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Stakes
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* 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....

e 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 il

* 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
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Understanding diffusion in cap rocks for
CCUS, for nuclear waste disposal...

[ STORAGE OVERVIEW |

~ Saline formations
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2 , Injection into

" deep unmineable
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ECBM

, Use of COz in
enhanced oil
recovery
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, Depleted oil and
gas reservoirs
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Some open questions regarding cap rocks: —
oversolubility of HC in nanopores Withoes

* Molecular dynamics simulation show an increase in solubility
due to interactions between the gases, the wall molecules and
water

Journal of Natural Gas Science and Engineering
Volume 98, February 2022, 104383

ELSEVIER

Diffusive transport of gases in saturated
nanopores: Caprock leakage from a molecular
simulation perspective

Brahim K. Benazzouz *, Khac Hieu Ho ® %, Phuoc The Nguyen ® ¢, Hai Hoang © 9, Guillaume Galliero © &

Shale gas modelling, from nano to km —
scales! (From Sobecki et al
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Scanning electron Pore size distribution of 2 tight
microimage of Barnett Shale rock samples (Zhang et al.
(Wang et al. 2009) 2016).

* Fluid located in kerogen and clay with ultra low
permeability (~100nD) and porosity (~0.05)

e Strong rock-fluid interaction within nano-pores
* Very heterogeous pore size distribution

Shale gas/tight oil reservoir 8/40
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Approaches =
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* Monte Carlo simulation using molecular modeling
— PVT, adsorption in nanopores etc...

* Molecular dynamics (transport properties)
— Diffusion coefficient
— Soret effect
— Clay swelling

e Battery modelling etc....

Anomalous GOR =

Webinars
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Thermodynamics in nanopores: may be treated by
shifting Tc, Pc using Grand canonical Monte Carlo

RESERVOIR

B

—
—
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CONSEQUENCES ON

MODELING ISSUES

CHARACTERISTICS: FLUID AND
* Strong rock-fluid PRODUCTION: + Standard
interaction within nano- ‘ « Pore size dependent PVT ‘ thermodynamic flash
pores « Production GOR not adapted
* Very heterogeous pore anomalies * Conventional simulator
size distribution not predictive
PROBLEM:

HOW TO MODEL ACCURATELY
THERMODYNAMIC AND FLOW IN

RESERVOIR AT LARGE SCALE?

HYDROCARBON
LOW PERMEABILITY
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Molecular simulation

Monte Carlo: statistical method based on the
Boltzmann distribution of energy at thermodynamic
equilibrium

* Fluid/fluid interaction:

Lennard-Jones 12-6 AUA potential
* Fluid/solid interaction:

Steele 9-3/AUA potential
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Grand Canonical Monte Carlo ensemble (uVT)

* Lack of precision on the LVE chemical potential
* Inability to give information on pressures

Adapt Gibbs Ensemble Monte Carlo ensemble (NVT)
e Considers liquid and vapor boxes at equilibrium

* Gives information on pressures
* Needs good initial condition to converge

12/40
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Some results
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PURE COMPONENT RESULTS: CRITICAL POINT

* 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

Bulk pressure (MPa)

Results for mixtures

CoHg + CsHy2, 370K

CoHg + CsHy2, 370K
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COMPARISON WITH MOLECULAR
SIMULATION RESULTS
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Up-scaling Approaches for pore size =
distribution (PSD), 3 porosity model
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* Test the methodology developed on other pure components, mixtures and pore sizes ‘Q‘

Webhinars

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

* Improve calibration of modified EOS and test new EOS

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

* Investigate the gravity effect using 3D simulation cases

¢ Investigate the impact of correlation length for the PSD

* 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
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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

THE JOURNAL OF Article
SIVATOAT . CHEMIQT
PHYSICAL CHEMISTRY & e o v v pubsacs.org/JPCC

Molecular Dynamics Simulation of Hydration and Swelling of Mixed-
Layer Clays
Mahsa Rahromostagim and Muhammad Sahimi*

Mork Family Department of Chemical Engineering and Materials Science, University of Southern California, Los Angeles, California
90089-1211, United States

ABSTRACT: Swelling
broad class of problems
proble

molecular modeling of the phenomen
clays of one type or another. In pract

diverse class of mixed-layer clays (MLCs) in sedimentary rock m
with intermixed stacking sequence of two or more types of . oS

Relaiive d spacing(A)

distinct layers within a single crystal. In fact, more than 60% of .
sedimentary rocks in the USS. contain various types of MLCs. e AN
We present the results, to our knowledge, of the first wumber of water

molecular dynamics simulation of hydration energetics and

Application for CO2 injectivity control =

* Major applications for geomechanics issues

International Journal of Greenhouse Gas Conirol 76 (2018) 193-199

=
Contents lists available at ScienceDirect

Greenhouse
Gas Contro)

International Journal of Greenhouse Gas Control

journal homepage: www.elsevier.com/locatefijggc

Geological and geomechanical factors impacting loss of near-well M)
permeability during CO, injection s |

Malin Torsater®, Pierre Cerasi

SINTEF Petroleum Research, Trondheim, Norway
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Once clay swelling is quantified, up-scaling
can be achieved by a cascade of multiple =
porosity models

Journal of Petrolenm Sciencr and Engineering 165 (2018) 596-615

‘Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering

ELSEVIER journal homepage: www.elsevier.com/locate/petral
Modeling the swelling of shale matrix in unconventional reservoirs m
Chack for
. puste
Binh T. Bui , Azra N. Tutuncu

Unconventional Natural Gas and Ol Institute, Colorada School of Mines, 1500 [llinois 5t Golden, CO, 80401, USA

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

pubs.acs.org/JCTC

Diffusion under Confinement: Hydrodynamic Finite-Size Effects in
Simulation

Pauline Simonnin, *® Benoit Noetinger,” Carlos Nieto-Draghi," Virginie Marry,"
and Benjamin Rotenberg*"

"Sorbonne Universités, UPMC Univ Paris 06, CNRS, Laboratoire PHENIX, Case 51, 4 Place Jussieu, F-75005 Paris, France
“IFP Energies Nouvelles, 1 & 4 avenue de Bois-Préau, 92852 Rueil-Malmaison, France

— Continuum hydrodynarmics
§ MD simulation various H

10
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Correcting the bias =

* Theory for diffusion coefficient in a very long nanopore
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* But strong bias due to too small simulation box "1 =
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* The bias can be corrected analytically thanks to

An hydrodynamical calculation
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Conclusions & perspectives waommars

* 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 Al
for huge simulation data postreatment.

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

11
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