gas apparent permeability of SGR is generally relies
on Knudsen number and absolute permeability and can
be expressed as [35]:

Kapp = Kaf(Koi) (12)

Kn2 =

where k, is the absolute permeability, mD, i term repre-
sents 1 or 2 or 3, and f(k,)) is the slippage incremental term
that can be expressed as:

4Kni
ko) = (1 o) (14 _bkni> (13

where b is the slip coefficient, and (is the dimensionless
rarefaction coefficient that defined by [7] as:

So
1+

A (14)
K

where A, Band (, are the constant terms and its value are
0.17,0.4348 and 1.358, respectively. From literature, it was
found that effective stress plays significant part in change
of pore structure, absolute permeability and non-darcy
flow in SGR. Dong et al. [11] proposed power law relation
in between porosity and stress based on experiments and
proposed following equation after some manipulation:

—cf

Gm

Kapp:Ka,i<P_> (15)
o

where k, , is the absolute permeability under reference
pressure (P,), o,, is the mean in-situ effective stress and
C, is a dimensionless material-specific constant. Substi-
tute the above equation in Eq. (12), we get Eq. (16) that
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shows the combine impact of non-darcy/gas slippage and
geomechanics into nanoflow behavior.

—cfl
O,
Kapp = Ka,o<_m> f(Ka1) (16)
PO
It is worth noting that in a general porous media, the
loss in cross section area is equivalent to the loss in poros-
ity or permeability and it can be defined as:

g Ip
£z -2 17
g, r? a7)
K _ '

=2 18
Ko 72 (18)

Equation (16) can be modifying based on Eqgs. (17)
and (18) for account the impact of adsorbed layer on gas
apparent permeability model as:

(2= ) - au(s)|

(19)

app — Mao 2 Kn2)
o
Om o |Z Pads ?
(=) - (ol (2)])]
Kapp =Ko 2 f(Kn3)
o
(20)

The Egs. (19) and (20) describe the combine effect of
non-darcy/gas slippage, geomechanics and adsorbed
layer into nanoflow behavior based on Langmuir and SDR
models, respectively.

3.3 Model validation

The experimental data of gas permeability and gas adsorp-
tion for shale sample were taken from Zamirian et al. [43]
and validated the proposed gas apparent permeabil-
ity model. The gas permeability was measured through
steady state technique at desired pore pressure, confining
pressure and temperature by using carbon dioxide gas.
The crushed sample having 1.2% total organic content
(TOC) was used to measure the gas adsorption capacity
of shale sample at temperature 40 °C. Our proposed gas
apparent permeability model, which comprising non-
darcy/gas slippage, geomechanics and adsorbed layer
impact based on SDR model, is validated and found in
good agreement with experimental data as compared to
existing model which can be seen in Fig. 2.

700

600 \
a = Experiment
= = Existing model (Eq. 19)
i 500 “ Proposed model (Eq. 20)
3
E 400
[
(o
S 300
o
a8
2 200
1]
©
O 1004

0 T

T T T T T T 1
0 50 100 150 200 250 300 350 400
Mean Pressure, psia

Fig.2 Results of gas apparent permeability model validation

4 Results and discussion
4.1 Gas sorption-experiment and models

Gas sorption experiments on two shale samples were
conducted and the experimental data fitted using Lang-
muir and SDR models. Then, the effective pore radius was
analyzed based on these models. Gas sorption data from
literature sources were also collected for comparison
analysis. For measurement of Langmuir and SDR model
fitting parameters the MATLAB curve fitting tool and ORI-
GIN tool box was used, respectively. The temperature, TOC
and curve fitting parameters of this study and literature
are shown in Table 1. It is worth noting that the initial pore
radius was assumed as 12 nm and some important param-
eters from literature were also taken in this study (Table 2).

The Langmuir and SDR model were used in this study
to fit the experiments data, and their results are shown
in Fig. 3 results were obtained by fitting the experimen-
tal data using regression analysis tools as defined above.
Both Langmuir and SDR model results can be seen in Fig. 3.
Results show that SDR model has good fit to experimental
data than Langmuir model as indicated by value of coef-
ficient of determination (Table 1), and the similar results
were also observed when using literature data (Fig. 4).

