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Abstract: This study summarizes gas flow process in unconventional porous rocks, including the transportation in tight or shale
reservoirs and the spontaneous imbibition happened in them. Fluids flow is greatly affected by the pore structure together with
the pore size distribution of porous media. The MRI and BET measurement show peaks in pore throat radius ranging from 2
to 20 nm, whereas the diameter for methane and helium are 0.38 and 0.26 nm, respectively. Yet for different types of reservoir,
distinct mechanisms should be utilized based on the flow regimes. Besides, experimental measurement techniques for conventional
reservoirs are no long accurate enough for most of the unconventional reservoirs. New attempts have been implemented to obtain
more valuable data for accurate reservoir prediction. By reviewing large numbers of articles, a clear and comprehensive map on
the gas flow and recovery in unconventional reservoirs is made. Factors influencing the gas flow and recovery are investigated
in detail for mathematical simulation process. Reservoir conditions and the sweep efficiency play an important role during gas
production process. Besides, adsorbed gas contributes a lot to the total gas recovery. The overall investigations suggest that many
parameters that influence the gas flow in unconventional porous rocks should be taken into consideration during the evaluation.
Among them, permeability, adsorbed gas dynamics, stimulated reservoir volume as well as the unstimulated reservoir volume, and
imbibition effect are the most important ones. This study provides valuable data and reasonable exploitations for characterizing

gas flow and recovery in unconventional porous rocks.
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1. Introduction

Unconventional porous rocks refers to formations storing
hydrocarbons, in which there exists ultra-low permeability
matrix with nano/micro-pores, natural/artificial fractures, and
some organic material (Javadpour et al., 2012; Loucks et al.,
2012). The amount of unconventional hydrocarbons continues
to grow as new reservoirs being discovered. For unconven-
tional oil and gas reservoirs, it is well accepted that the
production is from two sources: free gas in the pore and
natural fracture space, and adsorbed gas on the pore surfaces
of clay minerals and kerogen (Javadpour et al., 2007; Etminan
et al., 2014). Due to the complex pore structure and multiscale
pore sizes, they make the characterization of these reservoirs
much more difficult and less accurate when the conventional
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techniques are applied.

Fluid flow in unconventional porous rocks play a signifi-
cant role in forecasting the field production and draws more
and more attention worldwide. Many academic articles have
been published or cited by high-rank journals (Table 1). This
number will continue to grow according to the data collected
for the past 16 years, which is shown in Fig. 1.

Researchers are trying to make unconventional hydrocar-
bons economically and environmentally available. Gas flows
through a pore network with ultra-low permeability, and the
gas molecules will be of comparable size of nanopores under
certain temperature and pressure conditions (Katsube, 2000;
Javadpour et al., 2007; Javadpour, 2009; Curtis et al., 2010;
Sondergeld et al., 2010). Javadpour et al. (2007) studied gas
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Table 1. Top 10 journals for publishing the most articles and having the most citations related to the fluid flow in unconventional porous rocks and fractured
IEServoirs.

Based on article number

Based on cited times

Ranking Journal Number Journal year Cited times

1 J. Pet. Sci. Eng. 204 Adv. Water Resour. 2002 424

2 J. Nat. Gas Sci. Eng. 193 Comput. Geosci. 2006 234

3 SPE Reserv. Eval. Eng. 155 J. Geol. Soc. 2007 211

4 SPE J. 123 Mar. Pet. Geol. 2000 201

5 Transp. Porous Media 89 J. Geophys. Res. 2000 169

6 Geothermics 82 Vadose Zone J. 2004 163

7 AAPG Bull. 71 Int. J. Coal Geol. 2012 162

8 J. Can. Pet. Technol. 65 J. Contam. Hydrol. 2003 161

9 Mar. Pet. Geol. 59 Mar. Pet. Geol. 2001 149

10 Energy Procedia 58 J. Geol. Soc. 2002 145
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Fig. 1. The published papers about the topic of fluid flow in unconventional
porous rocks and fractured reservoirs and their citations in the year from 2000
to 2016.

flow in nanoscale. Etminan et al. (2014) depicted the pressure
history of the sample cell for each adsorption isotherm test.
Qin et al. (2012) showed an apparatus for measuring the
dynamic gas adsorption process by approximately retaining the
pressure. A new Variable-volume Volumetric Method (VVM)
has been designed by Wang et al. (2016a, 2016b) with the
consideration of the dynamic gas adsorption/desorption pro-
cess. With this technique, not only the amount of adsorbed
gas stored in reservoir could be obtain, it also depicts the
whole dynamic process of gas transport in unconventional
rocks. As the reservoir bed and source rock, shale reservoirs
are complex and anisotropic geologic systems, which makes
it difficult but important to describe the dynamic process of
shale gas production (Hill et al., 2007; Strapoc et al., 2010;
Chen et al., 2011; Bustin and Bustin, 2012; Zhang et al., 2012;
King Jr et al., 2015).

In this study, investigations are made on the characteri-
zation of fluids flow in unconventional porous rocks. Both
theoretical study and experimental measurement will be shown
here. First, permeability and gas transport in tight reservoirs

simulation of tight reservoirs. Second, gas transport dynamic
is analyzed and the effect of adsorbed gas is explored on the
gas production process. The dynamic gas production in shale
is obtained according to the real time record of gas diffused
out of and desorbed from shale. Third, we show some well-
accepted interpretations of spontaneous imbibition as well as
some advanced techniques for measuring this process.

