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Abstract: Shale, a heterogeneous and extremely complex
gas reservoir, contains low porosity and ultra-Low per-
meability properties at different pore scales. Its flow be-
haviors are more complicated due to different forms of
flow regimes under laboratory conditions. Flow regimes
change with respect to pore scale variation resulting in
change in gas permeability. This work presents new in-
sights regarding the change of pore radius due to gas ad-
sorption, effective stress and impact of both on shale gas
permeability measurements in flow regimes. From this
study, it was revealed that the value of Klinkenberg coeffi-
cient has been affected due to gas adsorption-induced pore
radius thickness impacts and resulting change in gas per-
meability. The gas permeability measured from new pro-
posed equation is provides better results as compare to ex-
isting equation. Adsorption parameters are the key factors
that affect radius of shale pore. Both adsorption and effec-
tive stress have an effect on the pore radius and result gas
permeability change. It was found that slip effect enhances
the apparent gas permeability and also changes with ef-
fective stress; therefore, combine impact of slip flow and
effective stress is very important as provides understand-
ing in evolution of apparent permeability during shale gas
production.
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Abbreviations

BET Brunauer-Emmett-Teller
D-A Dubinin- Astakhov

D-R Dubinin and Radushkevich
LBM Lattice Boltzmann method

Nomenclature

b Slip coefficient, MPa

by Klinkenberg coefficient

¢ Proportionally factor

D Parameter related to the pore structure

Kaap Gas apparent permeability, nd

K, Boltzmann constant, J/K

Kg Gas permeability, nd

Ko Absolute permeability, nd

Kn Knudsen number, dimensionless

m Molecule mass

nex Excess gas adsorption capacity, mmol/g

n;, Maximum absolute gas adsorption capacity of mono-
layer adsorption, mmol/g

ny Maximum absolute gas adsorption capacity of
micropore- filling, mmol/g

P Equilibrium pressure, MPa

P Gas pressure, Pascal

P. Confining pressure, MPa

P, Langmuir pressure, MPa

Pm Mean gas pressure, MPa

Py Saturation vapor pressure, MPa

Pp Pore pressure, MPa

r Pore radius, m

r_cor Gas adsorption-induced pore radius, m

SSA Specific surface area, m?/g

TOC Total organic carbon, %

V Amount of adsorbed gas or absolute gas adsorption

Vo Volume of micro-pores or maximum sorption capacity

W, Gas sorption capacity, mmol/g
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P, Density of adsorbed gas, g/cm’
p; Density of free gas, g/cm?
M Gas viscosity, cp

Greek symbols

ay Adjustable parameter related to pore compressibility
¢, Anasymptotic limit value

o Collision diameter, m

¢ Dimensionless rarefaction coefficient

a Effective stress coefficient, MPa

6m Gas molecule collision diameter, m

1 Introduction

Shale gas reservoirs are important source of energy after
discovery of huge reserves of such reservoir around the
world. Flow regime is a key parameter of shale flow mech-
anisms and is a function of three important parameters
such as pressure, fluid type and pore size. Pore size/radius
may be affected due to multiple parameters such as adsorp-
tion/desorption, water saturation (multiphase flow), frac-
tures, and creep. These parameters are potentially impact
on flow regimes and affiliated parameters such as porosity
and permeability [1].

In shale, the gas flow is affected by the pore scales
such as macroscale, mesoscale, microscale and nanoscale
and due to this reason the various flow regimes are identi-
fied in pore network models. Generally, gas is first desorb-
ing from the pore wall of the kerogen and move towards
matrix system and secondly, flux transfer arises among
the matrix and fracture system due to pressure gradient
and at the end gas is being reached at the well bore and
eventually produced. The kerogen contains micropores
and mesopores (<4-5 nm average pore size) and intercon-
nected nanopores that provide active sites for gas adsorp-
tions [2]. Diffusion type (molecular) and slip flow are the
main components in the microscale whereas the Knudsen
or slip flow and Darcy flow are predominant in mesoscale;
hence Knudsen is significant in the scale and cannot be
ignored [3]. At the macroscale (fractures), Darcy flow dom-
inates but there exist some Knudsen flow. Further, storage
mediums in these pores network models are also different
such as on a micro level, adsorption dominates both in or-
ganic and inorganic matter, on a meso and macro level,
free gas in the pores dominates; however, adsorption is
still present in a limited amount [4].

