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Context and objectives
LowPerm2015 aims to serve as a platform for exchange and interaction between
research and industry players from a variety of different disciplines working on the
characterisation and modeling of low to very-low permeability media and
nanoporous materials.

Media of this type are found in a broad range of scientific and technical fields, such
as:
•

geological formations (shale, tight sandstone or carbonates, etc.)

•

concrete engineering

•

polymer sheaths for pipelines

•

nanofiltration for produced water treatment

•

heterogeneous catalysis, etc.

These very different applications all face the same challenges:
•

the characterisation and modeling of these media and materials,

•

and the associated transport mechanisms at different scales.

Geoscientists, petrophysicists, physicists, thermodynamic experts, chemists, polymer
researchers, catalysis specialists, etc., you are involved in disciplines dealing
with low permeability media and nanoporous materials, are participating to this
major event.

The conference program is including cross-disciplinary sessions aimed at
shedding light on recent breakthroughs concerning:
•

theoretical results,

•

advanced experimental devices and methodologies,

•

modelling approaches and case studies.
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Main topics
•

Characterisation at pore scale

•

Competing physicochemical processes involved in fluid transport
mechanisms at pore scale

•

Low to very-low permeability media and nanoporous materials at
macroscopic scale: impact of heterogeneities on fluid flow,
homogeneisation techniques, etc.
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Tuesday 9 June
8.15

Registration

9.00

Opening of LowPerm2015
N. Dubos-Sallée, Scientific Correspondent of LowPerm2015 (IFPEN, France)
Welcome Address
E. Heintzé, Scientific Director (IFPEN, France)

Session 1: Characterisation at pore scale
9.20

Keynote address by P. Levitz (UPMC, France)
Confined fluid dynamics in heterogeneous nanoporous materials: morphology
and upscaling from the pore to the pore network

10.05 The status of water in a swelling shale: the case of the Callovo-Oxfordian
claystone
P. Delage1,3, H. Menaceur1, A. M. Tang1, J. Talandier2
(1 École des Ponts ParisTech, 2 Andra, 3 Lab. Navier/Cermes, France)
10.25 Pore network characteristics of European organic-rich shales:implications for
fluid storage and transport
A. Ghanizadeh1, M. Gasparik2, S. Aquino1, Y. Gensterblum3, A. Amann-Hildenbrand4,
B. Krooss4, T. Rexer5, A. Aplin6, C. R. Clarkson1
(1 Univ. of Calgary, Canada; 2 GEO-Data Group, Germany; 3 Stanford Univ., USA;
4 RWTH-Aachen Univ., Germany; 5 Max Planck Institute for Dynamics of Complex
Technical Systems, Germany; 6 Durham Univ., UK)
10.45 Break
11.05 Keynote address by J-P. Korb (Lab. PMC-Ecole Polytechnique-CNRS, France)
Confined fluid dynamics in heterogeous nanoporous materials probed by
multiscale NMR
11.50 Structure and permeability of porous silicon investigated by self-diffusion NMR
measurements
J. Puibasset1, P. Porion1, E. Rolley2, A. Grosman3
(1 CRMD-CNRS-Univ. d’Orléans, 2 Lab. de Physique Statistique-ENS-UPMC-Univ.
Paris Diderot-CNRS, 3 INSP-CNRS-UPMC, France)
12.10 Determination of shale gas dissolved in kerogen
Q. Sang1, Y. Li1, C. Zhu1, M. Dong1,2 (1 China Univ. of Petroleum, China ; 2 Univ. of
Calgary, Canada)
12.30 Lunch
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14.00 Monolithic nanoporous materials as stationary phases for microfabricated gas
chromatography columns
J. Fleury, D. Thiébaut, P. Sassiat, J. Vial
(LSABM-CBI-ESPCI ParisTech-CNRS-PSL Research Univ., France)
14.20 Characterisation of hydrated porous materials by neutron tomography
F. Ott, E. Rabot, F. Cousin, C. Loupiac, S. Désert, A. Helary, P. Lavie
(Lab. Léon Brillouin-CEA-CNRS, France)
Session 2: Competing physicochemical processes involved in fluid transport
mechanisms at pore scale
14.40 Keynote address by A. Szymczyk (Univ. Rennes 1, France)
Recent developments in modelling, simulation and characterization of synthetic
membranes
15.25 Salt and water permeabilities of a reverse osmosis desalination membrane under
osmotic and pressure gradients
G. H. Lopes, N. Ibaseta, P. Guichardon
(Aix Marseille Univ.-CNRS-Centrale Marseille, France)
15.45 Poster session
16.30 Water mobility and structure in natural clay systems
M. Fleury, E. Kohler, L. Barré (IFPEN, France)
16.50 Osmotic flow across fully permeable nanopores
C. Ybert, C. Cottin-Bizonne (UCBL, France)
17.10 Molecular dynamics simulations of slip on curved surfaces
D. Ross, E. Boek (Imperial College London, UK)
17.30 Simulation of fluid slip flow through simple cubic arrays of overlapping spheres
L. Wang, X. Yin (Colorado School of Mines, USA)

17.50 End of the presentations
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Wednesday 10 June

Session 2: Competing physicochemical processes involved in fluid transport
mechanisms at pore scale (continued)
9.00

Keynote address by M.O. Coppens (Univ. College London, UK)
Diffusion in real zeolites

9.45

Asphaltenes diffusion into mesoporous catalysts under hydroprocessing
conditions
F. Gaulier, J. Barbier, B. Guichard, D. Espinat (IFPEN, France)

10.05 Subcontinuum mass transport of condensed hydrocarbons in nanoporous media
B. Coasne,1 K. Falk,1 R. Pellenq1, F.-J. Ulm1, L. Bocquet1,2
(1 CNRS-MIT, USA; 2 Lab. de Physique Statistique-CNRS-ENS, France)
10.25 The KG2B project: a world-wide benchmark of low permeability measurement
C. David1, J. Wassermann1, F. Amann2, the KG2B Team
(1 Univ. Cergy-Pontoise, France ; 2 ETH Zürich, Switzerland)
10.40 Break
11.10 Keynote address by E. Espuche (Univ. Lyon 1, France)
Polymer based materials with high barrier properties: synthesis routes and barrier
mechanisms
11.55 Experimental and numerical investigation of two-phase flow in a model of
nanoporous media
A. Naillon1,2, P. Lefort1, S. Geoffroy3, M. Prat1, P. Joseph2
(1 IFMT-Univ. de Toulouse-CNRS, 2 LAAS-CNRS-Univ. de Toulouse-INPT, 3 Univ. de
Toulouse-UPS-INSA-LMDC, France)
12.15 Molecular simulation of shales organic matter transport properties
J. Collell, G. Galliero (LFC-R-CNRS-Total-UPPA, France)
12.35 Lunch
Session 3: Low to very-low permeability media and nanoporous materials at macrosopic
scale
14.15 Polymer permeability and barrier properties - application to flexible pipe design
M-H. Klopffer1, X. Lefebvre1, E. Brun2, T. Epsztein2, M. Chirat2, C. Taravel-Condat2
(1 IFPEN, 2 Technip, France)
14.35 Pore Network Model of electrokinetic transport through charged porous media
A. Oblibger1,2, M. Jardat2, D. Coelho1, S. Bekri3, B. Rotenberg2
(1 Andra, 2 CNRS- UPMC-Phenix, 3 IFPEN, France)
14.55 Keynote address by A. Aplin (Durham Univ., UK)
Pore systems and fluid transport in heterogeneous shales
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15.40 Estimation of flow properties in shear and compaction bands via imaging methods
and digital rock analysis
E. M. Charalampidou1, G. Couples1, H. Lewis1, S. Stanchits2, S. Hall3, C. Viggiani4
(1 Heriot-Watt Univ., UK; 2 Schlumberger, USA; 3 Univ. of Lund, Sweden; 4 Univ. de
Grenoble, France)
16.00 Poster session
16.50 Porescale simulation with lattice Boltzmann method in digital core and porenetwork model
J. Yao, L. Zhang, Y. Yang, J. Zhao, Y. Gao (China Univ. of Petroleum, Chine)
17.10 Fine microstructure and fluid transport of a tight sandstone
P. Adler1, Y. Song2, C. Davy2, L. Jeannin3, G. Hauss2, D. Troadec4, F. Skoczylas2
(1 UPMC-CNRS, 2 ECL-CNRS, 3 GDF Suez E&P International, 4 IEMN-CNRS, France)
17.30 Modelling of 1D anomalous diffusion in fractured nanoporous media
R. Holy, A. Albinali, H. Sarak, E. Ozkan (Colorado School of Mines, USA)
17.50 Activated desorption and long-time kinetics of hydrocarbon recovery from
nanoporous media
L. Bocquet, B. Coasne, T.Lee (Lab. de Physique Statistique-CNRS-ENS, France)
18.10 Experimental measurements and multi-scale modelling of the relative gas
permeability of a clay-rich tight carbonate
F. Bignonnet1,2, Z. Duan1, P. Egermann3, L. Jeannin4, F. Skoczylas1
(1 Ecole Centrale de Lille, 2 Lab. Navier-ENPC, 3 Storengy, 4 GDF Suez E&P, France)

18.30 End of the presentations
Bus transfer to the Domaine de Vert-Mont
19.00 Cocktail dinner party
21.30 Bus transfer from the Domaine de Vert-Mont to the hotels in Rueil then to Place Charles
de Gaulle Etoile in Paris
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Thursday 11 June

Session 3: Low to very-low permeability media and nanoporous materials at macrosopic
scale (continued)
9.00

Keynote address by Yu-Shu WU (Colorado School of Mines, USA)
Effect of capillary pressure on oil production of low-permeability, tight and shale
reservoirs

9.45

Upscaling slip-flow in porous media
D. Lasseux1, F. Valdés-Parada2, J. A. Ochoa-Tapia2, B. Goyeau3
(1 CNRS-Univ. Bordeaux-I2M, France; 2 UAM Iztapalapa, Mexico; 3 EM2C-ECP,
France)

10.05 Porosity and permeability of the lower jurassic posidonia shale from Whitby (UK)
M.E. Houben1, A. Barnhoorn2, M.R. Drury1, C.J. Peach1, C.J. Spiers1
(1 Utrecht Univ., 2 Delft Univ., The Netherlands)
10.25 Modelling of mesoporous alumina microstructure by 3D random models of
platelets
H. Wang1, A. Pietrasanta1, D. Jeulin1, F. Willot1, M. Faessel1, L. Sorbier2, M. Moreaud2
(1 Mines ParisTech-PSL Research univ.-CMM, 2 IFPEN, France)
10.45 Break
11.00 Modelling the transport of water and ions tracers in a micrometric sample of clay
P. Bacle, V. Marry (CNRS-UPMC-PHENIX, France)
11.20 From characterisation to multi-scale discrete fracture model of tight gas reservoir:
integrating cores, well logs, 3D seismic and outcrop
Z. Sun, J. Yao, J. Feng, Y. Wu, Y. Xu, Q. Sun
(China Univ. of Petroleum, China)
11.40 Conclusion by the Keynote Observer H. Van Damme (MIT, USA)
12.10 Closing address
12.15 End of the conference
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Welcome Address by E. Heintzé, Scientific Director (IFPEN, France)
Ladies and Gentlemen,
Dear Colleagues,

I first wish to welcome you on behalf of the management of “IFP Energies nouvelles”
and the members of the organizing committee for this international conference
“LowPerm 2015” .
This conference is part of « Les Rencontres Scientifiques d’IFP Energies nouvelles »
a series that we organize 3 times a year for R&D communities representing several
scientific disciplines of interest for our strategic scope of Research and Innovation.
With these events proposed by IFP Energies nouvelles, we wish to bring together
research communities around the world, including both academic and industrial
players, in order to address specific research topics of interest, through exchange of
views and skills.
As the previous ones, this “Rencontre Scientifique” event has been organized under
the aegis of the french “Académie des Sciences”, and it was made possible thanks to
the mobilization of recognized actors inside and outside our Institute.
I sincerely thank all of them for their precious help.
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As I just suggested, LowPerm 2015 must be considered as a platform for exchange
and interaction from a variety of disciplines, working on our common subject of
interest for the next three days : The characterisation and modelling of low to verylow permeability media and nanoporous materials.
At IFP Energies nouvelles, this subject is a real cross-cutting one when you consider
the broad range of technical items and applied fields which are concerned: geological
formations (as shale, tight sandstone or carbonates), concrete engineering, polymer
sheaths for pipelines, nanofiltration for produced water treatment, heterogeneous
catalysis, and so on...
As a matter of fact, it appears that research activities dealing with these various
subjects are conducted by different research communities, with various backgrounds,
approaches and tools.
Then, as you will have the pleasure to experiment all along this meeting, there is a
great probability that your neighbors in this room do not belong to your usual
scientific community, since the audience consists of many different types of
specialists: geoscientists, petro-physicists, physicists, thermodynamic experts,
chemists, polymer researchers, catalysis specialists, and so on…
So, this is an unprecedented opportunity to learn from them and to exchange views
about the way each of you strives to develop knowledge in his own field.
However, these very different applications all face the same challenges:
characterization and modeling of these media and materials, as well as the
associated transport mechanisms at different scales. These two challenges,
characterization and modeling, are essential in our scientific strategy as I would like
to explain it now.
In the purpose of fostering innovation, the scientific Division of IFP Energies
nouvelles is in charge of conducting basic research programs to provide knowledge,
methods and tools required by more applied projects.
This activity is guided by a scientific policy which aimed at addressing scientific
challenges which are common to several applied topics but also to several domains
of expertise.
Concerning given phenomena, the challenges refer to different objectives, among
which the two first are “understanding” and “describing”, so that subsequently it
becomes possible to represent or simulate complex systems.
“Understanding” requires observation, data acquisition and treatment, through
experimentation at pertinent scales… so, in short terms : “Characterization”.
“Describing” means identify a right mode of representation for physico-chemical
mechanisms, properties and interactions, that is: choosing the right equations for
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constitutive laws, with the right parameters, and also taking into account both
coupling effects and “multiscale-ability” … so, in short terms : “Modeling”.
To bring progress on those different aspects, IFP Energies nouvelles counts a lot on
interdisciplinarity and facilitates partnerships with the scientific community.
This is the reason why the “Rencontres Scientifiques” are an essential component of
our scientific strategy. They offer a crucial opportunity to coordinate complementary
approaches and efforts for addressing common matters of research and to initiate
dedicated networking.