2. Basic principles and models for gas transport
in tight reservoirs

The gas shale is becoming more and more important
with the development of gas reservoir exploitation and new
techniques, i.e., hydraulic fracturing and horizontal drilling
(Curtis et al.,, 2010). There are numbers of key challenges
and difficulties faced by the industry, including environmental
issues and commercial challenges (Rezaee, 2015). The fluids
flow property in macropores is almost the same as in con-
ventional gas reservoirs. The Darcys Equation can be used to
calculate the permeability and describe gas transports in this
situation. In Darcys Equation, the fluid-flow rate is linearly
related to pressure gradient, which has been commonly used
in numerical reservoir simulations and reservoir engineering
analysis (Rezaee, 2015). However, in shale reservoirs, the
gas transport is a complex and multiscale flow process, dis-
tinguished from that of the conventional gas reservoirs. It
is essential to well understand the gas flow mechanism in
nanopores for accurate numerical simulation of the shale gas
reservoirs (Guo et al., 2015).

The permeability of shale gas reservoirs is extremely
lower than that of the conventional gas reservoirs. When gas
flows through a nano-scale pore network (ranging from a few
to hundreds of nanometers), the gas molecules will be of
comparable size of nanopores under certain temperature and
pressure conditions (Katsube, 2000; Javadpour et al., 2007;
Javadpour, 2009; Curtis et al., 2010; Sondergeld et al., 2010).
The gas molecules may have stronger collisions with the pore
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walls when the mean free path of gas molecules is larger than
the size of pores. Thus, the concept of continuum flow may
not be proper in such conditions (Javadpour et al., 2007). The
mechanisms of gas transports in these pores are different from
those in the conventional gas reservoirs.

The Knudsen number, K, is commonly used to identify
flow regimes under different temperature and pressure con-
ditions, which is the ratio of mean free path [/ to the pore
diameter A

l
where [ can be calculated as (Javadpour et al., 2007):
kgT
= —— 2
N (2)

where kg is the Boltzmann constant (1.3805 x 1023 J/IK), T
is temperature; 9 is the collision diameter of gas molecule and
p is pressure.

Based on the Knudsen number, there usually have 4 flow
regimes which are the free molecule flow (K, > 10), the
transition flow (107! < K,, < 10), the slip flow (1073 < K,, <
10~1) and the continuum flow (K, < 10~3) (as shown in Fig.
2). The rarefaction effects would become more pronounced
when the Knudsen number gradually increases. Eventually, the
continuum assumption will break down (Roy et al., 2003). It
is important to find an equation or a method to describe the
flow beyond the limit of slip flow when K, is over 0.1. Some
basic models of gas transport in tight reservoirs have been
proposed to study different factors of flow mechanisms based
on different assumptions.

Klinkenberg (1941) proposed the Klinkenberg slip model
based on experimental data. A slip factor is defined to correct
the slip effect on the permeability measurement. The perme-
ability can be calculated by

b
ko =ko(14+ = 3
o p) 3

where k, is gas permeability at mean pressure p in porous
media, ko is intrinsic permeability of the sample. The b is an
empirical parameter named as slip factor. We can find k, > ko
when p is small, and k, — ko when p — oo. It is common to
use the Klinkenberg effect to simulate the gas flow process in
conventional gas reservoirs and some tight porous media gas
systems.

Beskok and Karniadakis (1999) developed a model of the
gas flow through a single pipe which was applicable in the
entire Knudsen range. The permeability can be calculated by

r2
ka = gf(Kn) “4)
_ 4K,
1K) = (140K (1+ ) ®

where r is pipe radius, b is slip coefficient which equals to
-1 (Beskok and Karniadakis, 1999), the rarefaction coefficient
o can be determined by K, and varied from O (slip flow) to
0y (free molecule flow). Ziarani and Aguilera (2012) called

Sf(K,) as Knudsen’s correction factor and found the Knudsen’s
permeability correlation was more accurate than Klinkenberg’s
model especially in the flow regimes of transition and free
molecular. The rarefaction coefficient o can be calculated by

2
o= Ot();tanfl(all(,?‘z) 6)

where a; = 4.0, op = 0.4, and o can be determined in the
free molecule flow region by obtaining the asymptotic constant
for the mass flow rate when Kn approaches infinity (Beskok
and Karniadakis, 1999). The ap can be expressed with the slip
coefficient b as follows:

64

" 3n(1—4/b) @

O, o0 = Ol

Javadpour (2009) presented a gas transport model based

on two major mechanisms of slip flow and Knudsen diffusion

in a single, straight, cylindrical nanotube. By considering the

Knudsen diffusion and the slip flow, the total mass flux through
a nanopore is:

7 2rM ( 8RT ) 0.5
o 3x 103RT \ M

where F is theoretical dimensionless coefficient which is
defined to correct the slip velocity in tubes as (Brown et al.,
1946):

2 _
"Pa)PZ P1 (8)

8u L

87tRT>0~5 u (2 1) ©)

F=1 ( Z_
+ M Pal

o
where M is gas molar mass, R is universal gas constant, y is
gas viscosity, p, is average gas density, L is the length of the
nanotube, and p; and p; are the pressures at the inlet and exit
side of the pore, respectively. The p, is average pressure of
p1 and ps, and « is the tangential momentum accommodation
coefficient which ranges from O to 1.

The apparent permeability formulation of the volumetric
gas flux is:

2ruM ( SRT ) 0.5 . r? (10)

“T 3% 103RTp2 \ ©M 8pa

Civan (2010) proposed a gas transport model based on
Beskok and Karniadakis (1999) model and the assumption of
a bundle of tortuous capillary tubes with the same diameters
in porous media. The permeability formulation is a function
of the intrinsic permeability k., the Knudsen number K, the
slip coefficient b, and the rarefication coefficient @.

