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a b s t r a c t

The shale gas reservoirs are composed of porous media of different length scales such as nanopores,
micropores, natural fractures and hydraulic fractures, which lead to high heterogeneity. Gas flow
from pores to fractures is under different flow regimes and in the control of various flow mecha-
nisms. The gas slippage would have significant effects on gas flow in shale. To obtain the effect of
slippage on gas flow in matrix and fractures, contrast experiments were run by using cores with
penetration fractures and no fractures from Marine Shale in Southern China under constant
confining pressure. The results showed that slippage effect dominates and increases the gas
permeability of cores without fractures. To cores with penetration fractures, slippage effect is
associated with the closure degree of fractures. Slippage dominates when fractures close under low
pore pressure. Slippage weakens due to the fractures opening under high pore pressure.
Fracture opening reduces the seepage resistance and slippage effect. The Forchheimer effect occurs
and leads to a permeability reduction.

Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As shale gas reservoirs are increasingly becoming major fossil
energy in today's world, understanding the gas flow mechanism
in these unconventional gas resources is crucial. The dynamics of
gas flow in shale gas reservoirs has become an important
research topic during the current decade in the oil and gas in-
dustry [1].

There are four types of porous media of different length scales
in shale gas reservoirs: nanopores, micropores, natural fractures
and hydraulically induced fractures [2]. Fig. 1 shows the pores in
conventional and shale gas reservoirs. As presented in the

schematic figure, shale gas reservoirs contain more nanopores
than conventional reservoirs. Radius of pore throats in gas shale
sediments generally ranges from a few nanometers to a few
micrometers [3]. These matrix pores make up the significant
portion of reservoir space of natural gas. The complex fracture
system composed of natural fractures and hydraulically induced
fractures connects matrix pores, which forms a high-
permeability network in gas shale.

When gas flows from nanopores to fractures and from fac-
tures to wellbore, the flowmechanism varies due to the different
length scales of flow channels. Gas flow in larger pores, throats
and fractures generally follows Darcy equation, and in nano-
pores, slip flow and diffusion dominate [4]. The Knudsen num-
ber, a significant dimensionless parameter, is used to classify the
flow regimes in porous media of different length scales. It is
defined as the ratio of the gas mean free path l (m) and the pore
radius r (m) [3].

Kn ¼ l

r
(1)
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The gas mean free path l is defined as

l ¼ KBTffiffiffi
2

p
pd2p

(2)

in which KB is the Boltzmann constant, 1.3805 � 10�23 J/K; T is
temperature, K; p is pressure, Pa; d is the collision diameter of the
gas molecule. For methane, d¼0.4 � 10�9 m.

Different Knudsen numbers correspond to different flow re-
gimes [5,6]: continuum flow (Kn < 0.001), slip flow (0.001
< Kn < 0.1), transitional flow (0.1 < Kn < 10), and free molecular
flow (Kn > 10). Fig. 2 presents the Knudsen number as a function
of pressure with various pore sizes ranging from 1 nm to 5 mm.
The gas slippage typically occurs in the condition where the
mean free path of the gas molecules is no more negligible
compared to the average effective pore throat radius (0.001
< Kn < 0.1). The gas molecules would slip on the inner surfaces of
the pores. This effect gives apparently higher permeability than
the absolute permeability measured using a liquid [7,8].

Klinkenberg (1941) [9] first addressed the gas slippage in
porousmedia and gave a linear correlation between themeasured
gas permeability and the reciprocal mean pore pressure.

ka ¼ k∞

�
1þ bk

p

�
(3)

where k∞ is the absolute permeability, mD; ka is the measured
gas permeability (apparent permeability), mD; bk is the

Klinkenberg slippage factor, MPa; p is the mean pore pressure,
MPa. Table 1 presents various correlations for gas slippage factor
b proposed in the subsequent work.

Beskok and Karniadakis(1999) [17] developed a rigorous
equation for volumetric flow through a micro tube.

ka ¼ ð1þ aKnÞ
�
1þ 4Kn

1� bKn

�
k∞ (4a)

a ¼ 128
15p2tan

�1
�
4Kn0:4

�
(4b)

where a is the dimensionless sparse coefficient, b is gas slippage
factor and generally b z 1. Civan (2010) [13] improved Beskok
and Karniadakis model and demonstrated a simple inverse
power-law expression of the sparse coefficient a as given below

a ¼ a0

1þ A
KnB

(5)

where A ¼ 0.170, B ¼ 0.434, a0 ¼ 1.358.
Tang et al. (2005) [15] reported that the second-order term of

the Knudsen number (Kn2) cannot be neglected for gas flowwith
relatively high Knudsen numbers. They presented a widely
known model given as follows

ka ¼ k∞

 
1þ A

p
þ B

p2

!
(6)

where A, B are constants that depend on gas properties and pore
geometry.

Zhu et al. (2007) [16] also recommended using a higher-order
equation which can be written as

ka ¼ k∞
�
1þ Ae

a

p

�
(7)

Fathi et al. (2012) [18] proposed the following equation based
on their numerical analysis.

Fig. 1. Pores in conventional (a) and shale gas (b) reservoirs [3].
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Fig. 2. Knudsen number as a function of pressure.
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