Now let’s return to our conference, the theme of which is a perfect illustration of this
vision dealing with both characterization and modeling.
For both, oral presentations and posters, the program is organized around 3 crossdisciplinary sessions highlighting some recent breakthroughs concerning theoretical
results, advanced experimental devices and methodologies, modeling approaches
and case studies.
The first one “Characterization at pore scale“ concerns the determination of the
properties - absolute permeability or pore size distribution for example - for very
specific porous media at the pertinent scale, by using cutting-edge measurement
and imaging techniques as synchrotron radiation, or micro-tomography.
The second one “Competing physicochemical processes involved in fluid transport
mechanisms at pore scale” will be presented through theoretical and experimental
studies of competing physicochemical, chemical and flow processes, potentially
reinforced by confinement phenomena: adsorption, desorption, diffusion, and
reactive multiphase flow, in particular.
The third one “Low to very-low permeability media and nanoporous materials at
macrosopic scale ” aims to gain greater knowledge of the macroscopic properties of
these media and materials, which frequently exhibit significant heterogeneities at
different scales. While assessing the nature of the heterogeneity at large scale, as
well as its impact on fluid flows and transport, it intends to help bridging the gap
between pore and macroscopic scales, warranting efficient dedicated
homogenization techniques.
To conclude, I particularly wish to thank the keynote lecturers but also, naturally, all
speakers and poster authors for the time invested in preparing their presentations.
I express my deep gratitude to all members of the conference scientific committee,
eminent scientists who accepted the difficult task of reviewing submissions, helping
to ensure high scientific quality standards for this conference.

Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low Permeability Media and Nanoporous Materials. From Characterisation to Modelling: Can we do it better?

And I would like to thank you all for attending this conference. We wish it to be an
enriching experience, both scientifically and technically, with constructive debates
following presentations and extending far beyond sessions.
The title of this conference asks: “can we do it better ?”. I wouldn’t answer directly :
“Yes we can” … but, I’m pretty sure that the collective intelligence is a right way to
contribute to it.
Finally, I wish to congratulate the team of “IFP Energies nouvelles” which prepared
this scientific conference with dynamism and efficiency : the local organizing
committee, led by Dr Noalwenn Dubos-Sallee, which is the actual mainstay of the
conference, with the help of Sophia Chorazewiez from the “Institutional Relations and
Communications” Division, in charge of the numerous practical aspects of the
organization.

And now I invite you to take advantage of the quality of the program and wish you
fruitful debates.
Thank you for your attention.
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Confined fluid dynamics in heterogeneous nanoporous
morphology and upscaling from the pore to the pore network.

materials:

Pierre Levitz
PHENIX, CNRS-Université Pierre et Marie Curie, Paris, France
pierre.levitz@upmc.fr
Current advances in micro and nano X-ray tomography allow to image multiscale porous
materials with spatial resolutions up to about 10 nm. This is particularly the case of natural or
industrial geo-materials like sedimentary rocks [1], shale or cement pastes [2,3]. These
experiments reveal complex multiscale morphologies and raise two questions: first, how to
chose tools allowing simplifying the morphological analysis; second, how to related these
observed complex morphologies at different length scales with some functional properties
such as the dynamics of gas or liquid in strong confinement.
Based on 3D reconstructions of disordered porous media, we focus on the diffusive transport
of fluid in low permeability material where adsorption and geometrical confinement at
different time and length scales are observed. We first discuss the intermittent dynamics of the
confined fluid at the scale of pore where the adsorption plays a central role [4]. In order to
upscale the analysis of the fluid dynamics, we present some properties of pore network
topological graphs. We discuss their interest in describing the connection properties,
especially for evolving pore networks near a percolation threshold where the permeability
vanishes [5]. Here, the setting of cement paste is taken as example.
We show how the topological graphs can be used to decouple the fluid confinement within
“elementary pores” involving adsorption, intermittent dynamics [4] and the long range
exploration, sensitive to the porous network connection. Disordered media such as porous
glass or disordered carbon membranes will be considered.
[1] Han M, Youssef S, Rosenberg E, Fleury M and Levitz P Deviation from Archie's law in
partially saturated porous media: Wetting film versus disconnectedness of the conducting
phase, Phys. Rev E, 79 031127 (2009)
[2] Brisard, S; Chae, RS; Bihannic, I; Michot, L; Guttmann, P; Thieme, J; Schneider, G ;
Monteiro, PJM ; Levitz, P. Morphological quantification of hierarchical geomaterials by Xray nano-CT bridges the gap from nano to micro length scales. American Mineralogy Vol: 97
Pages: 480-483 (2012).
[3] Marie D. Jackson, Juhyuk Moon, Emanuele Gotti, Rae Taylor, Sejung R. Chae, Martin
Kunz,Abdul-Hamid Emwas, Cagla Meral, Peter Guttmann, Pierre Levitz, Hans-Rudolf Wenk
and P. Monteiro , Material and Elastic Properties of Al-Tobermorite in Ancient Roman
Seawater Concrete, J. Am. Ceram. Soc., 1–9 (2013)
[4] P. Levitz, P. A. Bonnaud, P.-A. Cazade, R. J.-M. Pellenq and B. Coasne, Molecular
intermittent dynamics of interfacial water:probing adsorption and bulk confinement, Soft
Matter, 9, 8654–8663 (2013)
[5] Levitz, P ;Tariel, V ; Stampanoni ; Gallucci, E, Topology of evolving pore networks, EPJAP Vol 60, 24202 (2012)
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THE STATUS OF WATER IN A SWELLING SHALE: THE CASE OF THE
CALLOVO-OXFORDIAN CLAYSTONE
Delage1,3 Pierre, Menaceur1 Hamza, Tang1 Anh Minh, Talandier2 Jean
1

Ecole des Ponts ParisTech, Navier/CERMES, France
2

ANDRA, France

The walls of galleries and disposal cells excavated for radioactive waste disposal at great
depth in argillaceous rocks will desaturate due to ventilation. A detailed investigation of the
water retention curves of the Callovo-Oxfordian (COx) claystone conducted by Wan et al.
(2014) was completed by examining the changes in microstructure of COx specimens under
various suctions by using the vapour control technique using saturated saline solutions.
Microstructure changes with respect to suction were examined by means of mercury
intrusion porosimetry (MIP) on freeze-dried specimens, allowing investigation down to 5.5 nm
pore diameter. At initial state, COx specimens were desaturated with a degree of saturation
of 77% and a suction of 34 MPa. A well classified pore size distribution (PSD) curve with a
characteristic diameter of 32 nm was obtained. Along the wetting path, specimens were
submitted to a suction of 9 MPa prior to be wetted at zero suction. Along the drying path,
specimens were submitted to suction of 150, 331 MPa and finally oven dried. The Figure
shows the corresponding PSD curves. Total porosities are also indicated. The Figure also
shows a simplified model of microstructure (Yven et al. 2007) that schematically represents
the clay matrix (clay fraction of 50%, mainly interstratified illite-smectite with 70% smectite at
the level considered) and the detritic inclusions (around 20% of quartz and 20% of calcite). In
a first approach, one can roughly estimate the average platelet thickness by estimating that it
is equal to the mean diameter detected. In the dry specimen, with an interlayer basal spacing
of 9.6 Å for both illite and smectite, an average number of 22 layers is obtained for the
thickness of 21 nm detected in MIP. Adopting the discrete hydration mechanism prevailing in
smectites (Mooney et al. 1952, Sayiouri et al. 2004, Ferrage et al. 2005), an hydration with
two successive layers of water molecules along the smectite faces for suctions larger than
50 MPa provides a platelet thickness of 26 nm at suctions of 150 and 331 MPa, comparable
with the 28 nm value observed in the PSD curves. Similarly, the adsorption of three
consecutive layers, as observed between 7 and 50 MPa, provide a thickness of 30 nm for the
initial state (34 MPa) and that hydrated to 9 MPa, comparable to the diameter of 32 nm
detected under these suctions (the PSD curves corresponding to both suctions, not
presented here, are similar). This interesting similarity between the hydration features of the
COx claystone and that of pure smectites evidences the respective roles of the intra and
inter-platelets water. The former is strongly linked to the smectite faces (suctions larger than
7 MPa) whereas the latter seems to react like free water, defining the overall response in
pore pressure. In other words, the water to be considered when dealing with poro-elastic
responses is the inter-platelet water that corresponds to approximately 70-80% of the total
water, more or less corresponding to the mercury intruded porosity. Similarly, it is most
probable that water transfers and permeability issues are also governed by this free interplatelets water. Note however that the microstructure model used here is somewhat
simplified, and that this approach could fruitfully be extended and completed based on recent
results from 3D SEM observations using the focused ion beam (FIB) technique (Keller et al.
2013, Davy et al. 2014).
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Figure. a) PSD curves of specimens along the drying path of the water retention curve; b)
after Yven et al. (2007)

Pierre Delage, Prof., Ecole des ponts ParisTech, 6-8 av. B. Pascal F77455 Marne la Vallée
cedex 2, 01 64 15 35 42, delage@cermes.enpc.fr
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Pore Network Characteristics of European Organic-rich Shales:
Implications for Fluid Storage and Transport
Amin GHANIZADEH1,*, Matus GASPARIK2, Samuel AQUINO1, Yves GENSTERBLUM3,
Alexandra AMANN-HILDENBRAND4, Bernhard M. KROOSS4, Thomas REXER5, Andrew
APLIN6, Christopher R. CLARKSON1
1

Department of Geoscience, University of Calgary, Calgary, Canada
2
3

4

GEO-Data Group, Garbsen, Germany

Department of Geophysics, Stanford University, Stanford, USA

Institute of Geology and Geochemistry of Petroleum and Coal, RWTH-Aachen University, Aachen,
Germany
5

Max Planck Institute for Dynamics of Complex Technical Systems, Magdeburg, Germany
6

Department of Earth Sciences, Durham University, Durham United Kingdom

Porosity and pore size distribution play important roles in evaluating the hydrocarbon storage
and transport properties of organic-rich shales. Gas storage capacity of shales depends on pore
volume and available surface area for gas sorption, whereas pore size distribution and pore
connectivity influence permeability. Knowledge of pore network attributes and their
interrelationship with hydrocarbon storage and transport properties aids in the prediction of
shale oil/gas fluid-in-place and productivity. In this work, we present results from an ongoing
laboratory study investigating pore network characteristics of European organic-rich shales,
differing in mineralogy (calcite-rich, clay-rich, quartz-rich), total organic carbon (TOC) content
(2.4-14.2 %) and thermal maturity (0.5-2.4 %VR r ; 447 °C ≤ T max ≤ 583 °C). The primary
objectives are to 1) fully characterize the pore network attributes (surface area, pore volume,
pore size distribution) of selected samples, 2) analyze the effects of different lithological factors
(TOC content, maturity, mineralogical composition) on pore network characteristics, and 3)
investigate the interrelationships between pore network attributes and other petrophysical
properties (gas/liquid permeability, high-pressure gas sorption capacity).
A total of eight samples originating from the Lower Toarcian Posidonia Shale (Germany) and
Cambro-Ordovician Alum Shale (Sweden, Denmark) are analyzed in this study. Low-pressure
N 2 (<90 kPa) and CO 2 (<40 kPa) adsorption measurements at -196 °C (77 K) and 0 °C (273.15
K), respectively, were conducted on crushed-rock shale samples (20/35 US mesh size; 0.5–
0.84 mm) to investigate the characteristics of the pore volume in the micro-pore (pore width < 2
nm), meso-pore (2 nm < pore width < 50 nm) and macro-pore (50 nm < pore width < 300 nm)
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ranges.

Gas (N 2 , CO 2 ) adsorption isotherms were collected using a 3Flex 1 Surface

Characterization Analyzer (Micromeritics®). The N 2 adsorption data were interpreted using
multi-point Brunauer–Emmett–Teller (BET) and Langmuir analysis for surface area and Barrett–
Joyner–Halenda (BJH) analysis for pore size distributions. The CO 2 adsorption data were
interpreted using the BET and Langmuir models for surface area, the Dubinin–Astakhov (D–A)
and Dubinin–Radushkevich (D–R) models for micro-pore volume and Density Functional
Theory (DFT) equation analysis for pore size distributions. Selected results from this study are
shown in Figure 1.