4K,
k= koo(1 + 0K, ) (14— 11
(k) 1+ ) an

2
ko= 97 (12)

8T

where ¢ is the porosity of porous media, 7 is the tortuosity
factor of hydraulic preferential flow paths in porous media.
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Fig. 2. Knudsen number regimes and different flow regimes (Roy et al., 2003).

The dimensionless rarefication coefficient ¢ is given by
Civan (2010) as follows:

(074} A

:—lzﬁ,

= 7 13)

A>0,B>0
where A and B are fitting parameters.

Darabi et al. (2012) proposed an apparent permeability
function based on several modifications of the gas trans-
port model of Javadpour (2009). They modified the model
from a single straight cylindrical nanotube to ultra-tight nat-
ural porous media, which is considered the micropores and
nanopores as tortuous capillary tubes.

r2
+F—

_ ZruM 9(5’)Df—2(gkl>“ g (14)

“  3RTp, T ™

where &’ is the ratio of the normalized molecular radius size
(rm) to the local average pore radius (r,), i.e., 8’ =ry/ry. The
average pore radius r can be determined by laboratory exper-
iments, such as mercury injection, SEM and AFM (Darabi et
al., 2012).

There is a parameter, Dy, in the apparent permeability
function by Darabi et al. (2012). The term Dy is the fractal
dimension of pore surface which is defined to consider the
effect of pore-surface roughness on the Knudsen diffusion
coefficient (Coppens, 1999; Coppens and Dammers, 2006).
There will be an increase in residence time of molecules in
porous media and a decrease in Knudsen diffusivity when the
increasing surface roughness happens (Darabi et al., 2012).
Dy is a quantitative measure of the surface roughness varied
between 2 and 3. The lower limit and upper limit represent
smooth surface and space-filling surface, respectively (Cop-
pens and Dammers, 2006). Darabi et al. (2012) found that
the effects of slip flow and Knudsen diffusion were more
pronounced at lower reservoir pressures.

The models of gas transport in tight reservoirs mentioned
above did not consider the surface diffusion of adsorbed gas,
the influence of real gas effect, non-circular cross section and
some other influence factors in nanopores of shale gas reserv-

5]
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Fig. 3. Diverse cross-section types and shapes of nanopores (Milliken et al.,
2013).

oirs. Thus, we will introduce other gas transport models which
account for the effects of coupling the different influence
factors in the following section.

3. Complicated models with different effects
included

Generanly, there are organic pores, inorganic pores and
microcracks in the shale gas reservoirs. Milliken et al. (2013)
found that pores within the organic matter were a significant
component of pore systems in gas shales reservoirs. We can
find some conclusions from SEM images of Javadpour et al.
(2015) that the organic materials are amorphous with material
type heterogeneities at small scale. In addition, we can find
the diversity of nanopores in cross-section types and shapes
from Figs. 3 and 4. The cross section in the nanopores are not
always circular.

The organic matter with nanopores which is the media of
gas storing and sourcing has a significant influence on the
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gas transport in shale gas reservoirs (Wu et al., 2014, 2015b,
2015c). The apparent permeability of organic rich shale is
complicated due to the coexisted adsorbed phase and free
phase gases (Wang et al., 2016c¢).

Wau et al. (2014) made a comparison of different permeabil-
ity models and proposed a new apparent permeability model
which can accurately calculate the apparent permeability in-
cluding the mechanisms of viscous flow, Knudsen diffusion,
and desorption.

The bulk gas flux is a weighted summation based on their
different contributions of viscous flow and Knudsen diffusion.
The weighted factors for viscous flow and Knudsen diffusion
are quantified by the ratio of collision frequency between
molecules or collision frequency between nanopores wall and
molecule to total collisions frequency, respectively (Wu et al.,
2014). In addition, the bulk gas apparent permeability is also
considered with the effects of rarefaction, nanopores structure,
poromechancial and sorption-induced swelling response. The
Langmuir isotherm equation and mass balance equation were
used to study the effect of gas desorption. The final total
permeability can be calculated by

Vs 29
(1+1/K,)3 1

P o rpVi(1+aK,)
“ 1t 8RT(1+K,)

(i) vt 8

where k; is the apparent permeability for bulk gas through
shale nanopores, V; is the mole volume of gas at standard
temperature (273.15 K) and pressure (101,325 Pa) with the
value of 22.414 x 103 m?mol~!, @, is the poromechancial
response coefficient of shale matrix, @ is the sorption-induced
swelling response coefficient of shale matrix, ¢, is the effective
adsorption porosity induced by adsorbed gas.

Wu et al. (2015¢) proposed a new model based on Hwang
model to discribe the surface diffusion for adsorbed gas
in shale gas reservoirs. The surface diffusion model was
considered with the effects of surface heterogeneity, isosteric
sorption heat, and nonisothermal gas desorption. The final total
permeability can be calculated by

6K,
1—bK,
(16)

GV 2 pVs 1+0K,
k, = &Dy 1
&D; oM o\ srr 1ok, T

2r(8"Pr=2 /8 \OSK,V,u
* 3 (nRTM ) 1+K,
where & and &, are the correction factors for the surface
diffusion and the bulk gas transport in shale gas reservoirs,
respectively. The term D; is the gas surface diffusion coeffi-
cient, and C; is the adsorbed gas concentration.