Shale gas permeability in slip flow: New Insights = 949

Many researchers have been presented the permeabil-
ity models such as Javadpour, 2009 [5] proposed that two
mechanism such as slip flow and diffusion that are ex-
ist together, at the same time from matrix to fracture sys-
tem for gas migration. Civan et al., 2011 [6] and Sakhaee-
Pour and Bryant, 2011 [7] presented an apparent perme-
ability model by considering slippage factor in Knudsen
diffusion for shale gas reservoirs. Shi et al., 2013 [8] has
presented permeability model that describes the all flow
regimes simultaneously. Zhang et al., 2015 [9] investigated
the influence factors and transport mechanisms for shale
gas reservoirs by using Lattice Boltzmann method (LBM).
He revealed that net desorption, slippage and diffusion
flow are highly sensitive to the pore scale. Later, many re-
searchers had thought that flow regimes play a vital part
in gas apparent permeability and due to this reason; they
classified the various flow regimes by adopting Knudsen
number. On this concept, so many Ky-corrected permeabil-
ity models have been made to examine the transient be-
haviors of shale gas reservoirs [10, 11]. Furthermore, some
researchers have presented another apparent permeabil-
ity models which is based as slip flow and diffusion flow
exist together and connect to the apparent permeability
with nanoscales. It has found from this study that slip
flow may be appeared separately without diffusion flow
consideration [12-17]. Further, the study of flow mecha-
nisms is very sensitive and complicated in shale gas reser-
voirs. Flow regimes are changes with respect to pore scale
variation and resulting change in gas permeability. Hence,
flow regimes are a key parameter that affects the gas per-
meability of the shale gas reservoirs. Further, the miner-
alogical composition perform key part in gas permeability
change specially clay which includes many components
such as smectite, illite, chlorite and kaolinite [18]. It was
also found from literature that due to effective stress, the
shale gas permeability is mainly influenced by mineralog-
ical composition i.e. as increases of clay content the per-
meability becomes more reactive in respect to effective
stress [19]. Based on above literature, this study has fo-
cused on how the gas permeability has altered due to gas
adsorption-induced pore radius in slip flow region and
how the pore size, slip flow and effective stress impact on
gas apparent permeability.

The work flow used to conduct this study is shown
in Figure 1. First, slip flow mechanism has been consid-
ered and investigated the impact of change in pore radius
due to gas adsorption on shale gas permeability measure-
ments. Results obtained from Klinkenberg gas permeabil-
ity model (equation 1) and new proposed gas permeabil-
ity model (equation 20) was compared at different shale
samples and gases (such as helium and methane). The Gas
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Table 1: Experimental measured gas permeability and fitting parameters of shale sample [21].

Sample Gas Temp, TOC, Pmean,  Gas permeability (Kg), Absolute gas Pore radius (r),
# type F % Psia nD from experiment Permeability (Ko), nD nm from fitting
from fitting
114 195
He 449 102 70.3 50
964 85
2 2 .52
30 8.5 114 41
Chy 464 24 18.38 30
964 21
115 315
463 162
He 965 103 82.13 31
1965 86
115 85
2 .
5 30 8.65 715 54
465 38
h 27. 12
Chs 716 34 7.65
966 30
1969 26

Flow regimes

Gas type. temp and

pore pressure

Shale sample

change

Effective stress

Adsorption

capacity

Figure 1: Work flow of present study.

