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Predicting Transport through Heterogeneous Pore Matrices: 

Analytical vs. Stochastic Approaches

Motivation and Objectives
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With increasing global energy demands, unconventional formations, such as shale rocks, are becoming an important source of natural gas. Shale rocks are mudstones made up of organic and inorganic constituents of 

varying pore sizes (1-500nm). With cutting-edge imaging technologies, detailed structural and chemical description of shale rocks can be obtained at different length scales. Nevertheless, predicting fluid permeability 

remains challenging. Experimental measurements supply answers, but at elevated costs of time and resources. To complement these, computer simulations are widely available, at various length scales, however, with 

significant approximations, and hence a reliable methodology to estimate permeability in heterogeneous pore networks remains elusive. 

We compare here permeability predictions obtained (a) by implementing deterministicmethods; (b) direct numerical simulations; and (c) one stochasticapproach, using a kinetic Monte Carlo algorithm. We discuss the 

effects resulting from pore size distribution, the impact of micro- and macropores, and the effects of anisotropy(induced or naturally occurring) on the predicted matrix permeability. When possible, comparison against 

experimental datasets are provided as guiding principles for selecting the appropriate predictive method.
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Methodology

Molecular Dynamics Simulations

× Newtonôs equations of motion

× The force F is related to the potential energy U
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Prediction of Apparent Gas Permeability 

MD helps identify the correct slip BCs in the LB

Boundary Driven Non-Equilibrium Molecular Dynamics Simulations

Kinetic Monte Carlo

Fluid Transport Properties

Amorphous Silica Fontainebleau Sandstone

PermeabilityKe (³10-5 molm/m2MPa)
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Lattice Boltzmann Method

Lattice Boltzmann Method

× Discrete Boltzmann Equation
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Boundary Condition (BC): Bounce-back (BC) + 

Specular Reflection 

Modify BB ­ Reduce unphysical slip

Methods Inorganic Organic Matrix

EMT 0.05± 0.01 2.5± 0.13 0.29± 0.02

Simplified 

Renormalisation 0.05± 0.01 0.64± 0.04 0.15± 0.01

KMC 0.08± 0.02 1.56± 0.35 0.36± 0.15

Experiments N/A N/A 0.1-0.6

Analytical Methods

× Effective Medium 

Theory (EMT)

× Simplified

Renormalisation (SR)

Stochastic Kinetic Monte Carlo vs. Analytical Approaches

Effect of Network Connectivity
Effect of Pore Size

Effect of Nano and Macro Porosity

Case DCase CCase BCase A

Effective Matrix Permeability(mD)

75% nano (macro) 

- 25% meso

50% nano (macro) 

- 50% meso

25% nano (macro) 

- 75% meso

Effective Matrix Permeability(mD)

Real Shale Sample

External Force Fext

Fluid Flow Characterisation

SEM Image

Naraghiet al. Int J Coal Geol2015, 140, 111-124

Digitised SEM Eagle Ford Image 

Shale and SandstonesClassical and Improved BCs Other Methods

Narrow log-normal pore size distributions ideal for 

applying the analytical methods

Good Agreement

Analytical models provide satisfactory predictions only 

when nanoporesare dominant and macropores are minor

Implementation of improved BCs in LBM ­

good agreement between molecular and core-flooding permeability data 

Velocity Distribution

Applicability of improved LB method from 

continuum to transitional flow simulation

Flow

KMCSREMT
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