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New experimental techniques and modeling methods for the 

study of flow in porous media from the nanometer to the 

centimeter

Some Up-scaling issues
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summary

• Stakes

• Goals of up-scaling between these scales

• Issues for cap rocks, shales, clay swelling

• Bias in molecular simulations

Conclusions and perspectives.

Stakes

• Understanding flow and transport processes in nanopores are of increasing importance for 
many applications:
– Shale gas flow understanding and modelling

– Thermodynamics in nanopores

– Cap rock modelling in CCS applications

– Battery modeling, fuel-cells

– Hydrogen storage

– Membrane modelling such as water desalinization, blue energy (osmotic energy harvesting) 

– Refining, chemical engineering etc….

• Nanoscale data are more and more available, as well as detailed simulation methods such 
as molecular dynamics, lattice Boltzmann
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Goals of up-scaling from nano to cm

• In analogy to the change of scale from pore-scale to Darcy 
description, to be able to build a physically sound macroscopic 
model describing transport in nanopores.

• Surface effects may become dominant, as well as coupling with 
other physical effects (eg clay swelling)

• Adsorption effects 

• So two tasks: 
– finding an effective description (like Darcy’s law)

– determining the associated parameters (like poro/perm etc…) from 
microscopic data

Understanding diffusion in cap rocks for 

CCUS, for nuclear waste disposal…
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Some open questions regarding cap rocks: 

oversolubility of HC in nanopores

• Molecular dynamics simulation show an increase in solubility

due to interactions between the gases, the wall molecules and 

water

Scanning electron

microimage of Barnett Shale 

(Wang et al. 2009) 

• Fluid located in kerogen and clay with ultra low

permeability (~100nD) and porosity (~0.05)

• Strong rock-fluid interaction  within nano-pores 

• Very heterogeous pore size distribution 

Pore size distribution of 2 tight 

rock samples (Zhang et al. 

2016).

Shale gas/tight oil reservoir

Matrix

Fracture
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Shale gas modelling, from nano to km 

scales! (From Sobecki et al)
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Approaches

• Monte Carlo simulation using molecular modeling

– PVT, adsorption in nanopores etc…

• Molecular dynamics (transport properties)

– Diffusion coefficient

– Soret effect

– Clay swelling 

• Battery modelling etc….

Three consecutive images (0.05s) during the vaporization (L. Wang 

et al. 2014).

Production of a liquid rich shale oil Eagle Ford well (M. 

Khoshghadam et al. 2017)

• Production GOR anomaly

• Pore size dependent PVT 

10/40

Anomalous GOR
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CONSEQUENCES ON 

FLUID AND 

PRODUCTION: 
• Pore size dependent PVT 

• Production GOR 

anomalies

MODELING ISSUES

• Standard 

thermodynamic flash 

not adapted

• Conventional simulator 

not predictive

RESERVOIR
CHARACTERISTICS:

• Strong rock-fluid 
interaction within nano-
pores 

• Very heterogeous pore 
size distribution 

PROBLEM:

HOW TO MODEL ACCURATELY HYDROCARBON

THERMODYNAMIC AND FLOW IN LOW PERMEABILITY

RESERVOIR AT LARGE SCALE?

11/40

Thermodynamics in nanopores: may be treated by 

shifting Tc, Pc using Grand canonical Monte Carlo

• Fluid/fluid interaction: 

Lennard-Jones 12-6 AUA potential

• Fluid/solid interaction: 

Steele 9-3/AUA potential

Monte Carlo: statistical method based on the 

Boltzmann distribution of energy at thermodynamic

equilibrium

H

Graphite
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Grand Canonical Monte Carlo ensemble (µVT)

• Lack of precision on the LVE chemical potential

• Inability to give information on pressures

Adapt Gibbs Ensemble Monte Carlo ensemble (NVT)

• Considers liquid and vapor boxes at equilibrium

• Gives information on pressures

• Needs good initial condition to converge

Molecular simulation
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• Different shifts of critical temperature and 
pressure

• Critical temperature shift can be modeled by 
Jin et al, 2013 correlation

• Critical pressure shift can be modeled by 
Meyra et al, 2005 correlation

13/40

PURE COMPONENT RESULTS: CRITICAL POINT

Some results

• Good match without
any fitting with Flash+Pc
with shift Tc Pc

• Need of density
correction

14/40

COMPARISON WITH MOLECULAR 

SIMULATION RESULTS

Results for mixtures
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PSD achieved through N2GA 

and MIP (Zhang et al. 2016).

PSD from lab

Fine grid 

matrix/fracture 

simulation for a 

PSD

Concept of 3P model 

and calibration for a 

PSD

Building of the 3P 

model with different 

PSD 

SRV simulation

EOS+Pcap+shift calibrated 

by Molecular simulation

15/40

Up-scaling Approaches for pore size 

distribution (PSD), 3 porosity model

• Molecular simulation

• Test the methodology developed on other pure components, mixtures and pore sizes

• Test alternatives to Monte Carlo molecular simulation such as Density functional 
theory (DFT)

• PVT modeling

• Improve calibration of modified EOS and test new EOS

• Speed up convergence and improve robutness of the flash algorithm using deep
learning for example

• Matrix/fracture interaction

• Investigate the gravity effect using 3D simulation cases

• Investigate the impact of correlation length for the PSD

• Triple porosity model

• Test the robutness of the methodology developed on discrete fracture network and 
3D reservoir model

• Take into account direct fluid flow between two matrix cells

16/40

PERSPECTIVES
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Other exemple: modelling clay swelling

• Important for nuclear waste disposal in clay structures (like in 

Callovo-Oxfordian layer in Bures, France)

• Understanding the interaction between clay and various gases

e.g.  hydrogen coming from nuclear wastes

Application for CO2 injectivity control

• Major applications for geomechanics issues



5/19/2022

10

Once clay swelling is quantified, up-scaling

can be achieved by a cascade of multiple 

porosity models

Molecular simulation: solving Newton equation of 

motion of N particles in nanopores represented as 

realistic fixed molecules.

• Very expansive calculations, imply relatively narrow simulation 

boxes implying important numerical erros that can be

corrected analytically
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Correcting the bias

• Theory for diffusion coefficient in a very long nanopore

• But strong bias due to too small simulation box

• The bias can be corrected analytically thanks to

An hydrodynamical calculation

Conclusions & perspectives

• Experimental and molecular simulation methods allow deeper
qualitative and quantitative understanding of transport in 
nanopores.

• Upscaling approaches using a combination of molecular simulation, 
hydrodynamics, multiporosity models and geomechanics can be set 
up to get results useful for the practitionner.

• Big computational facilities are required, as well as big data and AI 
for huge simulation data postreatment.

• Plenty of other issues (slip boundary conditions of importance for 
membrane modelling) etc….
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