adsorption model presented by Dubinin-Radushkevich (D-
R) was adopted to measure the adsorbed layer thickness
which impacts pore radius and gas permeability. This
model was used generally because it considers the capil-
lary condensation. Second, eight shale samples data were
taken from literature and the effective role of key gas ad-
sorption parameters such as total organic content (TOC),
methane sorption capacity (W,) and specific surface area
(SSA) in pore radius variation was analyzed and also the re-
lation of these parameters was observed at different shale
samples containing high and low kerogen quality. Third,
the impact of effective stress changes on pore radius was
investigated. At the end, impacts of slip flow and effective
stresses were combined for the development of shale gas
apparent permeability.

2 Sample and experimental
descriptions

The data of two samples of tight rocks such as shales
were obtained from Sinha et al. (2013) [21] to conduct this
study. Both samples have low porosity and organic con-
tent <2% by weight. The gas permeability of these sam-
ples were measured through steady-state method at con-
stant temperature, constant confining pressure and vary-
ing pore pressure. The experimental measured gas perme-
ability and fitting parameters of shale samples are shown
in Table 1.

3 Model descriptions

3.1 Gas slippage permeability model

Klinkenberg observed the occurrence of Knudsen flow in
porous media which is so called Klinkenberg effect [22]. He
showed that observed gas permeability is the function of
mean gas pressure and proposed relation in between the
measured gas permeability and absolute permeability of
the porous medium is linearly on the basis of following
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Table 2: Identification of Knudsen number associated with flow regimes for shale.

m 0.1-10 >10
<0.001 0.001-0.1
Regime Darcy Slip Transition Free molecular
type
, . a. Corrected Klinken- a. Knudsen’s diffusion
Modelto & Darcy’s ?qua,tlon berg equation Corrected Darcy’s with equation
be applied b. F.orchhelmer S €QUa 4 Knudsen’s Darcy’s  Knudsen’s equations b. DSMC and Lattice
tion equation. Boltzmann methods
equation: Table 3: Collision diameter of gas molecules of different gases.
Kg =Ko (1 + }%) 6))] Gas type Collision diameter (ocm), m
Helium 0.26 x 107’
where K¢ and K, is measured and absolute gas permeabil- Methane 0.38 x 1072
ity in nD, Pm is the mean gas pressure in psia and by isthe  carbon Dioxide 0.33x107?
Klinkenberg coefficient, can be calculated through curve Nitrogen 0.36 x 102

fitting technique and assumed as a constant. But b, gener-
ally is not constant, and may be defined as [23]:

4cAP
b= 2 @

where A is the mean free path of gas molecules (MFPG) in
m, c is the proportionally factor and r is the pore radius
in m. Value of by, is significant parameter, it influence the
difference of K¢ and K, and may be changed with Knud-
sen number. Klinkenberg effect is also significant in fine
grained, low porosity and extremely low permeability tight
gas reservoirs such as shales [24]. Various Klinkenberg co-
efficient correlations are described by many researchers
and are available in the literature [25]. Equation 3 is de-
scribing the Knudsen number (Kn) and has widely utilized
to define the flow regimes as shown in Table 2 especially
for shale porous media that contents small pore scales [5].

A
Kn = ? (3)
Mean free path of gas molecules is mostly changes in re-
spect to gas pressure, temperature and gas type and it may

define as [26]:
_ K, T
V218’ p

where Kb is the Boltzmann constant (1.38E-23]/K), ém is
the gas molecule collision diameter in meter, T is the tem-
perature in Kelvin, and p is the gas pressure in Pascal. Ta-
ble 3 describing the gas molecule collision diameter of dif-
ferent gases [27] and it may be calculated from gas viscosity

(4)

(u) using the following equation [28].

2 /mK,T
Sm? = V00 5)
3m2pu
where m is the molecule mass and other requisite fluid pa-

rameters can be obtained by using NIST Standard Refer-
ence data base 23.