Wu et al. (2015a) also studied the real gas effect on gas
transport in nanopores with different cross-section shapes in
shale gas reservoirs. They found that both the type of cross-
section and the shape of nanopores affected gas transport
capacity.

Ren et al. (2016) proposed an analytical model for real
gas transport in nanopores of shale reservoirs based on the
linear superposition of convective flow and Knudsen diffusion.
The model was established to be free of tangential momentum
accommodation coefficient and taken into the effect of pore
shape and real gas. The effect of pore shape on the gas flow
properties in noncircular nanopores can be quantified with
a more general paramete a (a > 1) proposed by Cai et al.
(2014). The intrinsic permeability can be calculated with the
equivalent pore radius r by

¢a4r2
kg = 17
d 37 (17)
The final total permeability can be calculated by
DT
kakd<1+"”"“> (18)
T pkd

where [ is corrected viscosity, and Dy, is the Knudsen
diffusion coefficient for real gas which can be calculated with
the compressibility factor Z as follows:

2 8ZRT
= a
M

Geng et al. (2016a) put forward a model for gas transport
in nanopores based on the extended Navier—Stokes equations
with the assumption of neglecting adsorption and desorption.
The total mass flux was superimposed with a weighted su-
perposition of bulk and Knudsen diffusion. The final total
permeability can be calculated with the ratio coefficient b’ by

L _r2+K,’;’+1+Kn2ru [8RT
a8 Kt 41 3pV oM

The term b' (b’ > 0) is the only parameter needed to be
determined in the model. The value of 1 for 4" is accurately
determined by comparing the outcome of the DSMC method
with the experimental data.

The permeability models mentioned above have considered
the effects of surface diffusion of adsorbed gas, the real gas
effect, non-circular cross section and some other effects.

19)

(20)

4. Fractal gas permeability model of tight porous
media

The multiscale feature and the structure of nanopores have
significant effects on the permeability of shale. Researchers
found that the pore surfaces of shale samples have fractal
geometries (Yang et al., 2014; Liu et al., 2015; Sheng et al.,
2016).

Yang et al. (2014) investigated the different influences of
fractal characteristics of shales based on adsorption capacity of
shale gas reservoirs in the Sichuan Basin, Chine. They found
that the fractal dimensions of the shale samples ranging from
2.68 to 2.83, which can be used to evaluate the adsorption
capacity. It will be significant to use the fractal analysis
method to investigate fractal characteristics of shales and get
a better understanding of the pore structure and adsorption
capacity of shale gas reservoirs (Yang et al., 2014). There are
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Fig. 4. Two exemplary SEM images of the pores in organic matter (Javadpour et al., 2015).

some researchers who have investigated fractal permeability
model of gas transport in tight reservoirs based on the fractal
theory.

Zheng et al. (2013) developed a fractal permeability model
of gas transport in slip flow regime (1073 < K, < 1071)
based on fractal theory. The apparent gas permeability can
be calculated by parameters with definite physical meaning:

3+D
nDP}‘max !

81(3+D; —D,)
kq = D1
1282 'A(3+ D, - D))

Anax(2+D; — D))

2n

where D), is the fractal dimension for pore spaces in range
of 0 <D, <2 and 0 <D, <3 in two and three dimensional
spaces, respectively. The term D; is the fractal dimension for
tortuosity which ranges from 1 to 2 (or 3) in two (or three)
dimensions. The term Lg is the straight length of capillary
pathways along the flow direction, and A is the cross sectional
area of a unit cell (Zheng et al., 2013).

The maximum pore diameter A, can be calculated with
the expression introduced by Cai and Yu (2010)

— 4-Dp1—-9¢
Aonax = \/321K°°2—Dp ’

(22)

Sheng et al. (2016) put forward a shale gas permeability
model based on the model of Beskok and Karniadakis (1999)
and the fractal theory with the effects of multiscale flow within
a multiscale pore space. The apparent permeability can be
computed from the sum of individual permeabilities which
were the integral values of different flow regimes based on the
assumption of independence of flow behaviors at multiscale
pores.

N
ka=Y K, (23)
i=1

They simplified the pore structure as multiscale straight
capillaries with D,=1. The integral values of different flow

regimes for individual permeabilities k, can be calculated by

when K, <0.1,
K — ”Dp’liil 1 (i)“*l)ﬂ
¢ 128(4—Dp)A; Ait1
(24)
n 87tDpli§Hl - (i)%l)p
128(3 —D,)A; Ait1
when K, > 10,
Ky=DpAlh - f(A) (25)
when 0.1 <K, <10,
i _ D,
k, = Dpkiﬂ -g(A) (26)

where A; and A;;; are the minimum and maximum pore
diameters at the corresponding diameter range for the ith
interval, respectively. The term A; is the cross sectional area of
ith pore-size interval, and f(A) and g(A) are the complicated
integral functions which have no analytical solutions. Because
of the limitation of current articals, we have not given the
formulas of f(A) and g(A). The interested reader can refer to
the article of Sheng et al. (2016).

Yuan et al. (2016b) proposed an apparent permeability
incorporated with porous flow and surface diffusion based on
the model of Beskok and Karniadakis (1999) and Langmuir
isotherm absorption model (Langmuir, 1918). The model can
be calculated with a assumption that the porous structure
was representd as a boundle of tortuous capillary tubes with
different diameters based on fractal theory. The final total
permeability can be calculated by

LDy [ ¢ [rna 5
ka= 2D, 35, ﬁ/ AP0 (K, )dA+
At =D o

27)

(1—¢)Dso bCM |, 1-p,+D, PR
1—|—l§p Pa,uil( ax ~ “min )
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where A, is the minimum pore sizes, 17)51’0 is the surface
diffusivity at zero loading, b is the Langmuir constans defined
as the reciprocal of Langmuir pressure py, and Cp is the
maximum adsorption capacity at constant temperature and
infinitely high pressure (Yuan et al., 2016b).