1

The use of trade name in this abstract is for descriptive purpose only and does not constitute endorsement by
the University of Calgary, GEO-data, Stanford University, RWTH-Aachen University, Max Planck Institute and
Durham University.
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Figure 1: N 2 adsorption isotherms for the selected European shale samples (a); N 2 cumulative
adsorption pore volumes (b); N 2 dV/dW with W: width (c); N 2 dV/dlog(W) (d). Figures (b), (c), and (d)
were obtained using the BJH method on the adsorption branch of the isotherms. Immature: %VR r =
0.50 ; T max = 422, 433 °C; Mature: %VR r = 0.88; T max = 447, 449 °C; Over-mature: 1.45 ≤ %VR r ≤
2 ; 447 °C ≤ T max ≤ 583.

The results of low-pressure gas adsorption analyses were combined with a comprehensive
petrophysical data-set previously obtained for the same samples (Ghanizadeh et al.,
2013a,b, 2014a; Gasparik et al., 2013) to investigate the interrelationship between pore
network attributes (surface area, pore volume, pore size distribution) and other petrophysical
characteristics. In accordance with permeability and high-pressure methane sorption results,
our present data-set indicates that surface area and (micro- and meso-) pore volumes as
well as the most prominent pore throat diameters are lowest for intermediate mature samples
(0.88 %VR r , oil-window). The relationships between the TOC-normalized BET surface area
and vitrinite reflectance is shown in Figure 2 as an example.
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Figure 2: TOC-normalized BET surface area vs. vitrinite reflectance

The insights from this comprehensive data-set are of significant importance for shale matrix
storage/transport characterization of organic-rich shales. In this contribution we will further
compare our results with those previously obtained for Australian (Hinai et al., 2014),
Chinese (Tian et al., 2013; Yang et al., 2014), Canadian/American (Clarkson et al., 2012,
2013; Ghanizadeh et al., 2014b,c) and other European (Rexer et al., 2013, 2014; Kuila et al.,
2014) organic-rich shales.
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What is the structure and dynamics of a fluid layer near a solid surface?
Answering this question is essential when considering heterogeneous nanoporous materials
such as porous silica glasses, cements, concretes and petroleum rocks. The confinement
induces a large anisotropy in the fluid dynamics, the modification of the dynamical surface
affinity (wettability) and a shift of the phase transition temperatures. We propose original
nuclear magnetic relaxation at variable magnetic fields and two dimensions (2-D) (NMR) for
studying non-invasively the multi-scale fluid transport in these disordered heterogeneous
porous media. A first application shows how longitudinal nuclear magnetic relaxation
frequency dispersion (1/T 1 ) of proton-water can provide reliable values of the specific surface
area and pore size distributions of cement-based materials. The measurement is sufficiently
fast to be applied continuously during the progressive hydration and setting of the material.
Another application relates to 2-D nuclear magnetic relaxation experiments correlating
longitudinal and transverse relaxation times (T 1 -T 2 and T 2 -z-stock-T 2 ) showing a water
exchange between connected nanopores of different cement pastes. We also show how the
correlations (D-T 2 ) of translational diffusion coefficient D and transverse relaxation time T 2
were used to characterize the different petroleum fluids (oil and brine) confined in carbonates
and sandstones under different wettability and saturations. The last application concerns the
possibility of probing in situ the dynamics and wettability of oil, water and gas trapped in the
complex nanostructure of shale-oil rocks. We present multi-frequency (Fig. 1a) and multidimensional NMR relaxation techniques (Fig. 1b) for probing these dynamics. The frequency
dispersion behaviors of 1/T 1 for oil and water confined in shales are interpreted through a
relaxation model showing 1-D (oil) and 2-D (water) diffusing phases confined within the
organic kerogen and mineral layers, respectively (Fig.1a). We probe the average hopping
and residence times of these fluids at pore surfaces and assign signals to water and oil at
both organic and mineral pore surfaces for characterizing their local wettability. This allows
interpreting our 2-D T 1 -T 2 correlation spectra (Fig. 1b) that could be made down-hole, thus
giving invaluable tool for investigating oil and gas recovery on these important nanoporous
rocks.

(a)

(b)

Fig. 1 (a) Measured longitudinal proton relaxation rates constants 1/T 1 as a function of the proton Larmor
frequency for an oil/water/air shale. The continuous (water) and dashed (oil) lines are the best fits obtained with
1
our relaxation theory . (b) Two-dimensional T 1 −T 2 spin correlation maps made at 2.5 MHz of oil/water/air shale
as-received. A color code index is given for estimating the relative intensities of the different peaks

[1] J.-P. Korb, B. Nicot, A. Louis-Joseph, S. Bubici, and G. Ferrante, J. Phys. Chem. C. 118,
23212 (2014).
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STRUCTURE AND PERMEABILITY OF POROUS SILICON INVESTIGATED BY
SELF-DIFFUSION NMR MEASUREMENTS
J. PUIBASSET1, P. PORION1, E. ROLLEY2, A. GROSMAN3
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CNRS, Université Pierre et Marie Curie, 4 place Jussieu, 75005 Paris, France

Adsorption and phase transitions of confined fluids in nanoporous materials are intensely
studied because of their fundamental interest and crucial role into many technologies.
Questions related to the influence of confinement of fluids, disorder or elastic deformation [1]
of the porous solids on the liquid-gas phase transition are still in debate. Model systems are
needed for the understanding of the adsorption phenomenon. In this context, porous silicon
(PoSi), which is a single crystal obtained by etching a (100) silicon wafer is an excellent
candidate. Indeed, it consists in non-connected tubular pores parallel to the [100] axis
perpendicular to the wafer surface [2], with transverse sections having polygonal shape of
nanometric size whose area is widely distributed (see figure). Once detached from the wafer,
free PoSi membranes can be considered as a nanoscale disordered honeycomb. Adsorption
/ desorption experiments have been performed to characterize the structure: they have
shown that evaporation occurs collectively, an intriguing observation generally associated
with a disordered pore structure with many interconnections through narrow necks. The
characterization of fluid mobility inside the pores should give complementary information
about the pore structure and topology. This presentation focuses on the dynamics of a fluid
confined into the structure of porous silicon, in particular by self-diffusion measurements
(pulsed gradient spin echo NMR). Results show a strong anisotropy of the self-diffusion
tensor, as expected in this highly anisotropic structure. However, a non-zero self-diffusion in
the directions perpendicular to the pore axis is observed. In order to interpret these puzzling
results, molecular and Brownian dynamics calculations will also be presented.

(a)

(b)

[1] A. Grosman and C. Ortega, Langmuir 24, 3977 (2008); Phys. Rev. B 78, 085433 (2008).
[2] B. Coasne, A. Grosman, C. Ortega and M. Simon, Phys. Rev. Lett. 88, 256102 (2002).

J. Puibasset, Dr., CRMD, 1b rue de la Férollerie, 45071 Orléans cedex 2, France; 33 2 38 25 53 76 ;
puibasset@cnrs-orleans.fr
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Determination of shale gas dissolved in kerogen
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ABSTRACT
Shale gas formations are complex and heterogeneous systems with both organic
and inorganic contents. Shale gas is stored in porous reservoirs in three forms: free
gas in the matrix pores and natural fractures, adsorbed gas on the surfaces of pores
within organic matter and clay minerals, and dissolved gas in kerogen. Identifying the
relative proportions of gas stored in the three different forms is important to the
assessment of the shale gas-in-place and the design of effective production strategies.
Many studies have been performed to determine the production characteristics of the
free gas and the adsorbed gas for shale gas reservoirs. However, limited research has
been conducted on the contribution of dissolved gas in kerogen to gas production in
shale gas reservoirs. A recent study showed that the portion of the dissolved gas in
kerogen could be as high as 22% of the total gas-in-place. Therefore, the dissolved
gas in a shale gas reservoir should be determined and its effect on the production
processes needs to be studied.
In this paper we performed gas production tests for a shale gas core with the same
initial gas-in-place but to different end-production pressure levels to evaluate the
contribution of the dissolved gas in kerogen to the ultimate gas production. In our
experiments, productions of free gas, adsorbed gas, and dissolved gas were identified
from the slopes of the cumulative gas production vs. time curves. The cumulative
production curves exhibited several stages that represent different gas production
processes. Production at the early stage is mainly from free gas flow from the microand nano-pores; the second stage of production curve reflects the addition of the gas
desorption to the produced gas; the late stage of gas production is mainly from the
diffusion of the dissolved gas in kerogen. For the samples tested, we found that part of
the adsorption gas and dissolved gas is not producible when the production pressure is
above a certain value. This pressure value is related to the desorption hysteresis of
shale core. We also found that the dissolved gas in kerogen can contribute about 20%
of the total gas production for the shale core tested.
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MONOLITHIC NANOPOROUS MATERIALS AS STATIONARY PHASES
FOR MICROFABRICATED GAS CHROMATOGRAPHY COLUMNS
Joachim FLEURY, Didier THIÉBAUT, Patrick SASSIAT, Jérôme VIAL
Laboratoire Sciences Analytiques, Bioanalytiques et Miniaturisation (LSABM)
Institute of Chemistry, Biology and Innovation (CBI), UMR 8231
ESPCI ParisTech – CNRS – PSL Research University
10 rue Vauquelin, 75231 Paris Cedex 05, France

Since the late 70s, new approaches have been proposed to replace conventional gas
chromatography apparatus by silicon-based microfabricated separation systems [1].
Performances, in terms of separation speed and efficiency, are expected to be improved with
miniaturization owing to the reduction of diffusion distances and better thermal management.
Moreover, such a fully miniaturized micro gas chromatograph (μGC) would enable cycled
and real-time analysis for various applications requiring continuous monitoring
(environmental monitoring, safety, etc.).
The main challenge in μGC systems is the development of a miniaturized separation column,
which is the heart of the analytical system. In order to address the size constraints, we used
the Micro Electro Mechanical System (MEMS) technology. The microfabricated separation
columns are integrated with resistive heaters and temperatures sensors to allow thermal
management.
In this communication, highly retentive stationary phases for high-speed μGC systems will be
presented. Silica-based monolithic nanoporous materials were prepared by in situ
polymerization within the MEMS-based GC columns through a sol-gel process, thereby filling
their entire interior volumes. These silica-based monoliths are derived from a sol-gel process
used for their preparation in liquid chromatography applications [2]. Thus, at first, the sol-gel
process parameters were studied and the structure of the silica-based monolith (porosity,
permeability) was successfully adapted for gas flows. Due to their hierarchical porosity
(macro-/meso-porosity), these materials exhibited unique chromatographic characteristics.
Combining high mass transfer rate and high specific surface area, high-speed separations of
highly volatile compounds, such as light hydrocarbons, were possible at high temperature,
using a very short column (< 1m).
Innovative post-synthesis treatments in order to enhance chromatographic performances will
also be presented. By tuning the monolith surface chemistry — while keeping the same
macro-porous structure, which allows fast mass transfer — we were able to separate C1–C5
alkanes, including isomers, in less than 20 seconds with silica-based monolith as stationary
phase in a MEMS-based GC column.

Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low Permeability Media and Nanoporous Materials. From Characterisation to Modelling: Can we do it better?

SEM picture of silica-based monolithic nanoporous materials (left) and MEMS-based GC column (right)

References
[1] Terry, S. C., Jerman, J. H., & Angell, J. B. (1979). A gas chromatographic air analyzer
fabricated on a silicon wafer. IEEE Transactions on Electron Devices, 26 (12), 1880-1886.
[2] Ishizuka, N., Minakuchi H., Nakanishi K., Soga N., Nagayama H., Hosoya K., and
Tanaka N. (2000). Performance of a Monolithic Silica Column in a Capillary under
Pressure‐Driven and Electrodriven Conditions. Analytical Chemistry, 72, 1275-1280.

Joachim FLEURY, PhD Student
Laboratoire Sciences Analytiques, Bioanalytiques et Miniaturisation (LSABM)
Institute of Chemistry, Biology and Innovation (CBI), UMR 8231
ESPCI ParisTech – CNRS – PSL Research University
10 rue Vauquelin, 75231 Paris Cedex 05, France
Tel: 01 40 79 46 48
joachim.fleury@espci.fr

Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low Permeability Media and Nanoporous Materials. From Characterisation to Modelling: Can we do it better?

Characterisation of hydrated porous materials by neutron tomography.