3.2 Gas apparent permeability model

Gas apparent permeability is very important parameter
for understanding of shale mechanisms and it mostly de-
pends on Knudsen number and intrinsic or absolute per-
meability [29]. In shale gas reservoir, the apparent per-
meability variation may causes of different flow regimes
and availability of small pore scales especially in shale
matrix [30]. Different flow regimes such are identified
based on this relationship. Knudsen number is also af-
fected by gas adsorption-induced pore radius; therefore
it would be better to correct the Knudsen number before
measurement of shale gas apparent permeability. B-K is
the most common apparent permeability model presented
by Beskok [10], based on a unified Hagen-Poiseuille-type
equation for shale. It can be expressed as:

Kaap = Koo f (Kn) (6)
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where Kqqp is the apparent permeability and f(Kp) is the
term that shows slippage incremental and it may be de-

fined as:
4Ky
- bKn) @

f(Kn) = (1+(’Kn)<1+

where ( is the dimensionless rarefaction coefficient and b
is the slip coefficient. It has found from literature that the
b is empirical parameter, does not depend on gas type and
it value is -1 suggested by Beskok and Karniadakis. Fur-
ther, he also suggested dimensionless rarefaction coeffi-
cient values and its varies as 0 < { < {, for 0 < Ky < oo where
{o is an asymptotic limit value. Civan et al. [6] is presented
the following correlation for dimensionless rarefaction co-
efficient determination.

- So (®)

- A
1+Kn3

where A = 0.17, B=0.4348 and {, = 1.358.

Alteration in shale matrix permeability may be causes
of two difference effect i.e. effective stress and flow regimes
that may occur when pressure declines as gas production
starts. Alter the intrinsic or absolute gas permeability and
pores network structure may cause of effective stress ef-
fects while alter the gas apparent permeability because of

slippage factor may cause of flow regimes effects [31, 32].

The effective stress equation can be defined as [33]:
)

where, Ocf is the effective stress; P, is the confining pres-
sure, Py is the pore pressure and a is the effective stress co-
efficient. The Stress dependence of gas permeability may
be defined as:

oeﬁ'=PC_aPp

Koo = Koo 0€Xp(~00 ) (10)

where K., is the Klinkenberg-corrected gas permeability
coefficient at zero effective stress (0 = 0) and a; an ad-
justable parameter (related to pore compressibility) indi-
cating stress sensitivity. Combining equation 9 and 10 with
equation 1and new proposed equation, the new gas appar-
ent permeability becomes as:

(1)

Kg = Koo,0 €Xp [0 (Pc — aPyp)] (1 + %)

Kg = Koo exp [-0% (Pc — aPp)] (1 + b —;‘”) 12)

3.3 Gas adsorption models

In shale gas reservoirs, a network of pore scales and trans-
port processes are providing a path to gas flow [34] and
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usually small size pores make the SSA large; therefore,
transport processes are very important that depending
on SSA where adsorption, desorption and diffusion oc-
cur. Various shale gas adsorption models have been de-
veloped and used for the measurement of gas sorption ca-
pacity such as Langmuir, Brunauer—Emmett-Teller (BET),
Dubinin-Astakhov (D-A), Dubinin and Radushkevich (D-
R) and Freundlich model [35, 36]. In this study D-A model
was used because it provides better outcomes as compare
to other adsorption models. Dubinin and his coworkers de-
veloped following two equations for measurement of gas
sorption capacity:

D-Amodel: V= Vjexp (—D [In (2“” n) (13)

g

2
D-Rmodel: V ="Vgexp (—D [In (P—Poﬂ ) (14)

where V is absolute adsorption, Vj is maximum gas sorp-
tion capacity, n and D is structural heterogeneity (varies
between 1 and 4) and pore structure parameter, Py and P
is the saturation and equilibrium vapor pressure respec-
tively. Equation 13 is known as D-A equation whereas
equation 14 is known as D-R equation. The Langmuir
model is the most common model that is used to measure
gas adsorption. It can be used to fit excess adsorption data
expressed by equation 15.