Geng et al. (2016b) thought the real gas flow in a single
pore based on the previously reported Extended Navier-Stokes
Equations method (Geng et al., 2016a). The modified mass
flow rate of free gas M/ and adsorbed gas M? in variably
shaped pores can be calculated by

i [azﬂﬂ pM K2+ K,al [8ZM

320 ZRT '~ K2+1 3 \ #RT
(28)
(L-.29%) @A’
Z 2229p)| 4 P
M = —DyoMCy | ——— — P
' O Zpo+p Z(Zpr+p)
5 (29
(Ti (@ — A2)Op

where [l is the viscosity depending on the pressure and
temperature, and A, is the thickness of a single layer for
the adsorbed gas molecules with the consideration of gas
compressibility factor (Geng et al., 2016b).

The apparent permeability of organic and inorganic matter
cells were caltulated with fractal theory concepts. In addition,
the apparent permeability was upscaled to the sample scale
with the consideration of heterogeneous distribution of organic
matter. Because the calculation formula of fractal apparent
permeability is too long and the limited space, the fractal
calculation formula are not given in this artical. The interested
reader can refer to the article of Geng et al. (2016b).

Behrang and Kantzas (2017) used a hybrid methodology
with combination of fractal theory, kinetic theory of gases and
Boltzmann transport equation to predict the gas permeability
in nanoscale organic materials. The total gas mass flux can be
calculated by

Jtatal = %[é-lvis +~]surf + (1 - lé)-lK,J (30)

where Jyi, Jarf, Jk, are viscosity, surface diffusion and
Knudsen mass flow rates, respectively. The term & is the
ratio of intermolecular collision frequency to total collisions
frequency (Thompson and Owens, 1975; Sheng et al., 2015).
The conception of calculation for £ is the same as that of the
weighted factor of viscous flow by Wu et al. (2014).

1
é_l—i‘Kn

The absolute permeability k;, of viscous flow was calcu-
lated using the modified fractal theory by

€2V

(3+Dy)/2

= ) PRER D) P < 2
p

64(3+D1_Dp) 1_¢e
(32)

where a,, is the grain size, and ¢, is the effective porosity
considered adsorption layer thickness d, by

2
¢e=¢<1—dj>

The gas permeability can increase when the grain surface
specularity rises, but this effect could be negligible at high
pressure regions. The final total permeability expression can
be calculated by

(33)

O (e Ps,y pL T
kot = 2| R+ P —PE L 1-e)Ep ) G4
total T<§ 0 Pe ﬂ(p+pL)2 ( é)p 1() (34)

where p; is adsorbed gas density, p, is gas density, D is the
complicated surface diffusion coefficient, and D} is the self-
diffusivity mass transfer coefficient. The interested reader can
refer to the article by Behrang and Kantzas (2017) to find the
expressions of D), and Dj.

We can find that the apparent permeability can be upscaled
from an ideal single capillary to the sample scale with different
considerations of real gas effect based on fractal theory. In
addition, the expression for apparent permeability of shale gas
sample has parameters with clear physical meaning.

Because of highly anisotropic and heterogeneous of struc-
ture in shale gas reservoirs, some researchers used other
methods to investigate the permeability of shale gas. Wang et
al. (2016d) reconstructed 3D structure of shale sample based
on the Quartet Structure Generation Set (QSGS) method and
used lattice Boltzmann method (LBM) to predict the intrinsic
permeability and apparent permeability. They also established
the quantitative relationship between geometry features and
gas permeability.

The principles of gas transport in nanoscale pores are
complicated. However, we can use the kinetic theory of gases,
fractal theory, Boltzmann transport equation and other methods
to predict gas permeability in shale reservoirs.

5. Dynamic gas production process in shale

Considerable gas transport and storage models have also
been proposed, in which the processes of gas diffusion and
adsorption are considered (Fathi and Akkutlu, 2009; Freeman
et al., 2011). Javadpour et al. (2007) included the Knudsen
mechanism into the gas diffusion model for shale, in which
condition, the flow channel has close diameter as the mean
free path of the gas molecules. Freeman et al. (2011) and
Yao et al. (2013) mixed the diffusion mechanisms through
dusty gas model (DGM). Through the Knudsen number,
Civan (2010) coupled the Knudsen diffusion and the viscous
diffusion during gas production. Wu et al. (2016) calculated
the contributions of viscous flow and Knudsen diffusion, by
considering the colliding probabilities of gas molecules with
each other and with nanopore walls. Yang et al. (2016b) and
Wang et al. (2017) show in their paper a model considering
the effect of adsorption/desorption on gas transport.
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5.1 Characterization of shale

The shale investigated here are collected from Silurian age
of Lower Jurassic Formation, in Sichuan fold belt, China.
The Geologic map is shown in Fig. 5. The samples tested
in this paper were collected from well HF-1, as indicated in
the center. The samples were obtained from depths between
585 and 643 m, with formation thickness of more than 100 m.
The particles used in this section are assumed to be spheres,
with an average diameter of 1,180 um.