Frédéric Ott, E. Rabot, F. Cousin, C. Loupiac, S. Désert, A. Helary, P. Lavie
Laboratoire Léon Brillouin UMR12 CEA/CNRS, CEA Saclay, 91191 Gif sur Yvette Cedex
FRANCE
Neutron radiography and tomography are techniques which enable to obtain information at
the 10-100µm scale which is complementary with other techniques. The high neutron
penetration depth enables the study of bulk samples (on the order of 100x100x100mm3).
Besides, neutrons are very strongly scattered by hydrogen which makes neutron attenuation
especially sensitive to small amount of water or any organic matter content. Besides this
sensitivity to hydrogen, neutrons make it possible to probe specifically open or closed
porosities by using combination of D 2 O and H 2 O because D 2 O has a much lower scattering
than H 2 O. These specific properties make neutron imaging potentially very useful in the
study of porous materials. It is for example used to study water flow in soil samples, in roots,
in porous asphalt, in concrete and even in corks. Besides, cold neutrons have wavelengths in
the range 3-15Å which make them sensitive to the different crystallographic phases in
samples since crystal domains in Bragg conditions with respect to the incoming beam will
strongly attenuate the transmitted beam.
A new neutron imaging station has been installed at the Laboratoire Léon Brillouin (CEA
Saclay, France). The station is located in the neutron guide hall on a cold neutron guide. The
station is optimized for imaging at high spatial resolution (below 50µm) samples with sizes up
to 100x100mm². The sample is set on a table which allows up and down movements
together with a 360° sample rotation for tomographic measurements. The table can accept
loads above 100kg. Various sample environments can be accommodated (humidity
chambers, furnace, vacuum chamber, gas
chamber) or any sample environment provided
by the users.
We will present the different type of studies
which are possible on the IMAGINE radiography
station and focus on the monitoring of water in
soils. Bulk soil was collected in an agricultural
area and packed in an aluminium cylinder to a
bulk density of 1.3 g cm-3. Wetting-drying cycles
were applied on the soil sample: the first wetting
was done with H 2 O, whereas the second wetting
was done with D 2 O. The IMAGINE device and
this specific protocol allows to locate trapped
water which do not participate to the water flow.
The disconnection of the water-filled pore
network which is induced affects the hydraulic
Neutron radiography of a soil
conductivity of the soil.
cylinder
measured
on
IMAGINE
Dr. Frédéric OTT, Laboratoire Léon Brillouin UMR12 CEA/CNRS, CEA Saclay, 91191 Gif sur Yvette,
FRANCE. Tel: 01 69 08 61 21. E-mail : Frederic.Ott@cea.fr
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RECENT DEVELOPMENTS IN MODELLING, SIMULATION AND
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High consumption of energy, resulting in a faster depletion of energy resources and
increasing costs, forces industries to seek new economical separation techniques. Within this
scope, membrane processes are already recognized worldwide as efficient tools to address
some major societal issues, such as the ongoing water shortage crisis, in a strategy of
process intensification, i.e. a strategy leading to the development of smaller, cleaner and
more energy-efficient technologies.
In this lecture, we will highlight some recent progress made in modelling, simulation but also
characterization of membrane materials. Illustrations will be provided by considering three
membrane processes that are widely used in water treatment and/or desalination: reverse
osmosis (RO), nanofiltration (NF) and ultrafiltration (UF).
Dealing first with NF we will show thanks to advanced theoretical models of transport how
desalination performance could be improved (increased ionic selectivity but also energy
saving) by controlling the distribution of functional groups during the synthesis or the
functionalization of membranes.
In the second part of this lecture, we will focus on already existing membrane materials,
namely polyamide membranes, which are currently the most widely used RO membranes in
the ever-growing fields of desalination and water treatment. Despite years of intense
research on transport of water and solutes through RO membranes, the physical phenomena
that control transport through these polymeric materials are not yet fully understood,
particularly
at
the
molecular
level.
This
lack
of
understanding
comes
largely from the complex structure of RO membranes and the subtle interplay of
intermolecular interactions between the membrane material, the solutes and solvent
molecules, especially under ultraconfinement conditions for which many physical properties
of fluids can be substantially modified with respect to an unconstrained environment. Here
we will report on recent investigations carried out on the development of atomic-level models
of RO membranes and present preliminary results that might open the road for a more
accurate description and understanding of transport phenomena in RO.
The last part of this lecture will be devoted to the characterization of the surface electrical
properties of membranes. Indeed, in many membrane processes used in the liquid phase,
mass transport and surface charge effects are interrelated. We will pay special attention to
the great potentialities offered by electrokinetic techniques when investigating problems of
practical relevance. As an example, we will show how thorough electrokinetic measurements
can provide essential information regarding the complex molecular mechanisms of
membrane degradation by sodium hypochlorite, which is largely used in industry to sanitize
the processing equipment. This point will be illustrated by considering the issue of ageing of
Polyethersulfone / Polyvinylpyrrolidone UF membranes, which are widely used in various
industrial fields such as safe drinking water production and dairy industry.
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SALT AND WATER PERMEABILITIES OF A REVERSE OSMOSIS
DESALINATION MEMBRANE UNDER OSMOTIC AND PRESSURE GRADIENTS
Gustavo H. LOPES, Nelson IBASETA, Pierrette GUICHARDON
Aix Marseille Université, CNRS, Centrale Marseille, M2P2 UMR 7340, 13451, Marseille,
France
Low-permeability membranes are key technologies for water desalination, reclamation and
treatment. They are the core of pressure-driven and osmotically driven processes like
reverse osmosis (RO) and forward osmosis (FO) respectively. As important as its
productivity, membrane selectivity dictates the performance of these processes and seems
to behave differently according to the type of driving forces and to the operating conditions
employed. The effect of such factors on transmembrane mass transfer is still insufficiently
understood and quantified, yet its knowledge is essential for membrane characterization and
for the determination of membrane transport parameters.
The permeability of membranes to solutes is a crucial property whose accurate determination
is particularly complicated. We developed a bench-scale experimental method enabling its
determination, as well as that of the membrane solvent permeability, when no hydraulic
pressure is applied, that is, from purely osmotic-diffusive experiments. In doing so, two
customary sources of experimental bias are avoided: concentration polarization in the case
where the determination is carried out in cross-flow filtration, and the existence of the
osmotic flux when the determination is based on the diffusion of solute. Other advantages
are the simplicity and ease of use of the experimental device and protocol, as well as the
small amounts of solution employed (100 mL at most). Experiments with a double stirred
diffusion cell lasted for up to 15 days and were carried out by separating, initially, pure water
from aqueous sodium chloride solutions of different initial concentrations (1, 10 and 35 g.L-1)
by samples of either a conditioned reverse osmosis membrane (BW30, Filmtec, USA) or, for
comparison, a conditioned nanofiltration membrane (NF270, Filmtec, USA). Two
mathematical treatments aimed at extracting the membrane transport parameters according
to the solution-diffusion model were applied to the spontaneous evolution of the system: one
which tracks the evolution of volumes and concentrations independently of time and yields
the ratio of permeabilities (selectivity), and the other which provides individual values of salt
and water permeability by monitoring the solutions’ concentrations and volumes along the
time.
The results were insightful. A marked decrease of the water and salt permeabilities was
detected when the initial transmembrane concentration difference was increased.
Furthermore, the permeabilities determined under the influence of an osmotic gradient were
lower than those estimated when pressure was applied, what points out a substantial
contribution of convection as a transfer mechanism. Finally, the osmotic (water) permeability
found for the nanofiltration membrane was lower than the one calculated for the reverse
osmosis membrane, the contrary of what happens in pressure-driven mode. These and other
observations indicate that different mass transfer mechanisms are engendered by pressure
and concentration gradients, countering thereby the postulates of the traditional solutiondiffusion model.
Nelson IBASETA, Maître de conférences (Assistant professor), 38 rue Frédéric Joliot-Curie, 13451
Marseille Cedex 20, France, +33 (0)491054750, nelson.ibaseta@centrale-marseille.fr
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Water mobility and structure in natural clay systems
Marc FLEURY, Eric Kohler, Loic Barré
IFP Energies nouvelles, France
Context
Natural low permeability porous media contains usually a significant amount of clay and
therefore, the understanding of clay systems is an important preliminary step before
considering complex natural samples. Here we study the water behaviour in the interlayer
space of smectite clay powders. Theses pores can be considered on one hand as ideal
model systems in which one can vary and control the pore spacing and on the other hand,
they are close to real situations.
The key questions are: can we measure accurately the amount of water contained in such
pores ? What is the mobility and structure of water in such systems ? We propose to use
the low field Nuclear Magnetic Resonance (NMR) technique to answer the above questions.
Results
In principle, NMR relaxation gives directly the amount of hydrogen present in a system, and
from the analysis of the magnetization decay time, one can extract information about pore
sizes and mobility typically at millisecond time scales. Indeed, the water content in smectite
powder samples at various relative humidity and with different counter ions has been
measured accurately (figure 1 from [1]) in agreement with basal spacing measurements
(d 001 ). However, relaxation times are not proportional to d 001 , in contradiction with the
standard theory. At high relative humidity, interlayer water is in fast exchange with external
water located in larger pores. In general, due to large diffusivities, the pore size distribution
cannot be determined from relaxation time distribution and we suggest to use instead NMR
cryoporometry. We were also able to evidence specific confinement effects in clays: the
water molecules are temporarily oriented [2] due to a combined effect of the counter ions and
small spacing (1 to 3 water molecule thickness). For the clay system studied, we found that
between 0.5 to 2.5 water molecules per ion are oriented.

Figure 1: water content in the interlayer space of
smectite powders as a function of the basal spacing
measured by SAXS.

Figure 2: water orientation detected by NMR
nutation experiments. The measured signal is
analyzed in terms of oriented and “free” water.

References
[1] Fleury M, Kohler E, Norrant F, Gautier S, M’Hamdi J, Barré L. Characterization and Quantification
of Water in Smectites with Low-Field NMR. J Phys Chem C 2013;117:4551–60.
[2] Fleury M, Canet D. Water Orientation in Smectites Using NMR Nutation Experiments. J Phys
Chem C 2014;118:4733–40.
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Osmotic flow across fully permeable nanopores

Ybert Christophe, Cottin-Bizonne Cécile
Institut Lumière Matière, UMR 5306 CNRS, Université Claude Bernard Lyon 1, France
While osmosis across membranes is intrinsically associated with the concept of semipermeability, we demonstrate experimentally the generation of osmotic flow by gradients of
solutes across non-selective nano-channels. Model nano-channels are obtained on Si-chips
through nanofabrication processes. The fluidic chip allows to impose a controlled solute
concentration difference between nanochannel’s extremities. In addition, we propose a
simple fluorescence imaging technique to access the water flow rate inside a single
nanochannel, that allows us reaching an unprecedented sensitivity of femtoliters per minute
flow rates, 2 orders of magnitude below
recent state-of-the art results [1].
A convective liquid motion is evidenced under
salinity gradients, from the higher to lower
electrolyte concentration. Remarkably, this
osmotic flow is generated although no ion
rejection or charge selectivity exist in the
nanochannels. We attribute this flow to the
so-called diffusio-osmotic transport, which
constitutes to our knowledge the first direct
experimental evidence of this interfaciallydriven transport. It is all the more important
that such osmotic effects have been recently
suggested to account for strong increase of
DNA translocation rates [2] or for large
Figure 1 : single nanochannel flow rate under leftcurrent generation in the context of energy right concentration difference, for different salts
harvesting [3] by nanoporous membranes. (KCl, NaCl, LiCl)
Here, the quantitative investigation of flow
rates and surface characterizations allows gaining much insight into the detailed origins of
this subtle phenomenon.
Finally, we furthermore demonstrate the onset of diffusio-osmotic transport under neutral
polymer gradient, allowing to highlight the entropic depletion of the polymer at the
nanochannel surface.
[1] C. Lee, C. Cottin-Bizonne, A.-L. Biance, P. Joseph, L. Bocquet, and C. Ybert, Phys. Rev.
Lett. 112, 244501 (2014).
[2] M.M. Hatlo, D. Panja, R. van Roij Phys. Rev. Lett. 107, 068101(2011).
[3] A. Siria, P. Poncharal, A.-L. Biance, R. Fulcrand, X. Blase, S. Purcell, and L. Bocquet,
Nature 494, 455 (2013)
Name of the presenter: Ybert
Title: Dr
Address: iLM – Campus LyonTech/La Doua - Bât. Brillouin - 6 rue Ada Byron - 69622 Villeurbanne
Cedex
Phone: 04 72 44 82 53
Email: Christophe.Ybert@univ-lyon1.fr
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Molecular Dynamics Simulations of Slip on Curved Surfaces

Daniel ROSS and Edo BOEK
Department of Chemical Engineering,
Imperial College London, United Kingdom

For nano-porous media, conventional computational fluid dynamics (CFD) and LatticeBoltzmann (LB) [1,2,3] methods may not be suitable to predict flow and transport properties.
The reason is that these techniques make the assumption of a no-slip boundary condition at
fluid-solid interfaces, which is not necessarily the case when pore sizes become comparable
to molecular diameters. If slip is not taken into account, then the mean velocity in the channel
can be underestimated drastically. Quantifying the amount of slip in a channel of given
curvature and solid-fluid combination is a challenge that requires explicit molecular scale
simulation techniques such as Molecular Dynamics (MD). Previously, we have examined
imbibition in nano-pores [4] and wettability alteration [5] using MD simulations. Here we
extend this to study slip within graphitic slit pores and carbon nanotubes [6]. Initially, a series
of nanoscale geometries with varying surface curvatures are chosen and filled with water.
The surface curvature is varied and equilibrium simulations are performed to extract the force
auto-correlation function at the fluid-solid interface. From this, the friction coefficient is
calculated and plotted against curvature, both concave and convex. Graphitic slabs of
varying separation are used as a base to compare against, as this is the case of zero
curvature. It is found that fluid against concave and convex surfaces experiences lower and
higher friction respectively than the base case. The work is extended to friction in the case of
radial flow about the curvature, as apposed to longitudinal flow. The nature of the fluid is also
investigated, including water and hydrocarbons, in fluid-solid combinations for real fluids. We
use the effective slip lengths calculated from the MD simulations for upscaling and predict
flow and transport in realistic nano-porous media using LB calculations. The pore space
images required are obtained from high resolution FIB-SEM imaging. Applications include
flow and transport in nano-porous engine valve deposits and gas shales.
References
[1] J.Yang, J.P. Crawshaw and E.S.Boek, Water Resources Research 49, 8531-8538 (2013).
[2] J.Yang and E.S.Boek, Computers and Mathematics with Applications 65, 882-890 (2013).
[3] E.S. Boek and M. Venturoli, Comp. and Maths. with Applications 59, 2305-2314 (2010).
[4] M.R. Stukan, P. Ligneul, J.P. Crawshaw and E.S. Boek, Langmuir 26, 13342 (2010).
[5] M.R. Stukan, P. Ligneul and E.S. Boek, OGST 67.5 737–742 (2012).
[6] K. Falk et. al., Nano Lett, 10, 4067-4073 (2010).