nLP 1- Pig
P +P Pa
Based on Langmuir and D-A model, V can be substituted

by mole number n, and then equation 13 can be rewritten
as [37]:

2
Nex = Npexp <—D {ln (g;)] > (1 - Z—i) (16)

where ney is the excess adsorption capacity in mmol/g, nj
and ng is the maximum absolute gas adsorption capac-
ity of monolayer adsorption and micropore- filling capac-
ity in mmol/g, P and P; is the equilibrium pressure and
Langmuir pressure in MPa and pg and pq is the density
of free and adsorbed gas in g/cm?. Adsorbed layer thick-
ness is mostly affects the pore radius. Pore radius can be
expressed as:

(15)

Nex =

r=ro—-Ar 17)

where r, r, and Ar is the average pore radius, initial pore
radius and adsorbed layer thickness in m. Based on equa-
tion 16, the adsorbed layer thickness may be expressed
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as [36]:

2
w w p
Ar= 945 - 70 ayn [ -D {ln (—aﬂ (18)
PaS  PaSF ( Pg
where Wo is the maximum gas sorption capacity in mol/g
and S is the specific surface area, m? /g and p, is the ad-
sorbed gas density in mol/m>. It may be taken from the

adsorption isotherms. Hence equation 17 can be re-written
as:

Wads
J

a
2
=T - Wo exp | -D [In (&)]
PaS Pg
where r_cor represents gas adsorption-induced pore ra-

dius. Further, based on this equation, the equation 1 can
be modifying as:

r_cor=ro— (19)

bk bk cor
Ke=Ko [ 1+ 2K -2 20
¢ - Ko ( Pl - ks (20)
4¢cAP
biccor = r_corrn (21)

where b;_cor is the klinkenberg coefficient gas adsorption-
induced pore radius.

4 Results and discussion

4.1 Impact of gas pressure and temperature
on mean free path of gas molecules

The temperature impact on mean free path of gas molecule
in shale is very little as compare to gas pressure. But on

other end, gas pressure has great influence on the MFPG.

0.020 — -

j [ 273K
£ 0.018 ‘ 300K
= ] 350K
¢ 0.016 : ‘ 400K
L q1 o
S 00144 | o o
s | ;
> 40 Mean free path of gas molecule
£ 0012}

% iR
8, o010 |
k] 1\
2 o008 i
© 1 M
S o0.006- |
(3] 4 'l
£ 0.004 {
% 1 s
S 0.002 3
= 1 e
0.000 —
T T T T T T
[¢] 10 20 30 40 50 60

Gas Pressure, MPa

Figure 2: MFPG of Helium gas molecules under different tempera-
ture and pressure.
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For helium gas when the pressure is less than 30MPa,
MFPG increases sharply as pressure decreases and when
the pressure is greater than 30MPa, MFPG is less than
0.002, and decreases slightly with the increase of pressure
that can be seen in Figure 2. Gas molecule collision diam-
eter of various gases has also great influence on the MFPG
for shale sample as observed in Figure 3.

4.2 Impact of gas adsorption induced pore
radius on shale gas permeability

It has been observed that equation 1 does not show the
impact of gas adsorption-induced pore radius, therefore,
addition term is required to modify such equation. Hence,
based on equation 16 and 17 the new equation has been
developed (i.e. equation 20). This equation contains the
additional term which shows the pore thickness impacts
and has providing good gas permeability results as com-
pare equation 2 (Table 4). Further, Helium gas is a non-
adsorbed gas and cannot be suitable for gas adsorption
measurements. So, it would be better to use adsorbed gas
such as methane when combine the study of gas adsorp-
tion and gas permeability. The use of same adsorbed gas
for both measurements may provide a better description
for shale gas characterization and in such case the new
proposed equation may be appropriated.