Fig. 6 shows the SEM (Scanning electron microscopy)
images of the shale sample. SEM could intuitively and qual-
itatively describe the pores in shale and give the rough order
of the pore size. Obviously, there distributes considerable
amount of organic material among the inorganic matter,
making shale pores complex. Haber (1991) classified pores
into three types by their pore size: micropores (< 2 nm),
mesopores (2~50 nm), and macropores (> 50 nm). Gas stores
in micropores/mesopores mostly as adsorbed gas, while in
mesopores/macropores as free gas. Another observation from
Fig. 6 is that, there are many micropores/mesopores existed
in the organic matter, which provides large surface for the gas
adsorption.

5.2 Dynamic gas transport model

More than one gas transport mechanisms coexist in shale
rocks during production. An equation considering the effect of
adsorption/desorption and diffusion is developed to describe
this gas production process for accurate field application. The
share of free gas and adsorbed gas is investigated. Hence,
based on the knowledge of adsorbed gas adsorption/desorption
from kerogen and free gas flow in pores, we define the
adsorption rate coefficient (A’), desorption rate coefficient
(1) and apparent gas diffusion coefficient (D) in this study.
According to this consideration, the controlling equation of the
numerical model is (Wang et al., 2017; Yang et al., 2016b)

dcy 82cf 2dcy.  decq
ot ar2  r dr ) ot
where ¢y is the free gas concentration in the pore space of
the shale particle, r is the distance to the center of the shale
particle, ¢, is the equivalent surface concentration or adsorbed
gas concentration, and ¢ is time.
The following equation exhibits the dynamic gas adsorp-
tion/desorption process before equilibrium,

dcg
ot
In Eq. (36), when A’ x ¢y is smaller than ' X ¢4, the gas

in kerogen starts to produce. Parameters A’ and u’ satisfy the
following equation,

=D(

(35)

=Aecp—pe, (36)

l/ Ceq
— =R=-4 (37)
u Cr

where ¢/ is the equilibrium concentration of the adsorbed gas
. eq - oye B
concentration on the surface, g is the equilibrium free gas
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concentration in the pore space, and R’ is the ratio as indicated
by Eq. (37).

With constant boundary conditions and the initial condi-
tions, the analytical solutions for the free gas concentration
(cy) and equivalent surface concentration (c,) of adsorbed gas
are equal to

= (cro — cpi)ePr sin(myr)
cr=cpo+ Z rsin(m,ry) P (] Ay’
n=1 0 - ZmnD( (PnJFIv‘,)z ) COS(mnVO)
n=1,2,3

(38)

Ca = Ca0t

o

§ e cauler sintn) i, +u1)

n=1 (=555 (1+ m) cos(mpro) + 7rsm(r':"r°))

The total gas produced then can be obtained accordingly.

(39)

5.3 Effect of temperature and pressure

The adsorbed gas and free gas production dynamic are
studied experimentally and mathematically. Besides, the effect
of temperature and pressure on the gas production process is
explored in detail in this section.

Higher temperature can decrease the total gas production
and take less time for obtaining the equilibrium, as shown
in Fig. 7. For higher temperature, it makes the diffusion
coefficient and surface diffusion coefficient larger, thus leading
to faster gas mass transport. The surface coverage of methane
drops when the temperature increases, which could explain the
decreasing trend of V; with increasing temperature in Fig. 7.
Another, the physical adsorption of molecules to the surface
becomes weak at higher temperatures because of the weaker
physisorption. The contribution of the desorbed gas on gas
production differs at different temperatures.

Fig. 8 shows the pressure effect on the gas flow process in
shale. Clearly shown is that the total production V; increases
with rising pressure. However, V; increased nonlinearly with
the test pressures. The reasons probably are: firstly, the com-
pressibility factor. For similar pressure differential and pore
volume, the produced free gas amount declines with increasing
pressure. Secondly, the adsorption isotherm curve indicates
that the adsorbed gas amount share the same tendency as the
free gas with respect to pressure. Therefore, the incremental
amount of V; drops with rising pressure. Another, obtaining
the equilibrium takes less time for tests at higher pressure.
Additional attempts was made to study the gas transport
dynamic by testing with He and CHy. Tests results show that,
adsorbed gas affects the gas transport in nanopores of shale by
increasing the capacity of the gas production and changing the
velocity of gas mass transport. For the tested shale sample, the
adsorbed gas increases the gas mass transport and enhances
the capacity of the total gas production by more than 3 times
compared with the free gas transport. This value could be
higher when utilizing shale with higher TOC. Besides, with the
adsorbed phase in the surface of inner pores, surface diffusion
is expected to enhance the dynamic gas flow process.
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Fig. 7. Effect of temperature on the total mass production of methane in
shale (Wang et al., 2017).
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Fig. 8. Effect of pressure on the CH4 mass transport in shale sample (Wang
et al., 2016b).

6. Gas production

6.1 Contribution of adsorbed gas on gas production

Contributions of free gas and adsorbed gas to the total gas
production are calculated and discussed with the mathematical
model presented in section 5. Fig. 9 presents the production
of free gas and adsorbed gas with respect to time and their
corresponding production rates. As can be seen, both adsorbed
gas and free gas contribute to the total gas production. But
for the last stage, after 11 min, the adsorbed gas contributes
more to the total gas production. This could explain the fact
in shale field that, the production for a shale well decreases
sharply at beginning but produces at a relatively low rate
for a long period. For adsorbed gas, the surface diffusion
in shale is also studied. The surface diffusion coefficient
is as low as 10716 m? /s, four orders of magnitude smaller
than the Knudsen diffusion coefficient and six smaller than
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MPa and 308 K (Wang et al., 2016a).

the apparent diffusion coefficient. It has been stated that the
surface diffusion should be accounted for the late stage of
the gas production. Mathematical calculation and experimental
tests reveal that the surface diffusion can enormously promote
the gas transport process, even the diffusion coefficient is
very low compared with the free gas diffusion coefficient.
Accurate prediction of the diffusion coefficient is important
for evaluating a reservoir and forecasting the field production.

