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ARTICLE INFO ABSTRACT

Permeability is an important parameter for describing the transport properties of gas shales. This study in-
vestigates the effects of water saturation on stress-dependent permeability and the slip factor of Carboniferous
shales in the Qaidam Basin, China.

To analyze correlations between water saturation, effective stress, helium permeability, and slip factor, he-
lium permeability of 12 shale samples with different water saturation at pore pressures up to 6.89 MPa and
effective stresses up to 27.58 MPa at 25 °C is measured. Subsequently, shale characteristics, including mineral
composition, total organic carbon (TOC) content, thermal maturity, vitrinite reflectance, and pore structure
distribution (PSD; pore volume and type), are determined.

The analyses reveal a consistent (exponential) relation between apparent effective gas permeability (at
6.89 MPa) and effective stress. The apparent effective helium permeability (at 4.13 MPa) decreases exponentially
with increasing water saturation, particularly in shale samples with a high intrinsic permeability. The critical
water saturation value of shale is 30%-40%. Two different modes of gas-water two-phase flow are observed.
When water saturation is ~ 30%, helium permeability decreases sharply and gas-water flow in the shale samples
appear as channel flow. However, when water saturation is > 40%, helium permeability slowly decreases,
gas-water flow in the shale samples appear as funicular flow, gas and water simultaneously flow in all capil-
laries, and thin films of structured water on mineral surfaces reduce the pore-throat diameter. Thus, increased
water films in narrow flow paths increase the gas slippage effect. Furthermore, the slip factor initially decreased
with increasing water saturation before increasing. Helium permeability exhibits a negative correlation with
TOC and clay contents and a positive correlation with quartz content. The micropores and mesopores in samples
with high clay content and TOC are favorable to gas adsorption but not to gas transport. Permeability mea-
surements of humidity oven-dried samples reveal a power-law relation between the gas slip factor and
Klinkenberg-corrected permeability; the slope of the resulting curve (—0.29) is lower than that obtained for low-
permeability gas sands. This study provides practical information for further studies of shale gas migration and
the gas slippage effect in certain gas-water flows.
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1. Introduction within its macropores, microfractures, and fracture network system

(Ghanizadeh et al., 2014). Gas transport through sandstones is gov-

The permeability of shale controls the flow characteristics of fluid,
including its directional movement and flow rate. The permeability of
shales ranges from sub-nanodarcies (nd) to tens of microdarcies (ud)
and is much lower than that of sandstones. Pore-throat sizes (diameters)
in shales generally range from 0.1 to 0.005 um (Nelson, 2009). Due to
gas flow complexities in shale nanoscale pore throats, the gas perme-
ability of shales remains understudied (Sakhaee-Pour and Bryant,
2012). Gas transport through the matrix of shales occurs as a combi-
nation of desorption and diffusion within its micropores and Darcy flow
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erned by Darcy's law due to their high permeability (Neuman, 1977;
Whitaker, 1986). Gas flow within shales, however, deviates from the
conventional Fick's and Darcy's laws (Javadpour et al., 2007; Civan,
2010). Continuous gas flow occurs in macropores, whereas the gas
velocity at the walls of micropores and mesopores is non-zero; thus, gas
transport is enhanced due to the phenomenon of “gas slippage”, which
increases the apparent permeability (Fathi et al., 2012; Firouzi et al.,
2014a). Klinkenberg (1941) observed the phenomenon of gas slippage
in the pore capillary system, and determined the following equation (1):
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Fig. 1. Generalized stratigraphic column of the Qaidam Basin (modified from Liu et al., 2012). The Hurleg and Huaitoutala formations, which were analyzed in this
study, are marked by red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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