From the Table 4, it was also observed that value of
by has affected due to gas adsorption-induced pore radius
and gas permeability decreases as pore radius decreases.
However, this value may be more affected as its changes
with increase or decrease of gas adsorption and specific
surface area of samples. Further, two views of b; were ob-
tained when it was assumed as a constant and variable
(Figure 4).

0014 - 273K- Helium

1 ~ 273K- Carbon Dioxide
\ - 273K- Nitrogen
0.012 | i e T | 273K- Methane

oot0 |
0.008 I.
0.006 || |
0.004 - |

0.002

Mean free path of gas molecule, nm

0.000 —

Gas Pressure, MPa

Figure 3: MFPG under same temperature and different pressure and
gas types.
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Table 4: Corrected value of pore radius, Klinkenberg coefficient and gas permeability.
Sample  Pmean, T, r_cor, bk bk (Eq-2) bk_cor Kg, nd Kg, nd Kg, nd Kg_cor,
# & Gas Psia nm nm (Eq-1) (Eq-21) (Exp) (Eq-1) (Eq-2) nd
type (Eg-19) (Eg-20)
2-He 114 50 49.888 202.3 204.375 204.83 195 195.024 196.304 195.196
449 49.811 204.378 205.154 102 101.960 102.285 102.214
964 49.771 204.375 205.316 85 85.041 85.192 85.177
2-CH4 114 30 29.888 133 159.462 160.06 41 41.449 45.889 45.654
214 29.853 159.462 160.247 32 31.020 33.385 33.318
464 29.809 159.462 160.484 24 24.614 25.705 25.691
715 29.786 159.685 160.833 24 22.689 23.403 23.397
964 29.771 159.462 160.689 21 21.770 22.295 22.292
1965 29.742 159.462 160.845 20 20.425 20.683 20.682
5-He 115 31 30.874 331.4 329.637 330.98 315 318.808 317.549 315.496
463 30.767 329.635 332.162 162 140.916 140.603 140.481
965 30.711 237.409  239.643 103 110.336 110.186 110.145
1965 30.668 329.642 333.211 86 95.982 95.908 95.901
5-CH4 115 12 11.908 311.2 398.654 401.743 85 102.584 123.634 122.793
215 11.868 398.654 403.093 54 67.745 79.004 78.763
465 11.809 398.649  405.104 38 46.205 51.41 51.358
716 11.773 398.654  406.336 34 39.711 43.092 43.069
966 11.749 398.656  407.192 30 36.597 39.103 39.091
1969 11.694 398.654  409.058 26 32.054 33.284 33.28

Table 5: TOC, SSA and fitted parameters based on Langmuir and DR model for eight shale samples [39].

Sample  TOC SSA* Langmuir-based excess adsorption DR-based excess adsorption
# (%) (m?/g) (Eq-15) (Eq-16)
nL, PL, MPa pa, g/cm’ no, pa, g/cm’ D
mmol/g mmol/g
X2-1 4.1 23.43 0.132 1.50 0.391 0.139 0.343 0.059
X2-2 5.3 19.65 0.151 1.76 0.357 0.156 0.321 0.062
X2-3 5.8 22.60 0.159 1.33 0.526 0.176 0.414 0.053
X2-4 2.8 16.06 0.079 2.37 0.213 0.073 0.212 0.085
X3-1 3.1 9.83 0.078 1.90 0.262 0.076 0.257 0.069
X3-2 4.3 11.81 0.093 1.64 0.302 0.093 0.291 0.061
X3-3 3.7 12.17 0.089 1.77 0.282 0.088 0.274 0.065
X3-4 3.5 11.90 0.084 1.88 0.298 0.081 0.292 0.063

*Specific surface area (SSA) is measured by using BET equation [21].