It was further observed in Fig. 4 that the Langmuir
model provides poor results especially at high pressure
and may underestimate the impacts of adsorbed layer
thickness. Such poor result mostly seen when shale is rich
in organic carbon [25]. On other hand, the SDR model is
best suited as it based on micropore-filling mechanism
and is providing better results than Langmuir model at
both low as well as high pressure. In addition, the gas
adsorption is largely influenced by low to high pressure
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Table 1 TOC and curve fitting parameters of shale samples

ID Temp, K TOC, wt% Langmuir model-based SDR model-based References
V,mmol/g P ,MPa R’ V, mmol/g  p,g,kg/m* D R
3-124 318.15 3.66 0.176 2.266 0.990 0.1746 520.810 0.0559 0.996 This study
3-153 318.15 2.94 0.191 6.431 0.999 0.1555 374.622 0.1061 0.999
S-B 383.15 4.76 0.353 2.362 0.991 0.3445 353.169 0.0725 0.999 Chen et al. [4]
HY-10 328.15 0.14 0.106 6.84 0.998 0.0886 279.675 0.1377 0.986 Hou et al. [14]
X2-2 333.15 53 0.149 1.714 0.993 0.1564 319.998 0.0634 0.998 Zhou et al. [44]
X3-3 333.15 3.7 0.068 0.820 0.799 0.0885 271.381 0.0652 0.998
105-1 423.15 1.9 0.123 3.033 0.980 0.1358 251.425 0.0959 0.999 Zhou et al. [47]
105-15 423.15 24 0.198 2.756 0.994 0.2087 286.825 0.0778 0.999
Table2 Some important Parameters Value References
parameters used in
calculations Boltzmann constant, J/K 1.38E-23 Javadpour [16]
Dimensionless material-specific constant 0.035 Wang et al. [3]
Pressure at reference condition, MPa 0.1 Wang et al. [3]
Collision diameter of methane gas molecules, nm 0.38 Rasoul [33]
Density of adsorbed gas phase, g/cm? 0.34 Ambrose et al. [1]
Slip coefficient -1 Beskok, Karniadakis [2]
0.14 0.10 4
3-124 4-153
0.12
0.08
2 0.10- 2
[e] ]
£ £ ”
E 008+ £ 0064
c =4
Re] Re]
£ 0,06 : g Exoeri
S = Experiment S 0.04 u xperiment
» —— Langmuir model-based » Langmuir model-based
& 0.044 —— SDR model-based & —— SDR model-based
0.02
0.02
0.00 T T T T 1 0.00 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10

Pressure, MPa

Fig.3 Experimental and model results of gas sorption for this study

changes and it curve increases as pore pressure increases,
but in some samples, it curve increases as pore pressure
increases until reach at maximum value and afterward it
curve fall continuously. Such curve decline might differ-
ent physical properties, i.e., organic matter content, pore
structure, surface area etc.
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Pressure, MPa

4.2 Impact of adsorbed phase gas density on gas
sorption

Previous studies assumed various densities of adsorbed
gas phase (p,4) values in their studies, i.e., 0.34 g/cm3 [11,
0.421 g/cm?3 [5, 40], 0.210-0.546 g/cm? [20]. From these
literatures, it was observed that density of adsorbed gas
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Fig. 4 Experimental and model results of gas sorption for literature study
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Fig. 5 Impact of adsorbed phase gas density on gas sorption for
sample 3-124

phase is a key factor and plays a vital role in gas sorp-
tion measurement. The gas sorption capacity is usually
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increasing with decrease in adsorbed gas phase density
and that can be seen in Fig. 5. Hence, accurate measure-
ment of adsorbed gas phase density is essential for shale
gas characterization and assessment.