Daniel Ross and Edo Boek, Molecular Dynamics Simulations of Slip on Curved Surfaces, Imperial
College London, London SW7 2AZ, e.boek@imperial.ac.uk
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Simulation of fluid slip flow through simple cubic arrays of overlapping
spheres
Lei Wang, Xiaolong Yin
Department of Petroleum Engineering, Colorado School of Mines, USA.
Abstract
In porous media with permeability of micro- to nano-Darcy, the mean free path of gas
molecules is generally comparable to the pore sizes. When their ratio, i.e. Knudsen number,
falls between 0.001 and 0.1, gas slippage occurs on the gas-solid interface. On the microand nano-scale, liquid slippage may also take place due to surface roughness or wettability.
To describe fluid slippage, analytical or asymptotic solutions can be derived from the NavierStokes equation and the first-order slip boundary condition for simple geometries such as
channels or tubes. However, for porous media of complex shapes, only empirical formulas,
such as the Klinkenberg’s equation, are available to relate flow rate with pressure drop. In
these formulas, gas properties, geometric variances and gas-solid interactions are all lumped
together into empirical coefficients that need to be determined on a case by case basis by
experiments that are time-consuming and costly. Lattice-Boltzmann method, which is a
powerful tool in simulating fluid flow at the pore scale, currently does not have ability to
simulate slip flows in pore geometries other than simple channels.
Thereby, we derived a new lattice-Boltzmann model that can capture fluid slippage at the
boundary by integrating the first-order slip boundary condition into the link-bounce-back rule
of the lattice-Boltzmann methodology. In this new slip model, the geometric variance (surface
normal), the mean free path (λ) and the tangential momentum accommodation coefficient (σ)
of gas (or slip length of liquid) are explicitly incorporated. Simulation of slip flow through 1D
channels and 2D arrays of cylinders verified the accuracy of this new model. Then, fluid slip
flow through three periodic arrays of non-overlapping spheres were simulated, and slip
(apparent) permeability was regressed as a nonlinear function of the no-slip (Darcy)
permeability, the mean free path and the tangential momentum accommodation coefficient of
gas (or the slip length of liquid), and the porosity. In these cases, the surface normal was
calculated with the global normal method, which takes the sphere center as the reference
coordinates. However, while extending this global normal method to simple cubic arrays of
overlapping spheres, numerical instability emerged in the corners of the embedded spheres.
To resolve this issue, a local normal method combining the velocity quadratures and their
weighting factors was proposed to calculate the surface normals of the interface nodes. With
this method, the new slip model can simulate slip flows through simple cubic arrays of
overlapping spheres with the porosity varying from 47.64% to 6.16%. Compared with the
global normal method, local normal method yields lower fluid slippage with a given slip
length. This disparity roots in the staircase representation of the smooth fluid-solid interface,
which cannot be eliminated by increasing the grid resolution. Therefore, for surfaces whose
global normal can be easily determined, we recommend the use of global normal; for
complex geometries (e.g. digitalized porous medium) whose global normal is not available,
the local normal method, as a workable approximation, provides a means to facilitate the
implementation of the lattice-Boltzmann slip model.
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Figure 1. Permeability ratio curves with extended dimensionless slip length of SC arrays of
overlapping spheres. Filled markers denote the gas slip flow regime; empty markers extend
the permeability curves to slip lengths that are not realizable for gas slip flows but are
possible for liquid slip flows. S=bɩ/Rs, where bɩ is the slip length of liquid or (2-σ)λ/σ for gas.
Ks/Kns is the ratio of the slip permeability to the no-slip permeability. Rs is the sphere radius, L
is the side length of the simulation cell.

Xiaolong Yin, professor, Rm 315 MZ Hall, Golden, Colorado. 3033842627. xyin@mines.edu.
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Diffusion in real zeolites
Marc-Olivier Coppens (m.coppens@ucl.ac.uk)
University College London
Department of Chemical Engineering
Torrington Place
London WC1E 7JE
United Kingdom
T + 44 20 7679 7369
F + 44 20 7383 2348

Simulating diffusion in zeolites is hardly a new topic. And yet, while progress has been made on a
microscopic scale, with atomistic simulations closing in on microscopic measurements, large
differences remain at macroscopic scales relevant to real applications in chemical reaction
engineering, adsorption and membrane separations. The Maxwell-Stefan approach for multicomponent diffusion is an improvement over Fick’s law, but still lumps unknown factors into
exchange coefficients and employs empirical correlations. Fundamentally, these equations were
derived for bulk fluids, not for configurational diffusion under strong molecular confinement. In
practice, zeolites are often not pure silica, but contain, e.g., aluminium and balancing counterions. Real applications involve mixtures, and high molecular loadings. Zeolite crystals are a
component of membrane layers or catalyst pellets, with a hierarchical pore network that needs to
be optimised to make the best use of the intrinsic zeolite properties. The role of defects at the
surface and inside the crystals could be significant, especially for applications involving small
crystals. All this calls for multi-scale simulation approaches that revisit how diffusion in zeolites is
modelled. There is a need for a new methodology that can inform engineering applications.
Progress in this area will be presented. Simulating diffusion in real zeolites is still in its infancy!
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ASPHALTENES DIFFUSION INTO MESOPOROUS CATALYSTS
UNDER HYDROPROCESSING CONDITIONS
Florine GAULIER, Jérémie BARBIER,
Bertrand GUICHARD, Didier ESPINAT
IFP Energies nouvelles, France

To meet the growing worldwide energy demand, heavy crude oils upgrading is becoming
increasingly more important as they represent important energy reserves. Heavy oil fraction
can be upgraded through various processes, such as residue hydrotreatments. However, the
mass transfer of asphaltenes, macromolecules present in heavy oil fraction, from feedstock
to catalytic active sites is limited during hydroprocessing and no well-known under process
conditions.
A new method has been developed to characterize and understand asphaltenes diffusion
phenomenon in mesoporous catalysts under high temperature and pressure. Experiments
were carried out at 250°C and 50 bar following the diffusion during various residence times in
order to reach the complete equilibrium of the system solution and support.
For the first time, the asphaltenes diffusion and adsorption into porous media at high
temperature and pressure was monitored and characterize in terms of mass transfer,
penetration front and porosity plugging. At high temperature and pressure, it was observed a
diffusion enhancement in terms of velocity and quantity absorbed. Moreover, the penetration
of asphaltenes at high temperature and pressure cluttered up porous media less than at
ambient conditions. This phenomenon seems to be directly linked to asphaltenes capacity to
disaggregate themself at high temperature and pressure. However, even at high conditions,
asphaltenes mass transfer process remained slow as several days were needed to reach
system equilibrium.
Our future works will focus on the enhancement of our procedure with chemical mappings of
asphaltenes penetration fronts and asphaltenes characterizations in solutions to highlight
and understand segregation phenomenon during diffusion. Moreover, our study will look at
various parameters as temperature and pressure to depict finely the asphaltenes diffusion
and adsorption phenomenon.
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Figure : Optic microscopic pictures of supports exposed to asphaltenes solutions at
high temperature and high pressure during ; a) 0h ; b) 1h30 ; c) 6h ; d) 24h residence
time

Florine GAULIER, Asphaltenes diffusion into mesoporous catalysts under hydroprocessing conditions,
IFP Energies nouvelles, Rond-point de l’échangeur de Solaize - BP3, 69360 Solaize, France,
0033437702479, florine.gaulier@ifpen.fr
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SUBCONTINUUM MASS TRANSPORT OF CONDENSED HYDROCARBONS IN
NANOPOROUS MEDIA
Benoit COASNE,1 Kerstin FALK,1 Roland PELLENQ,1 Franz-Josef ULM1 and Lydéric
BOCQUET1,2
1

Department of Civil and Environmental Engineering and MultiScale Material Science for
Energy and Environment UMI 3466 CNRS-MIT, Massachusetts Institute of Technology,
Cambridge 02139 MA, USA, 2 Laboratoire de Physique Statistique, UMR CNRS 8550,

Ecole Normale Supérieure, 75005 Paris, France
While the production of gas and oil from unconventional reservoirs, the so-called shale gas,
has exploded over the recent years, reliable predictions of resource availability and
extraction are missing because conventional reservoir tools fail to account for their ultralow
permeability and geological complexity. Here, we use molecular simulation and statistical
mechanics to show that continuum description – Darcy’s law – fails dramatically to predict
transport in the nanoscale organic matrix, the kerogen. The non-Darcy behavior arises from
strong adsorption of the alkanes in the kerogen and the breakdown of hydrodynamics at the
nanoscale, which contradict the assumption of viscous flow. Despite this complexity, all
permeances collapse on a master curve with an unexpected dependence on alkane length.
We rationalize this non-hydrodynamic behavior using a molecular description that captures
the scaling of permeance with alkane length and fluid density. These results, which stress
the need for a change of paradigm from the classical Darcy description to nanofluidic
transport, have deep implications for shale gas but more generally for transport in
nanoporous media.

Fig. 1: Hydrocarbons in kerogen-like nanoporous carbon under reservoir conditions. (a)
system setup: n-alkanes adsorbed in a porous carbon matrix (volume (5nm3); (b) zoom on
one dodecane molecule (red) with its neighbors and the surrounding carbon structure; Due to
the small pore sizes (~ 1 nm) the system is dominated by fluid/solid interfaces, and the fluid
is in a supercritical phase, i.e. no gas-liquid phase transition occurs. Inset: bulk phase
diagrams for comparison.
COASNE, Subcontinuum mass transport of condensed hydrocarbons in nanoporous media, 77
Massachusetts Institute of Technology, +1 617 324 4357, coasne@mit.edu
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The KG2B project: a world-wide benchmark of low permeability measurement
Christian David1, Jérôme Wassermann1, Florian Amann2 and the KG2B Team
1

University Cergy-Pontoise, France
2

ETH Zürich, Switzerland

Following a workshop on « The challenge of studying low permeability materials » held in CergyPontoise University in December 2014, a benchmark of low permeability measurements has been
proposed to the attendees. A total of 25 laboratories from 8 different countries throughout the
world volunteered and are participating to the benchmark. The contribution of each team will be to
measure the permeability of a common low permeability material using their preferred technique. A
wide range of different methods were proposed (i) direct measurements using steady-state,
transient or oscillatory flow techniques, (ii) indirect permeability estimation using proxys, and (iii)
numerical simulations using information on microstructural properties.
Several options have been explored for the material selection, and finally we decided to choose a
hard rock, the Grimsel granodiorite (Switzerland), within the framework of an exciting scientific
project of our Swiss colleagues. The benchmark was therefore called the “KG2B” project, which
means “K for Grimsel Granodiorite Benchmark”. Fresh cores from the Swiss Grimsel test site, an
underground research laboratory in hard rock will be drilled end of June 2015. The drilling of these
cores is part of a scientific project funded through the Swiss Competence Center of Energy Research
– Supply of Electricity (SCCER-SoE). The aim of the SCCER-SoE is to perform a series of demonstration
experiments on various scales (up to 1 km) that allow implementing deep geothermal energy in
Switzerland. Beside other experiment the SCCER-SoE is currently executing a large-scale stimulation
and circulation in situ experiment at the Grimsel Test Site. The experiment requires the drilling of
approximately 600 m of boreholes which will be used as 1) injection boreholes and 2) monitoring
boreholes. All boreholes will be cored using single- or double tube core barrels in the Grimsel
Granodiorite. The cores retrieved from the boreholes will be cut at a length of about 100 mm. The
porosity of the Grimsel Granodiorite is about 0.7%, and the permeability should range between 0.1
and 1 µD. The benchmark study is of great value for both the stimulation and circulation experiment
which involves a set of fault zones embedded in a low permeability rock matrix.
Before sending the blocks to the participants, a quality checking will be done by estimating the
reproducibility and anisotropy of the material through measurements of P wave velocity. A “checklist” with basic instructions to be followed and a document in which each participant will provide
detailed information on his measurement protocol will be provided. The results of the benchmark
will be compiled, analyzed and hopefully published before the end of this year. In the future we plan
to organize a second round of the benchmark focusing this time on synthetic materials with
controlled properties and microstructure.
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Polymer based materials with high barrier properties:
synthesis routes and barrier mechanisms.
E. Espuche
Ingénierie des Matériaux Polymères, UMR CNRS 5223
15, Bd A. Latarjet
Université Claude Bernard Lyon 1
69622 Villeurbanne cedex
eliane.espuche@univ-lyon1.fr