4.3 Impact of gas adsorption capacity on
pore radius

Gas adsorption capacity is a function of TOC as well as
SSA [38]. TOC is interrelated with gas adsorption capacity
and SSA. The shale pore radius is affected due to gas ad-
sorption capacity as observed in literature. For example,
at the same initial pore size i.e. 2nm, average pore radius
effects are varied at different shale samples and this is may

be existence of organic matter and mineral components.
Table 5 describes the gas adsorption data of shale samples
and same data were used to investigate the impact of gas
adsorption on pore radius. The result of gas adsorption-
induced pore radius at different pressure can be seen in
Figure 5. It was observed from figure that the pore radius
is deceases as pressure increases and the behavior of gas
adsorption-induced pore radius reduction was found dif-
ferent as each sample has different characteristics. Hence,
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itis cleared from this outcome that gas adsorption capacity
is a key factor that affects pore radius of shale.

Further, it was also observed in Figure 5 that pore ra-
dius is more affected at low pressure (1-10MPa) as com-
pare to high Pressure (above 10MPa) at different shale sam-
ples. The D-R model provides the better results as compare
with Langmuir adsorption model (Figure 6) because D-R
model is built based on the micropore-filling mechanism
whereas Langmuir model assumes monomolecular layer
adsorption on pore surfaces [40].

The relation in between gas adsorption capacity with
TOC and SSA can be seen in Figure 7. It was observed from
this figure that both TOC and SSA is varies with kerogen
quality. For example sample 13 and 8 content very good
kerogen quality (4 to 12%) but high TOC and low SSA has
found in sample 13 whereas high TOC and high SSA has
found in sample 8. Similarly, sample 4 and 57 content
low kerogen quality (<4%) but low TOC and high SSA has
found in sample 4 whereas low TOC and low SSA has found
in sample 5-7. Hence, it is observed from results that TOC
and SSA are the controlling factors of methane gas adsorp-
tion capacity and provides useful information for shale gas
measurement and development. From the literature, it was
also found that the methane gas adsorption capacities of
the organic matter such as kerogen and mineral compo-
nents are important for evaluating the methane gas ad-
sorption capacity for shales [41]. Further, different shale
samples have contains different SSA and gas adsorption
capacity whereas parameters may vary due to presence
of kerogen type and mineral components in shale sample.
For example, SSA of Kerogen-isolated has found in Long-
maxi Formation shales is 193.1 m?/g [42] whereas 161.23
m?/g has found in Niutitang Formation shales [43]. Sim-
ilarly, SSA of mineral components has found different in
different shale samples [44, 45].

= 2.6.9 Constant bk
= Varaible bk
=2 2.4
)
g 2.2
[~
a
= 2.0 o
2
Fa 1.8 o
©
2
= 1.6
B
5 14
w
P
= 1.2 4
s —
= 1.0
&'-U’ T T T T
o 500 1000 1500 2000

Mean Gas Pressure, psia

Figure 4: Views of constant and variable Klinkenberg coefficient at
methane gas for sample 2.
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Sample X2-1
Sample X2-2
Sample X2-3
Sample X2-4

Gas adsorption-induced pore radius, nm

Pressure, MPa

Figure 5: Impacts of gas adsorption- induced pore radius on gas
adsorption capacity at various pressures.

2.000
1998 1 TV
1.996
1.994 3

1.992 ] ’
1900

1.988 4

1986 O\ —

1.984 ] \ TS
1.982 N
1.980 4
1.978
1.976 e TR
1.974 — e e

Sahple X2-1 (Langmuir model bésed)
Sample X2-2 (Langmuir model based)
Sample X2-1 (DR model based)
Sample X2-2 (DR model based)

Gas adsorption-induced pore radius, nm

Pressure, MPa

Figure 6: Comparison of Langmuir and DR model at various pres-
sures and different Shale samples.
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Figure 7: Relation between V, TOC and SSA at different shale sam-
ples.