4.3 Impact of gas sorption on adsorbed layer
thickness of pore radius

It was observed in Fig. 6 that the gas sorption increases as
pressure increases, but on other hand, the effective pore
radius decreases as pressure increases. The increasing
rate of gas sorption was observed to vary in each sam-
ple as it depends on shale properties and characteristics.
In addition, pore radius was affected by gas sorption and
its affecting rate was also found to vary. For example, the
pore radius of sample 3-124 was more affected than sam-
ple 4-153. The main reason might be sample 3-124 have
high gas sorption capacity due to high TOC content than
sample 4-153. The variation in results of effective pore
radius was also observed when using Langmuir and SDR
models. It was further observed that the effective pore

0.10 12.1
(b) 4-153
L 12.0
0.08 -
L11.9
IS
R c
3 -11.8 g-
£ 0.06 =
= L1178
< /:-— Experiment °
S . L1116 £
B 0.044 —=— Langmuir model-based g
S . SDR model-based F115 @
@ g
@ / L
® 002 o 4o
Ll
/ L11.3
000 L 11.2
T T T T T T 111
0 2 4 6 8 10
Pressure, MPa
0.06 6.60
d
(d) HY-10
- 6.54
0.05 - /./.
o . 648 E
E 0.044 — Experiment | 642 )
£ —=— Langmuir model-based| = g
- g
g 0.03 SDR model-based L 636 ©
! g
S 0.02- -6.30 Q
2 ©
& F6.24 2
0.01 ]
/- L 6.18
000- o
L 6.12
T T T T T T
0 2 4 6 8 10 12

Pressure, MPa

Fig. 6 Gas sorption and effective pore radius of shale samples a 3-124, b 4-153, ¢ S-B and d HY-10
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radius measured through SDR model followed the same
alteration as gas sorption at same pressure as compared
to Langmuir model. For example, the behavior of gas sorp-
tion in sample HY-10 was altered from 0 to 2 MPa and at
same pressure the effective pore radius-based SDR model
was also altered, but no alteration was found on effective
pore radius-based Langmuir model. Similar results were
also observed in literature. Hence, such findings show that
effective pore radius-based SDR model may provide more
accurate measurement than Langmuir based.

Moreover, effective pore radius was also investigated at
high pressure and it was observed that the effective pore
radius was more reduced at SDR model than Langmuir
model, and the reduction rate of effective pore radius was
varying in each shale samples (Fig. 7).

The gas sorption-induced swelling and pore shrinkage
also play dominant role in shale. These both study are very
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Fig. 7 Gas sorption-induced pore radius change of shale samples

broad and might be more sophisticated at effective stress.
The physical properties, such as porosity, permeability are
greatly influence due to these factors. Furthermore, the
pore and confining pressures act to compress the sam-
ples. Accordingly, these effects are deducted from the
strain measurements to estimate the swelling due to gas
sorption. In our study, we have used crushed samples so
it is not possible to apply confining pressures which act as
compress the samples and then to measure the gas sorp-
tion-induced swelling. The intact core sample and other
equipment are to be required to conduct such study. That
is why we have not included the impact of gas adsorption-
induced swelling/pore shrinkage in our study.
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4.4 Impact of main controlling factors of shale
on pore radius

It was observed in this study that the average pore radius
impacts on different shale samples vary and this might be
controlling factors of gas sorption such as TOC and SSA,
existence of organic matter and mineral components and
pore structure characteristics. The gas sorption capacity
mostly increases with TOC increase, whereas no uniform
relation in between the gas sorption capacity and SSA was
found. In addition, both TOC and SSA are the controlling
factors of gas sorption capacity. The different shale sam-
ples have different SSA and gas sorption capacity whereas
such factors may vary due to the presence of kerogen type
and mineral components as well as in SGR. In addition,
pore structure also reflects the gas sorption mechanisms.
Keeping view on above factors, the following main find-
ings were also observed in this study; (a) the reduction
of pore radius and its thickness may vary and this might
be due to gas sorption factors change such as TOC, SSA,
etc. (b) pore structure plays a crucial role in pore radius
reduction as different nanopore structures reflect the gas
sorption mechanisms. Zhou et al. [47] showed that the
mesopores are more controlled by shale than micropores
and providing more than 50% total SSA than micro-SSA's
and same results was found in this study. For example,
Sample Y-105-1 and Y-105-15 have contributed micro-
SSA's about 42.96% and 42.72% whereas meso-SSA’s about
57.04% and 57.28%, respectively, and (c) organic matter
and mineral components also affect pore radius as dif-
ferent shale sample containing different SSA in mineral
components [21] and [12]. For example, SSA of Kerogen-
isolated is 161.23 m?/g in Niutitang shales [18], whereas
193.1 m%/g is in Longmaxi shales [3].