The need for the development of high barrier polymer based materials has become obvious for a
wide range of applications, going from energy to packaging applications. Achievement of high barrier
properties often requires the combination of different materials and/or the use of active species. The
aim of this presentation is to describe the synthesis routes that are particularly promising for barrier
properties and to discuss the barrier mechanisms as a function of the associated materials and
developed morphologies. The key factors of the transport will be enlightened for each route. A
critical and comparative analysis of the barrier performances will also be performed.
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EXPERIMENTAL AND NUMERICAL INVESTIGATION OF TWO-PHASE FLOW IN
A MODEL OF NANOPOROUS MEDIA
Antoine NAILLON1,2, Philippe LEFORT1, Sandrine GEOFFROY3, Marc PRAT1, Pierre
JOSEPH2
(1)

IMFT, Univ de Toulouse, Avenue Camille Soula, F-31400 Toulouse, France
(1)
CNRS, IMFT, F-31400 Toulouse, France
(2)
LAAS-CNRS, 7 avenue du Colonel Roche, F-31400 Toulouse, France
(2)
Univ de Toulouse, INPT, LAAS, F-31400 Toulouse, France
(3)
Univ de Toulouse, UPS,INSA, LMDC, 135 avenue de Rangueil, F-31077 Toulouse, France

Motivation
Two-phase flow (imbibition, drainage and evaporation) in nanoporous media, i.e. media with
pore sizes mostly in the range [10nm – 100 nm], are generally modelled using concepts not
significantly different from those used successfully for microporous media. The objectives of
the present study are to explore specific aspects due to nanoconfinement which are not
observed or are usually negligible in microporous materials and are likely to question the
traditional modelling approach. These include effects such as gas pressurization, gas
dissolution, bubble formation (cavitation), coupling with local deformations, etc.
Methods and Results
Taking advantage of recent progress in nano-fabrication, we performed experiments using
nanofluidic models with depth down to a few tens of nanometre. These models permit a direct
visualization of the different phases for known geometries. Experiment reveals that the
spontaneous imbibition in such models is slower than predicted by the classical Wasburn’s
law while the high negative pressure in liquid cause bubble formation during evaporation (Fig.
1a), which strongly modify the drying kinetics. Fluid – structure interactions are first
investigated numerically using a pore network model coupled with a spring network, similarly
as in (Holtzman and Juanes, PRE, 82, 046305, 2010). As illustrated in Fig.1b, the simulations
show that the pore local deformation can have a major impact on the drainage pattern. A
fracturing pattern appears when the porous matrix is sufficiently deformable. Deformable
micromodels are under development in order to study such effects experimentally.
a)

b)

t

Figure 1. a) Experiment of ethanol evaporation in a channel of 53 nm in depth: a bubble appears and
grows from inside the liquid. b) Transition from fracturing regime (left) to capillary fingering (right)
during drainage (non-wetting fluid in blue). Simulation in a 100x100 pore network.
Antoine Naillon, PhD student, Avenue Camille Soula 31400 Toulouse, 05 34 32 29 69, anaillon@imft.fr
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Molecular Simulation of Shales Organic Matter Transport Properties.

Julien Collell*, Guillaume Galliero
Laboratory of Complex Fluids and Their Reservoirs, UMR-5150 with CNRS and TOTAL,
Université de Pau et de Pays de l'Adour, 64000 Pau, France
Abstract
Organic rich shales have been of growing interests
over the last years to offset the decrease of
conventional natural gas and oil production. Thus,
the natural gas price has dropped by a factor two in
the United States since 2010.
In such resources, approximatively the half of the
total hydrocarbons are adsorbed in organic matter
nodules [1]. These nodules are made of a rigid
skeleton (called kerogen) in which the fluids are
trapped, which acts as a source rock and as a
reservoir. Due to the microporous nature of these
materials of low permeability (few nano-Darcy), the fluids are mainly transported through
diffusional process [2].
In a recent work [3], we used Molecular Simulations to generate molecular models
representing a generic type II organic matter with a maturity level corresponding to the
middle of the oil formation window, under typical reservoir conditions.
In this work, by the means of Molecular Dynamics, we determine the transport properties
(Maxwell-Stefan and selfdiffusivities) of light compounds in the organic matter and their
evolution with pressure and temperature. These coefficients provide useful information on
the transport mechanisms in such materials.
References :
[1] Rexer, Mathia et al. Thomas, K. High-pressure Methane Adsorption and Characterization
of Pores in Posidonia Shales and Isolated Kerogens. Energy & Fuels 2014, 28, 2886–2901.
[2] Pujol, Collell et al. Interest of Molecular Simulations to Determine Shale Gas Physical
Properties, ADIPEC 2013 Conference.
[3] Collell, Ungerer et al. Molecular Simulation of Bulk Organic Matter in Type II Shales in the
Middle of the Oil Formation Window. Energy & Fuels 2014, just accepted.
* julien.collell@etud.univ-pau.fr
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POLYMER PERMEABILITY AND BARRIER PROPERTIES - APPLICATION TO
FLEXIBLE PIPE DESIGN
Marie-Hélène KLOPFFER1, Xavier LEFEBVRE1, Emmanuelle BRUN2, Thomas
EPSZTEIN2, Mathieu CHIRAT2 and Carol TARAVEL-CONDAT2
1: IFPEN - 1 & 4, avenue de Bois-Préau 92 852 Rueil-Malmaison Cedex
2: Technip - Rue Jean Huré 76580 Le Trait

Semi-crystalline polymers are used in various industrial applications for their low permeability
properties. In the petroleum industry, they are used for the leakproof sheaths of flexible
pipes. Flexible pipes are widely used as flowlines and risers for offshore oil and gas
production. A typical flexible pipe structure is represented in Figure 1. It is made up of
several different layers such as thermoplastic barriers, high strength-carbon steel wires and a
corrosion resistant carcass. The main function of these semicrystalline polymers layers is to
ensure leakproofness from the external environment and also from the conveyed fluids under
extreme conditions of temperature and pressure (up to 150°C and up to 1000 bar).
Nevertheless, some corrosive molecules (CO 2 , H 2 S, H 2 O) permeate through these polymer
layers over a long period of time, accumulate in the annulus space (volume between two
polymer sheaths, containing the steel reinforcements) and can lead to corrosion issue.
Therefore, the choice of steel reinforcement depends on the composition of corrosive
molecules in the annulus, which depends on the permeability of the polymer sheaths.
In this context, many studies have been carried out at IFPEN, in collaboration with Technip,
to understand and describe the permeability of dense polymer membranes to pure and
mixed gases. The permeability of a polymer to a gas is defined as the property to be
penetrated and crossed by molecules. Therefore, the permeability coefficient is the product
of the solubility coefficient, describing the solute concentration in the polymer and the
diffusion coefficient, representing the solute mass transport inside the polymer. IFPEN has
developed specific permeation equipments to measure these coefficients for pure gas or gas
mixtures, in order to approach as closely as possible the real operating conditions of use of a
flexible pipe under high pressure and high temperature. Many data have been collected and
we are now able to determine the intrinsic permeability coefficient of each component of a
gas mixture. These data are used to feed a dedicated model, called Moldi®, used to
determine the annulus conditions with time in real service conditions, and hence improve the
design of flexible pipes.
Other studies aim to find new solutions to keep the annulus space safe. For instance, an
innovative barrier material, called the anti-H 2 S material has been developed and qualified.
This material, placed between the bore and the annulus, is used to prevent H 2 S from
reaching the annulus space. A dedicated model, called KilHyS, based on diffusion/reaction
mechanisms and identified on several tests from lab-scale to full-scale tests, ensures the
lifetime of these innovative flexible pipes.
After presenting the flexible pipe structure, it will be shown how the various studies, coupling
experimental approach and modelling, allow to expand the field of application of this product.
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Schematic view of fluids permeability in a flexible structure.

MH Klopffer and X Lefebvre, IFPEN, 1 & 4, avenue de Bois-Préau 92 852 Rueil-Malmaison Cedex, 33
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Pore Network Model of electrokinetic transport through charged porous media
Amaël OBLIBGER1,2, Marie JARDAT2, Daniel COELHO1,
Samir BEKRI3, Benjamin ROTENBERG2
1. Andra, France
2. CNRS, Sorbonne Universités, UPMC Univ. Paris 06, UMR 8234 PHENIX, France
3.IFPEN Energies nouvelles, France
We introduce a method for the numerical determination of the steady-state response of
complex charged porous media to pressure, salt concentration and electric potential
gradients. The macroscopic fluxes of solvent, salt and charge are computed within the
framework of a Pore Network Model (PNM) [1], which describes the pore structure of the
samples as networks of pores connected to each other by channels. The PNM approach is
used to capture the couplings between solvent and ionic flows arising from the charge of the
solid surfaces. The microscopic transport coefficients on the channel scale, taken here of a
simple analytical form obtained previously by solving the Poisson-Nernst-Planck and Stokes
equations in a cylindrical channel [2], are upscaled for a given network by imposing
conservation laws for each pores, when macroscopic gradients are applied to the sample.
The effect of the complex pore structure of the material is captured by the distribution of
channel diameters. We investigate the combined effects of this complex geometry, the
surface charge and the salt concentration on the macroscopic transport coefficients. The
upscaled numerical model preserves the Onsager relations between the latter, as expected
[3]. The calculated macroscopic coefficients behave qualitatively like their microscopic
counterparts, except for the permeability (see Fig. 1) and the electro-osmotic coupling
coefficient when the electrokinetic effects are strong. Quantitatively, the electrokinetic
couplings increase the difference between the macroscopic coefficients and the microscopic
ones for a single channel of average diameter [4].
Fig. 1 Macroscopic permeability K 0 P (in nm2) as a
function of the salt concentration c in the
reservoirs in equilibrium with the charged porous
material, and of the surface charge density σ of
the channels.
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Pore Systems and Fluid Transport in Heterogeneous Shales
Andrew C. Aplin
Department of Earth Sciences, Durham University, Durham, DH1 3LE, UK

The overview presented here is based on work by, amongst others: Ulf Böker, Michael Drews, Hamid
Karimi, Kuncho Kurtev, Eliza Mathia, Julian Moore, Thomas Rexer, Mark Thomas and Yunlai Yang. All
worked with me as PhD students or RAs at Newcastle University, except Mark Thomas, who is
Professor of Carbon Science there. Thanks to all of them.

Shales are effectively nanocomposites, highly heterogeneous on scales ranging from microns to
kilometres. Effective characterisation thus requires a multiscale approach with the choice of scale
depending on the question to be answered. Nevertheless, the fundamental, pore-scale properties
are areas of common interest.

For geoscientists, it is useful to relate the nature of pore systems and related flow properties to
sedimentary environments and rock types. Grains within siliciclastic muds are deposited either as
flocs, in which grains are generally smaller than around 10 µm, and single grains: “sortable silt”,
generally larger than 10 µm. When clay-size (< 2 µm diameter) particles form more than 30% of
mudstones, pore size distributions are controlled mainly by the interaction of phyllosilicates; these
materials are matrix-supported. Pores associated with clay-size particles are typically smaller than 20
nm, even at shallow burial. When clay-size particles comprise less than ca. 30% of the grain size
distribution, a second, much larger pore system is observed, controlled by the amount and size of
sortable silt; these mudstones are framework-supported. Where framework- and matrix-supported
units coexist on a millimetre to centimetre-scale, as in silt-clay laminations, permeability
anisotropies (k h /k v ) can easily exceed 103. Similar heterogeneities also occur at larger scales, such
that it becomes important to develop upscaling strategies which capture the effective flow
properties at the appropriate scale.

Over the last decade, new interest in shales as petroleum reservoirs has combined with continuing
interest in shales as geological barriers to fluid flow (storage of CO 2 and radioactive waste). New
technologies and new data are revealing the complex secrets of the shale’s porous world. A key
learning – obvious but often overlooked - is that different techniques probe different parts of the
pore system, so that no single technique generates the complete picture. For example, mercury
injection gives information about pore throat size and pore connectivity and thus provides useful
data with which to estimate permeability. In contrast, high resolution microscopy generates nice
pictures of relatively large pore bodies in a very small area of the rock. Both techniques are thus
required, along with other techniques such as SANS and low pressure gas sorption, in order to fully
appreciate the full size range and complexity of mudstone pore systems. By relating these
measurements to mineralogical information, we can start to characterise the pore systems of
domains, which can be thought of as areas/volumes of similar structure. These then form the basis
of the first stage of a potentially extreme upscaling process!
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ESTIMATION OF FLOW PROPERTIES IN SHEAR AND COMPACTION BANDS
VIA IMAGING METHODS AND DIGITAL ROCK ANALYSIS

Elli-Maria CHARALAMPIDOU1, Gary COUPLES1, Helen LEWIS1, Sergei STANCHITS2,
Stephen HALL3, Cino VIGGIANI4
1

Heriot-Watt University, Edinburgh, Scotland, UK, 2Schlumberger, Salt Lake City, Utah, USA,
3
University of Lund, Sweden, 4Université de Grenoble, France