4.4 Impact of effective stress changes on
pore radius

As discussed above that the gas adsorption have an effect
on the pore radius but on other end the effective stress is
also effect on pore radius as observed in literature [24, 29].
The variation in effective stress is influenced on pore ra-
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Figure 8: Effect of effective stress on pore radius and gas permeabil-
ity.

dius and result gas permeability change. Figure 8 describe
that the effect of effective stress changes on gas permeabil-
ity and pore radius [29]. It has been observed from this fig-
ure that pore radius is deceases as effective stress increases
and due to this effect the gas permeability is decreases and
also relation in between the effective stress and pore size
is linearly found.

4.5 Impact of pore size and flow regimes on
gas apparent permeability

The relation between gas permeability and apparent per-
meability at different gases such as helium and methane
is shown in Figure 9. Further, it was noted that gas appar-
ent permeability is always higher than gas permeability
and its value may vary with intrinsic permeability and flow
regimes as well.

4.6 Impact of slip flow and effective stress
on gas apparent permeability

As discussed above that when effective stress increases,
the pore radius and gas permeability is decreases. But on
other hand, due to increase of effective stress, the slip-
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Figure 9: Gas permeability and apparent permeability at different
gases for sample 2.

flow parameters also change and result slip effect that en-
hances the gas apparent permeability. Figure 10 shows
the same effect as described above and further changes
in Klinkenberg coefficient due to gas adsorption-induced
pore radius may cause of increases Klinkenberg gas per-
meability. Hence, combine impact of slip flow and effec-
tive stress with Klinkenberg coefficient gas adsorption-
induced pore radius is very important and provides under-
standing in evolution of gas apparent permeability during
shale gas production.

Effective stress coefficient is equal to one according to
the statement of Terzaghi’s principle [46] but in shale gas,
the gas apparent permeability is more sensitive to confin-
ing pressure variation than pore pressure. Hence, this prin-
ciple is not likely to be valid in evaluation of shale gas per-
meability. Figure 11 shows the effective stress coefficient in-
creases as gas apparent permeability decreases when slip
is considered. Further, it was observed that no effective
stress coefficient impact was found at gas apparent per-
meability when slip flow is not considered. Hence, it has
been cleared from this outcome that the impact of effec-
tive stress coefficient is larger at gas apparent permeability
when slip flow is considered and smaller when slip flow is
not considered.

5 Conclusion

Based on above study, it is concluded that:

1. Klinkenberg cofficient value is affected due to gas
adsorption-induced pore radius impacts and re-
sulted in a change in gas permeability. However, this
value may be more affected as it changes with in-
crease or decrease of gas adsorption capacity and
specific surface area of shale samples.
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2. Gas permeability measured from new proposed
model is provide good results in slip flow region as

compare to existing equation.

3. Gas adsorption parameters such as sorption capac-
ity, total organic content and specific surface area

Shale gas permeability in slip flow: New Insights == 957

are the major factors that affect the pore radius of
shale. Different shale samples contain different spe-
cific surface area and gas adsorption capacity; there-
fore, values of these parameters may vary due to
presence of kerogen type and mineral components.

4. Knudsen number is affecting due to gas adsorption-

induced pore radius; therefore it is better to correct
the Knudsen number before measurement of shale
gas apparent permeability.

5. Pore radius is affected due to change of effective

stress and result change in gas permeability.

6. Slip effect enhances the gas apparent permeability

and also change with effective stress; therefore, com-
bine impact of slip flow and effective stress is very
important and provides understanding in evolution
of gas apparent permeability during shale gas pro-
duction.

7. Both organic and inorganic materials are present

and play a key role for shale gas characterization;
therefore, impact of organic and inorganic material
on shale gas properties and gas adsorption capacity
will be investigated in future work.
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Appendix
Unit conversion

1.8 mol cm’ mol
For volume and mass of methane: 125 x T6.04xg X T 6y < 62344.14075

For temperature conversion between Celsius and Kelvin: K = 273.15 + C.
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