6.2 Contribution of unstimulated reservoirs outside
SRV

Flow-regimes have been identified and studied extensively
for multi-fractured horizontal wells (MFHW) in shale plays
(Cheng, 2011; Song et al., 2011). In addition, in view of
ultra-low permeability, transient linear flow is the dominate
flow regime in tight/shale plays, which can continue for
several years. As reported by Clarkson (2013), the majorities
of hydrocarbon production are attributed to the stimulate-
dreservoir volume, (SRV, referred to dynamic drainage volume
(DDV) corresponding to the end of transient-linear flow) in
ultra-low/shale reservoirs. Moghanloo et al. (2015) defined
an asymptotic equation of DDV and within which average
pressure, and applied an iterative algorithm to find their ex-
plicit formulation. Behmanesh et al. (2015) and Clarkson and
Qanbari (2016a, 2016b) defined a new formula of distance-
of-investigation only applicable for early transient-linear flow
within SRV, but ignored the contributions of outer reservoirs
to the long-term shale production. However, for the longterm
production in shale, the flow regime would become compound-
linear flow or else with an expanding production region in
outer reservoirs. As results, the assumption of only transient
linear flow in shale makes the material-balance model with
SRV as the maximum size of DDV. Hence, it is desirable
to account for the contributions of outer reservoirs into
production data analysis. Yuan et al. (2016a) applied new
mechanistic formula of Dynamic-Drainage-Volume applicable
for both early transient-linear flow and late compound-linear
flow regime, specific to multi-stage fractured horizontal wells

(MFHW), and predicate the ultimate recovery of MFHW after
long-term production. In Niobrara shale oil, the contribution
of outer matrix outside SRV to the production is small but
nonnegligible, approximately 3.5% after 3 years production
(Yuan et al., 2016a).

6.3 Gas recovery by spontaneous imbibition

Large volume fracturing fluids are pumped into formation
during the shale gas development. The flow-back rate is
generally lower than 30%, and even less than 5% (Penny et
al., 2006; King, 2012). There is severe spontaneous imbibition
of fracturing fluids from hydraulic fractures to matrix. Spon-
taneous imbibition is regarded as one important mechanism
influencing the production after fracturing. The interaction
between fluids and shale formation affects the production
largely (Palisch et al., 2010; Soliman et al., 2012). Due to
the significant mobility difference between gas and water,
spontaneous imbibition usually causes gas reservoir damage
based on the conventional theory of water blockage, especially
in unconventional reservoirs with extremely small pores with
strong capillary pressure (Bennion and Thomas, 2005; Roy-
chaudhuri et al., 2013; Odumabo and Karpyn, 2014). However,
spontaneous imbibition of shale has been paid serious atten-
tions and is treated as one important potential mechanism for
gas recovery in same cases (Cai et al., 2010, 2017; Yaich et al.,
2015; Shen et al., 2016a). Fig. 10 shows the simulation results
that the water imbibition through well shut-in can reduce the
water saturation beside the fracture after hydraulic fracturing,
which will benefit the production (Bertoncello et al., 2014).
Spontaneous imbibition conducts different influence to gas
production.

The imbibition characteristic of shale is different from
ordinary sandstone according to the experiments. Imbibition
rate was higher when parallel to the bedding plane, compared
with the perpendicular direction. Besides, water will imbibe
into the matrix from the fracture (Makhanov et al., 2012).
Roychaudhuri et al. (2013) noted that the addition of surfactant
could effectively change the wettability of shale and reduce the
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Table 2. The evaluated and predicated performance of 10 fractured wells in Niobrara shale oil play (Yuan et al., 2016a).

Parameters MFHW #1 MFHW #2 MFHW #3 MFHW #4 MFHW #5
Lateral length of horizontal well, ft 4,003 4,475 4,027 6,230 3,474
Number of fracture cluster, number 48 69 74 157 57
Stimulated-reservoir volume (SRV), 10* 63 8,927 8,995 9,504 1,4578 7,782
Average permeability within SRV, mD 0.0004 0.0003 0.0002 0.0001 0.0004
Estimated fracture half-length, ft 223 201 236 234 224
Maximum drainage volume, (MDV), 10* ft3 11,388 18,890 11,959 18,681 10,011
Ultimate recovery factor (URF), percentage 7.21 10.34 7.96 6.39 7.91
Parameters MFHW #6 MFHW #7 MFHW #8 MFHW #9 MFHW #10
Lateral length of horizontal well, ft 6,400 4,000 4,380 4,152 4914
Number of fracture cluster, number 80 140 74 57 75
Stimulated-reservoir volume (SRV), 10* 63 11,776 9,386 9,373 8,802 11,459
Average permeability within SRV, mD 0.0003 0.00006 0.0002 0.0004 0.0004
Estimated fracture half-length, ft 243 247 214 212 233
Maximum drainage volume, (MDV), 10* £ 17,309 18,765 19,348 11,452 14,686
Ultimate recovery factor (URF), percentage 9.45 5.87 10.76 9.82 10.25

water intake rate and quantity. Shen et al. (2016a) conducted
imbibition experiments using marine and continental shales.
Liquid imbibition capacity and liquid diffusion ability are
proposed to describe and compare the imbibition features,
which indicated that shale has stronger water imbibition and
diffusion capacity than relatively higher permeability sand-
stone, and marine shale has stronger water imbibition capacity
than continental shale. Yang et al. (2016a) indicated that the
water imbibition capacity is partially dependent on the clay
mineral content and type, especially the amount of smectite
and illite/smectite mixed-layer clay.