Compaction and shear bands are modes of localisation phenomena that develop during bulk
strain accumulation in geomaterials. In outcrops of porous sandstones, both types of
deformation bands are often observed to be nearly-planar zones, 3-to-6 grain-diameters in
thickness, that often develop multiple, over-printing strands to create cm-scale or thicker
zones that are usually thought to inhibit fluid flow. Grain-scale mechanisms in such bands
indicate local porosity reduction by grain crushing and movement of the resulting fragments
into pores, along with grain movements allowing re-arrangement into tighter packing states.
Triaxial compression experiments, enhanced by 3D Digital Image Correlation with the
addition of Acoustic Emission location and micro-crack typing (before, during and after the
lab-induced deformation), provide a means of understanding the micro-mechanics of the
local deformation processes, which include self-organised regions of dilation and
compaction, plus shear, for both types of bands.
Various research teams have undertaken laboratory deformation tests, with the addition of
during-experiment fluid flow measurements, which lead to a conclusion that the textural
changes inside such bands cause orders-of-magnitude reductions of the permeability
compared to the host-rock material. Here, we employ digital-rock methods in 3D to derive
local estimates of the flow-property effects of the lab-induced localised deformation features,
and of the surrounding host-rock. This approach employs several scales of imaging methods,
with most emphasis on the textures within the bands themselves. There, high-resolution
maps of the deformation bands, plus local higher-resolution SEM images of sub-regions,
enable the creation of mm-scale 3D models of deformed-rock materials. These models are
used to calculate single- and multi-phase flow properties of the identified sub-regions of the
bands that relate to local variations in strain states and Acoustic Emission locations. The
permeability of such bands is, indeed, reduced by approximately 10-4 compared to the
permeability of the host-rock material, confirming the received wisdom. The digital-rock
method also allows an estimation of multi-phase flow properties, which are less easy to
determine via experiments. Here, we illustrate the value of the digital-rock methods by
predicting sample-scale multi-phase flow in specimens that developed shear or compaction
bands in single and multiple configurations. We plan to test these predictions by means of
flow experiments where the fluid displacements are directly imaged.
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Porescale simulation with lattice Boltzmann method
in digital core and pore-network model
Jun Yao, Lei Zhang, Yongfei Yang, Jianlin Zhao, Ying Gao
School of Petroleum Engineering, China University of Petroleum, 266580, Qingdao, China
Abstract: In the last ten years, porescale modelling has developed rapidly. There are two
kinds of numerical approaches of porescale simulations: direct simulation and network
modelling. The most existing problem of direction simulation is computationally demanding.
The network modelling is limited for the study of capillary-controlled displacement.
The most popular approach of direct simulation is lattice Boltzmann method. The adopted
model can deal with immiscible two-phase fluids problem with high viscosity and density
ratio. There are two main methods to construct digital rocks, including physical experiments
and numerical reconstruction. The first digital core is an artificial sandstone core, and its
three-dimensional gray model is obtained by Micro-CT scanning. The second one is a digital
core of shale, which is reconstructed using Markov Chain Monte Carlo method with
segmented SEM scanning image as input.
However, the lattice Boltzmann method is strict in the size of flow paths. Small size pores
may lead to computational instability, especially in the two-phase flow simulation. There are
small pores, which are inevitable, in the real structure of porous media. More lattices are
needed during the two phases seperation. Fortunately, pore-network model, only containing
pores and throats assigned with inscribed radius and shape, could be a proper geometry
structure for lattice Boltzmann simulation. The pore network model will be simulated using
lattice Boltzmann method. The simulation results are compared with the results obtained
from lattice Boltzmann simulation on real geometry structure.
The lattice Boltzmann simulation contains single phase and two-phase flow simulation. In
single phase simulation, the permeability is calculated when different pressures are set on
the inlet and outlet. The pressure and velocity distribution in the porous media are obtained
as well. In two-phase flow, The density ratio between two phase is set from 1 to 1000, which
is high enough for the liquid and gas flow simulation (as shown in Figure 1). In the pore
network model, besides, the minimal size of throat can be estimated under certain presure
difference. The displacement efficiency and distribution of remaining liquidare studied with
different pore-network models.The distribution of remaining liquid could serve as an
important guidline for the oil development.

Figure 1 Liquid & gas flow simulatin in digital core of shale
Prof. Jun Yao
School of Petroleum Engineering, China University of Petroleum, Qingdao, Shandong, PRC 266580
Tel:18605460123, e-mail: yaojunhdpu@126.com
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Fine microstructure and fluid transport of a tight sandstone
Pierre Adler1, Yang Song2, Catherine Davy2, L. Jeannin3, G. Hauss2, D. Troadec4, Frédéric
Skoczylas2
1 University Pierre and Marie Curie, Metis UMR CNRS 7609, Paris, France
2 Ecole Centrale de Lille, LML UMR CNRS 8107, Cité Scientifique, CS20048, 59651 Villeneuve
d’Ascq Cedex, France
3 GDF/Suez E&P International SA 1 place Samuel de Champlain 92930 Paris La Défense cedex France
4 : IEMN, UMR CNRS 8520, BP60069, 59652 Villeneuve d'Ascq, France
Keywords: FIB/SEM, permeability, porosity, claystone, radioactive waste management
Industrial and scientific context. Tight gas reservoirs are constituted of low permeability sandstones,
which petro-physical properties may hinder proper gas recovery [Shanley04]. They have a low absolute
permeability (below 0.1mD i.e. 10-16m2 under ambient conditions), and a connected porosity lower than
10%. In this contribution, we aim to improve the understanding of gas transport through these materials,
by a realistic prediction using their actual microstructure (mainly their pore network). In particular, what
part (and what scale) of the pore network is predominant for gas flow?
This feasibility study aims at devising a novel procedure for the prediction of fluid permeability of tight
gas sandstones from actual microstructure images at the appropriate scales. These scales are those where
the main features of the pore network of the sandstones can be described and observed: for the "pure"
quartz sandstones sampled from an Algerian gas well, it is that of the joints between the SiO 2 grains. We
also validate experimentally the prediction through actual gas permeability measurements at the
macroscopic scale (on centimetric samples).
Applied methods. Several types of imaging systems may be used to assess the pore network of a finely
porous media, each corresponding to a particular resolution. In particular, the following are available at
LML and span the main useful scales:
- X-Ray microtomography (or micro-CT) provides a description of the 3D internal structure of a sample
without damaging it. Achievable voxel size depends on the sample dimensions: smaller sample leads to
better resolution. Currently, a voxel size of 0.4 µm is attainable with our laboratory device. However, at
this resolution, the sample thickness must be below 0.8 mm.
- Scanning Electron Microscopy (SEM) provides bidimensional images of stabilized and polished sections
of the medium, down to several tens or hundreds of nanometers, on areas spanning over several mm.
- Focused Ion Beam/Scanning Electron Microscopy (FIB/SEM) provides a 3D image of the pore
network with a voxel size (and resolution) of 10-20nm, for volumes of several microns wide.
These different imaging techniques all have the main drawback that, generally, for actual porous media,
none is sufficient on its own to provide a representative image of the whole pore network, or (at least) of
the useful pore network for transport. These need to be combined by homogeneization techniques
[Adler2012]. For usual SEM and FIB/SEM images, numerical simulations are feasible for tables of 10003
size.
For tight gas sandstones such as that studied here, the microstructure is made of SiO 2 grains of several
hundreds of micron size, separated by a network of fine joints. The main pores are these joints located
between the SiO 2 grains: they are similar to cracks, with a characteristic opening on the order of 100nm to
1-3µm [Duan14]. These joints may be linked to bigger individual pores, which are often partially filled
with clay. However, joints are of a relatively limited volume. In a first approach, it is assumed that joints
are the main pore features for fluid transport through the tight sandstone under investigation, so that the
contribution of bigger pores is neglected, although it is significant when assessing total porosity.
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In fact, it is difficult to use one single imaging technique to have a representative image of the sandstone
pore network: FIB/SEM provides the fine structure of the cracks/joints, yet on a very limited volume,
corresponding to 2-3 individual cracks, whereas the SEM shows the existence of a whole network of tens
and maybe hundreds of interconnected cracks [Duan14], yet in 2D only; micro-CT has the adequate
resolution for the biggest joints (1-3µm). We propose a two-step methodology to predict the transport
properties of tight sandstones. The porous medium is assumed well represented by a network of cracks,
which is characterized at two different scales: (1) the opening b of the individual cracks may be
characterized at the scale given by the FIB/SEM (100nm size) and at that measured by micro-CT (1-3µm
size). The pore network representative of the macroscopic scale is imaged by 2D SEM in terms of crack
organization, average length, density, etc. Numerical calculations are performed first, at the scale of the
individual cracks (given by FIB/SEM and micro-CT) [Mourzenko1995] to provide their hydraulic
transmissivity σ, and secondly, the permeability of the whole pore network (given by 2D SEM) is derived
from both crack transmissivity and network characteristics [Adler2012]. The material is assumed isotropic
throughout.
This work will be extended to confirm the strong sensitivity of these tight sandstones to in situ stresses
when compared to conventional reservoirs, through predictions of permeability under varying confining
stress, from actual images of the pore network at the appropriate scale(s). In particular, former research
[Duan14] has shown that these sandstones are very sensitive to microstructure changes, and in particular,
the trapping of mesoscopic pores under increasing confining stress is thought to explain the evolution of
their poro-elastic properties.
References:
[Adler2012] P.M. Adler, J.-F. Thovert, V.V. Mourzenko: Fractured porous media, Oxford University
Press, 2012.
[Duan14] Z. Duan, C. A. Davy, F. Agostini, L. Jeannin, D. Troadec, F. Skoczylas, "Gas recovery potential
of sandstones from Tight Gas Reservoirs ", International Journal of Rock Mechanics and Mining Science,
Vol.65, pp.75-85, 2014.
[Mourzenko1995] V.V. Mourzenko, J.-F. Thovert, P.M. Adler, Permeability of a single fracture; validity of
the Reynolds equation. J. Physique II, 5, 465, 1995
[Shanley04] Shanley K.W., Cluff R. M. and Robinson J. W. Factors controlling prolific gas production
from low-permeability sandstone reservoirs: Implications for resource assessment, prospect
development, and risk analysis. AAPG Bulletin, 2004;88(8):1083-1121.
[Song14] Y. Song, Rétention d'eau et microstructure fine de l'argilite de Bure, PhD thesis, Ecole Centrale
de Lille, June 2014.

Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low Permeability Media and Nanoporous Materials. From Characterisation to Modelling: Can we do it better?

Modeling of 1D Anomalous Diffusion In Fractured Nanoporous Media

Ralf Holy, Ali Albinali, Hulya Sarak, and Erdal Ozkan
Colorado School of Mines, USA

This paper presents analytical and numerical formulations of anomalous diffusion for solving
1D flow and transport in fractured nanoporous media, such as that in unconventional oil and
gas reservoirs. The current approach to modeling naturally fractured reservoirs in the
petroleum industry is mostly by using dual-porosity models in which average properties are
used to describe flow in the matrix and the fracture network. In these models, flows in the
matrix and fracture are coupled by assuming that the two media are overlapping continua
and the matrix flow is a distributed source for the flow in the fracture system. The equation
describing the flow in both media is the well-known Darcy’s law which assumes a continuum
and that the particle displacement follows Brownian motion with a Gaussian (normal)
distribution. This approach is suited for conventional naturally fractured reservoirs in which
the matrix permeabilities are reasonably high (tens to hundreds of md) and, despite the
petrophysical heterogeneity, flow in the matrix and fracture media can be modeled at the
same scale. Tight, unconventional reservoirs (e.g., shale) include multi-scale and
discontinuous fractures coupled with a complex nanoporous matrix. Such systems cannot be
described by the dual-porosity (or multi-porosity) approach due to the presence of different
flow mechanisms at multiple scales. Furthermore, the intricacy of the scales of flow dictates
the requirement of measurements at all scales, as well as a very detailed computational
model, which eventually deter the utility of these models.
The concept of anomalous diffusion describing non-Gaussian particle displacement in highly
heterogeneous porous media and the use of fractional calculus, provides an alternative to
model fluid flow at multiple scales as well as to properly capture the complexity of the
modeled system across all scales. To do so, a modified flux law incorporating the non-local
and hereditary nature of flow is coupled with the classic mass conservation equation to
derive a fractional diffusion equation in space and time. In this paper, analytical and
numerical formulations for solving the fractional diffusion equation are presented
accompanied by preliminary findings.
In the analytical approach, a space- and time-fractional flux law is used in the tri-linear model
of hydraulically fractured horizontal wells in naturally fractured unconventional reservoirs
(Ozkan et al., 2009). The naturally fractured reservoir is modeled by using three
configurations. The first case models the entire naturally fractured reservoir as a single
medium and assumes that the heterogeneity at all scales can be accounted by anomalous
diffusion. In the other two cases, matrix and fracture media are considered in the context of
dual-porosity idealization. In one of the cases, matrix flow is governed by anomalous
diffusion and flow in the natural fractures follows normal diffusion process. In the other case,
flow in both matrix and natural fractures are governed by anomalous diffusion. Sensitivity
cases are run to determine the effects of the fractional diffusion exponent on the pressure
solution in an unconventional, naturally fractured reservoir. Figure 1 shows an example of
time-fractional diffusion, where larger pressure drops are observed as flow deviates further
from normal diffusion. One can deduce that flow is "slowed down" by further deviation from
normal diffusion.

Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low Permeability Media and Nanoporous Materials. From Characterisation to Modelling: Can we do it better?