4.5 Impact of pore radius on gas apparent
permeability

As observed above that the gas apparent permeability
relies on Knudsen number and absolute permeability,
whereas the Knudsen number is affected by gas sorption-
induced pore radius; hence, correction in Knudsen number
must be made prior to gas apparent permeability meas-
urement. The non-darcy/gas slippage, geomechanics
and adsorbed layer factors are impacts on gas apparent
permeability; therefore, for investigation of such factors,
the 4 cases were developed in this study and also cor-
rected Knudsen number for accurate measurement of gas
apparent permeability. The details of cases are shown in
Table 3. It is noted that permeability data were obtained
from Sinha et al. [32] for evolution of gas apparent perme-
ability at different cases.
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Table 3 Model cases used in this study

Cases  Details

Case-1 Only impact of gas slippage was considered

Case-2 Impact of gas slippage and geomechanics was considered

Case-3 Impact of gas slippage, geomechanics and adsorbed
layer-based Langmuir model was considered

Case-4 Impact of gas slippage, geomechanics and adsorbed

layer-based SDR model was considered

Result revealed from Fig. 8 that the gas apparent per-
meability may depend on shale properties at various
pressures, temperatures and pore sizes and it decreases
as pressure increases due to gas slippage, geomechan-
ics and adsorbed layer impacts and also positively corre-
lated with pore size change. The pore size decreases due
to the presence of adsorption layer and affects the gas
apparent permeability. The adsorption layer measured
using Egs. (4) and (7) provided different values and result
change in gas apparent permeability at different models,
i.e., Equations (19) and (20). The gas apparent permeability
was decreased around 9.87 to 17.45% from pressure 115
to 1969 MPa at sample 3-124 when adsorbed layer-based
Langmuir model (cases-3) was compared with case-1
and around 11.35 to 21.65% gas apparent permeability
was decreased at same pressure when adsorbed layer-
based SDR (cases-4) was compared with same case-1.
Similarly, in sample 4-153, the gas apparent permeability
was decreased around 9.40 to 16.28% when case-3 was
compared with case-1 and around 10.31 to 21.88% when
cases-4 was compared with case-1 at same pressure. The
similar results were also observed in sample SB. Hence, it
was concluded from these results that the gas apparent
permeability was observed to be lower at adsorbed layer-
based SDR model than adsorbed layer-based Langmuir
model in this study and the similar results was also found
in literature.

5 Conclusion
From this study it can be concluded that;

e The SDR model provided more accurate study of influ-
ence of gas sorption on pore radius and thickness, and
accurate absorbed gas phase density compared to the
Langmuir model at both low and high pressures.

e The pore size was affected due to gas sorption-induced
pore radius and result the gas apparent permeabil-
ity was alter. In addition, it might more affect due to
change of TOC, SSA, pore structure, organic matter and
mineral components.
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Fig. 8 Gas apparent permeability at different cases

e The Knudsen number was also affected due to gas sorp-
tion-induced pore radius change; thus, it was corrected
for accurate measurement of gas apparent permeability.

e The gas apparent permeability was observed to lower
at adsorbed layer-based on SDR model compared to
Langmuir model.

e From evolution of gas apparent permeability at differ-
ent cases, it was observed that the gas apparent perme-
ability was decreased around 9.87-17.45% when case-3
compared with case-1 and around 11.35-21.65% when
cases-4 compared with same case-1 from pressure 115
to 1969 MPa at sample 3-124. Similarly at sample 4-153,
it was decreased around 9.40-16.28% when case-3
compared with case-1 and around 10.31-21.88% when
cases-4 compared with same case-1 at same pressure.
The similar results were also observed in S-B sample.
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