Capillary pressure is recognized as the main driving force
for spontaneous imbibition by classic flow theory (Cai and
Yu, 2012; Cai et al., 2014). The capillary force in unconven-
tional gas reservoirs is significantly high because of the wide
distribution of nanoscale pores and the ultra-low initial water
saturation (Shen et al., 2016b). Clay effect is another important
driving force for spontaneous imbibition. Dehghanpour et al.
(2013) mentioned the water adsorption on the clay surface as a
mechanism for water imbibition of shale. Fakcharoenphol et al.
(2014) studied the effects of salinity on water imbibition and
concluded that osmotic pressure acts as an important driving
force to imbibition. In clay-rich shale, the osmotic pressure is
more powerful than the capillary pressure, and the water vol-
ume imbibed into the matrix therefore significantly surpasses
the pore volume measured by gas (Ge et al., 2015). Ghanbari
et al. (2013) conducted imbibition/diffusion experiments and
found that the imbibition curves are well correlated to that
of diffusion curves. It shows that samples with rich clays
and micro-fractures have higher ion diffusion rate. A series
of imbibition/diffusion experiments on organic shale samples
were conducted by Yang et al. (2017) and it is proposed that
the imbibition fluid conductivity resulting from ion diffusion is
proportional to the square root of time, which is similar to the

law of capillary-driven imbibition into porous media. Based on
the tortuous capillary model and fractal geometry, Cai et al.
(2010, 2011) discussed the effect of tortuosity on the capillary
imbibition in wetting porous media, modified the classical
Lucas-Washburn equation and found that the imbibition time
exponent is not 0.5, but is related to the tortuosity fractal
dimension for streamlines.

The liquid distribution and mirco-migration during shale
imbibition process are critical to gas production. Amplitude
difference, vertex value, vertex position and peak width of
T2 spectrum of the nuclear magnetic resonance technique can
be useful to characterize the direction, speed and scope of
the aqueous phase migration in rock samples. Meng et al.
(2015a) indicated that the liquid filled into the small pores
preferentially and then the larger pores in the left peak of
shale T2 spectrum. Shen et al. (2017) introduced the magnetic
resonance signals for different shale samples (Fig. 11). The
signals are tests with the water imbibition. In Fig. 11, the
water enters into the larger pores after 347 min.

The micro-fracture generation is a crucial factor for a
high gas production after shale reservoir shut-in for a period
of time (Wang et al., 2011). The additional driving force
caused the excess water imbibition from water adsorption by
clay minerals in shales and the increase of rock permeability
by adsorption-induced micro-fractures (Dehghanpour et al.,
2013). The shale with high clay content was prone to con-
ducting micro-fractures and sample disintegration after sample
imbibition. The permeability variation has been researched
during imbibition with shale samples completely soaking into
distilled water and it showed that both permeability increasing
interval and decreasing interval appeared (Meng et al., 2015b).

The spontaneous imbibition tests and APT-NMR technique
(aqueous phase trapping (APT) auto-removal combined with
the low-field nuclear magnetic resonance (NMR)) could be
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used to study the mechanism of the APT auto-removal in
shale. In the process of spontaneous imbibition, observations
indicate that new pores were shown in shale samples, and
the micro-cracks increased gradually on the sample surface
(Meng et al., 2016). Liu et al. (2016a) put forward that aqueous
phase migration between pores of different size has two
stages based on the NMR monitor during water imbibition:
in first stage, aqueous phase migrates from small pores to
large pores; in second stage, it migrates from large pores
to small pores, which decreases the water saturation in large

pores. The duration and migratory volume of each stage are
closely related to the pore characteristics and clay. This kind
of experiment is helpful to understand the micro-imbibition
process of shale (Fig. 12).

7. Conclusions

In this work, recent advances on gas flow and recovery in
unconventional porous rocks are summarized and reviewed.
Both mathematical models and the experimental results are
listed and discussed. The most obvious factors influencing
the gas flow process and the reservoir recovery include the
permeability, adsorbed gas dynamics, stimulated reservoir
volume/the unstimulated reservoir volume and the imbibition.
Effects of adsorbed gas on the gas production process as well
as the reservoir conditions are studied experimentally. The
main conclusions are listed below:

1) Some basic models for gas transport in tight reservoirs
have been summarized to study different factors of flow
mechanisms based on different assumptions. In addition,
several complicated models with different effects have
been introduced with the considerations of complicated
situations. The fractal gas permeability model of tight
porous media can be obtained from an ideal single
capillary to the sample scale with clear physical meaning
parameters based on fractal theory.

2) Experimental results showed that, the dynamic adsorption
process and the content of adsorbed gas both will influ-
ence the gas flow and recovery in unconventional porous
rocks. Higher temperature will enhance the dynamic
adsorption process but decrease the total adsorbed gas
amount. The contribution of adsorbed gas to the total gas
flowing into shale declined with temperature. Effect of
kerogen content in shale should be fully considered for
the gas flow and recovery process.

3) Even though imbibition cause gas reservoir damage based
on the conventional theory of water blockage, its positive
effect on the shale gas recovery appears to be more and
more important. Capillary pressure and clay effect are two
main driving forces for spontaneous imbibition, mainly
due to the wide distribution of nanoscale pores and the
ultra-low initial water saturation.
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