1.E+5
α=1 ρf=0.9

1.E+4

α=1 ρf=0.3

1.E+3

∆p, psi

α=0.7 ρf=0.9
1.E+2

α=0.7 ρf=0.3
α=0.3 ρf=0.9

1.E+1

α=0.3 ρf=0.3

1.E+0

α=0.1 ρf=0.9
1.E-1

α=0.1 ρf=0.3

1.E-2
1E-1

1E+0

1E+1

1E+2

1E+3

1E+4

1E+5

1E+6

t, hrs
Figure 1: Results from Analytical Solution - Pressure Response

In the numerical approach, an implicit finite-difference scheme is derived for onedimensional, single-phase, slightly compressible flow to model fractional diffusion in space
and time for an initial boundary value problem with uniform initial pressure distribution. The
numerical approach is particularly attractive for the consideration of no-flow boundaries,
which pose difficulties for the analytical approach due to the inapplicability of superposition
when space-fractional diffusion is implemented. Sensitivities run on the time and space
fractional derivative coefficients (α and β respectively) are presented in Figures 2 and 3,
respectively.
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Figure 2: Sensitivity on time fractional derivative coeffcient (𝜶 = 𝟏 corresponds to normal diffusion,
𝜶 < 𝟏 corresponds to subdiffusion)
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Figure 3: Sensitivity on space fractional derivative coefficient (𝜷 = 𝟏 corresponds to normal diffusion,
𝜷 < 𝟏 corresponds to superdiffusion)
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Activated desorption and long-time kinetics of hydrocarbon
recovery from nanoporous media
Lydéric Bocquet, Benoit Coasne, Tom Lee
(CNRS – Laboratoire de Physique Statistique - Ecole Normale Supérieure, Paris)

In this work, we explore the kinetic processes associated with the post-fracking desorption of
alkanes from nanoporous kerogen matrices. The objective is to propose alternative descriptions
for the recovery flux from unconventional reservoirs.
First we show using molecular dynamics simulations that alkane recovery from a kerogen
reservoir is dynamically retarded due to interfacial effects occuring in the presence of fracking
water. Despite the pressure gradient used to trigger desorption, the alkanes remain trapped for
long times until water desorbs from the external surface. We estimate the associated energy
barrier in the MD simulations using thermodynamic umbrella sampling calculations. The results
from simulations are found to be in agreement with a thermodynamic model based on the
dewetting cost of the kerogen surface by water, and thus involving the spreading parameter of
the alkane-water-kerogen interfaces as a key ingredient. We then explore hybrid interfaces
involving a kerogen matrix entrapping the alkanes embedded in a model hydropholic clays.
Such composite geometries lead to considerable free energy barriers to desorption, thereby
strongly retarding the recovery of the alkanes from the nanoporous kerogen
In a second step, we explore how this activated desorption mechanism impacts the kinetics of
the overall akane recovery. Based on the picture that unconventional reservoirs are made of
collections of kerogen matrices embedded in rocks, we argue that the desorption energy
barriers are widely distributed. Using a statistical model to predict the global alkane flux, we
show that the flux Q(t) decays algebraically with time, according to a Arps’ like law. The decay
exponent is larger than 1/2 and typically of order 1, and its precise value depends on the
microscale characteristics of the material, ie on the well. Such a behavior is consistent with
reported algebraic decays of the flux reported in the litterature [eg, Baihly et al. SPE 135555,
2011].

Figure: Activated desorption
of alkanes from a hybrid
hydrophilic-hydrophobic
nanoporous material.
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EXPERIMENTAL MEASUREMENTS AND MULTI-SCALE MODELLING OF THE
RELATIVE GAS PERMEABILITY OF A CLAY-RICH TIGHT CARBONATE
François BIGNONNET(1,2), Zhibo DUAN(1), Patrick EGERMANN(3), Laurent
JEANNIN(4) and Frédéric SKOCZYLAS(1)
(1): Ecole Centrale de Lille, France. (2): Laboratoire Navier, Ecole des Ponts et Chaussées,
France. (3): Storengy, France. (4): GDFSUEZ E&P, France.

Experimental characterisation
Experiments have been carried out on 6 samples originating from a single core of a tight,
clay-rich carbonate. The intrinsic gas permeability of the dried samples are very low as they
ranges from 10-19 to 10-18 m2 at in-situ confining stress (9MPa). Each of the samples has then
undergone the following process :
- A first low partial water saturation of the sample is achieved by equilibrium for
approximately 2 weeks in a chamber with a controlled relative-humidity (43%).
- After mass stabilisation, the effective gas permeability is measured in a steady-state gas
permeameter with controlled confining stress.
- These steps are repeated for imposed relative humidities up to 98%.
- Finally, the sample is completely water saturated to estimate its porosity and infer the
partial saturations achieved at each of the previous steps.
Results for all samples are reported in a relative gas permeability curve with respect to water
saturation state. Measured relative permeabilities lie on a main curve for all samples and
exhibit a low water saturation threshold around 70% for which gas permeability nearly
vanishes.
This feature is particularly important for the reservoir modelling since it has strong
implications both in term of confinement for storage activities and production for
unconventional resources development.
Multi-scale modelling
An original modelling of the relative permeability is proposed based on continuum micromechanics. The microstructure morphology is accounted for by morphological patterns made
of impervious spheroidal carbonate aggregates surrounded by a permeable coating of clay.
The clay coatings are themselves assumed to be made of clay platelets and flat pores with a
distribution of pore apertures. According to Kelvin-Laplace's law, the smallest pores are
assumed to be water filled up to a critical aperture size controlled by the relative humidity,
and thus assumed impermeable to gas. On the other hand, a gas permeability based on
Poiseuille's flow is assigned to the regions made of gas-filled pores. The resulting
heterogeneous permeable medium is then homogenised by means of the self-consistent
scheme and the before mentioned morphological patterns. The distribution of pore apertures
of the model can be infered from the experimental relative humidity/saturation curves (or
capillary pressure curves). The model, which is analytical and fully explicit, exhibits a critical
water saturation for which the gas permeability vanishes. This water saturation is associated
to the percolation threshold (i.e. critical volume fraction of the dry pores) deduced from the
self-consistent homogenisation scheme. This percolation threshold is shown to depend on
the aspect ratio of the spheroids used in the morphological patterns.
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F. Bignonnet, Experimental measurements and multi-scale modelling of the relative gas permeability
of a clay-rich tight carbonate, Ecole Centrale Lille, Cité Scientifique, Villeneuve d'Ascq. Tel:
+33(0)320335367 or +33(0)164153750, francois.bignonnet@ec-lille.fr
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Effect of Large Capillary Pressure on Oil Production of Low-Permeability, Tight
and Shale Reservoirs

Yu-Shu Wu and Yi Xing

Colorado School of Mines, Colorado, USA

The pore sizes of unconventional reservoir rock, such as tight sands and shales, are on the
order of nanometers. The thermodynamic properties of in-situ hydrocarbon mixtures in such
small pores are significantly different from those of fluids in bulk size or conventional formations,
primarily due to effect of large capillary pressure. For example, it has been recognized that the
phase envelop shifts and bubble-point pressure is suppressed under subsurface condition in
tight and shale oil reservoirs. The suppression of bubble-point pressure leads to more light
components remaining in liquid phase and results in the differences of fluid properties and flow
behaviors between tight and conventional reservoirs.
In this study, we derive and develop a multiphase, multidimensional compositional reservoir
model to capture the effect of capillary pressure on phase behaviours and fluid properties. The
fluid flow model is based on general mass conservation law for each mass component
incorporating both Darcy flow and molecular diffusions. The vapour-liquid equilibrium (VLE)
calculation is performed with Peng-Robinson (PR) Equation of State (EOS) including the effects
of capillary pressure on thermodynamic properties. The finite-volume based numerical method,
integrated finite difference method, is used for space discretization. The resulting equations are
solved fully implicitly to assure numerical stability.
To illustrate the effect of large capillary pressure on tight oil production, we perform numerical
studies on the Eagle Ford formation with the developed compositional model. The simulation
results show that the bubble-point pressure could be suppressed as large as 100 psi due to
large capillarity effect. The calculated fluid properties, such as oil density, viscosity, oil formation
volume factor, and gas solubility, are different in the two phase region from those without
capillarity effect on VLE. The suppression of bubble-point pressure postpones gas phase
appearance and therefore favors liquid production. The simulation example demonstrates the
non-negligible effect of large capillary pressure on estimated ultimate recovery (EUR) from tight
and shale reservoirs. Thus the compositional model including capillarity effect could improve the
forecast accuracy for long-term production rate and recovery factors of unconventional
petroleum reservoirs.
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UPSCALING SLIP-FLOW IN POROUS MEDIA

D. Lasseux1, F. Valdés-Parada2, J. A. Ochoa-Tapia2, B. Goyeau3
1

CNRS - Univ. Bordeaux, I2M - UMR 5295, Esplanade des Arts et Métiers - 33405 Talence
Cedex - France - 2 Universidad Autónoma Metropolitana-Iztapalapa - Av. San Rafael Atlixco
186 - 09340 Mexico D.F. - Mexico - 3 EM2C - Ecole Centrale Paris - 288, Grande Voie des
Vignes - 92295 CHATENAY MALABRY Cedex -France
1. Upscaling
In this work, the macroscopic model of isothermal, slightly compressible, slip-flow in
homogeneous porous media is carefully developed by upscaling the microscopic mass and
momentum equations with a first-order slip boundary condition at the solid-fluid interface [13] corresponding to a small enough Knudsen number (i.e. Kn0.1) using the method of
volume averaging. At the first order in Kn, the derived macroscopic momentum equation is
formally a Darcy’s law involving a slip-corrected permeability that is defined by two tensors,
i.e., the classical permeability tensor K and a slip-flow correction tensor S, both being
intrinsic to the microstructure of the porous medium. These two tensors can be computed
from the solution of two coupled closure problems. The macroscopic model is given by [4]
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where . and . are the instrinsic and superficial averages respectively. When the fluid is
supposed to obey the ideal gas law, it is shown that the macrosocpic momentum equation
generalizes to 3D the corresponding well-known 1D Darcy-Klinkenberg model. However, for
dense gas, a more complex form of the slip-flow correction can be expected that is illustrated
in the case of a van der Waals gas.
2. Some illustrative solutions
Solutions of the closure problems and computation of K and S are illustrated using 2D and
3D unit cells of model porous structures. The entire upscaling and closure problem solutions
are validated through comparisons with analytical, approximated, solutions over these
structures. The dependence of s (S=sI) on k (K=kI) was found to obey a power law as
illustrated in Fig. 1. Such a result recalls a behavior observed experimentally on many
different types of real porous materials on the one hand, and a dependence that can be
formally obtained on even simpler geometries, like a smooth slit or a cylindrical tube of
circular cross-section, on the other hand. The exponent depends, however, on the
geometrical configuration, thus motivating more theoretical and experimental investigations.
[1] Lauga, E. Brenner, M. P. and Stone, H. A., 2007, in Handbook of Experimental Fluid Dynamics, J.
Foss, C. Tropea, and A. Yarin Eds, Springer, New-York.
[2] Barber, R. W., Sun, Y., Gu, X.J. and Emerson, D. R., 2004, Vacuum, 76, 73-81.
[3] Lockerby, D. A., Reese, J. M., Emerson, D. R. and Barber, R. W., 2004, Phys. Rev. E 70, 017303.
[4] Lasseux, D., Valdés-Parada, F., Ochoa-Tapia, J.A. and Goyeau, B., 2014, Phys. Fluids, 26(5),
053102.
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POROSITY AND PERMEABILITY OF THE LOWER JURASSIC POSIDONIA
SHALE FROM WHITBY (UK)
M.E. Houben1, A. Barnhoorn2, M.R. Drury1, C.J. Peach1, C.J. Spiers1
1. Department of Earth Sciences, Utrecht University, NL.
2. Department of Geoscience & Engineering, Delft University, NL.
To improve gas productivity from a shale matrix it is necessary to find ways to better connect
the in-situ fine scale pore network to the natural and/or mechanical induced fracture network.
First steps in trying to improve pore network connections in shales are; knowing where the
porosity is situated, knowing what the permeability of the rock matrix is, and knowing how
homogeneous the microstructure is throughout the shale formation.
We have investigated the microstructure, porosity and permeability of five samples all taken
1-2 meters apart throughout the circa 8 meter thick Jet dogger section of the Whitby
Mudstone Formation (WMF, Figure 1a; Whitby, UK), using a combination of methods. To get
insight into the microstructure, porosity and permeability of the different samples we used a
combination of Precision-Ion-Polishing (PIPS) - Scanning Electron Microscopy (SEM), light
microscopy, gas adsorption (N 2 and Ar) and Ar gas permeametry. The WMF is the time
equivalent of the Dutch Posidonia Shale Formation (PSF), one of the possible gas shales in
the Netherlands, which was deposited during the early Jurassic.
The PIPS-SEM results show that we can subdivide the Jet dogger section microstructurally
in a homogeneous carbonate (fossil) rich top half and a sub-mm scale laminated (clay carbonate) lower half. In the top half of the section the organic matter (OM) content varies
from 7 – 10%, whereas in the different layers of the lower half the OM content could be as
low as 0.3% or up to 16%. Porosity in the 2 – 100 nm diameter range was measured with
gas (N 2 and Ar) adsorption and varies between 1 – 2.5% for the top half of the section and
from 2 – 5 % for the bottom half of the section. PIPS-SEM porosity (pores with diameters >
100 nm) add 0.5 – 2.5 % to the porosity. Permeability results show that the Ar gas
permeability of the WMF is in the order of 2∙10-19 – 1∙10-17 m2 at a confining pressure of 0.8
MPa. Permeability in the top half of the WMF section (2∙10-19 –3∙10-18 m2) is lower than the
permeability of the lower half of the WMF section (1∙10-18 – 1∙10-17 m2), meaning that indeed
the samples with a lower porosity also display a lower permeability. In addition the
microstructure and porosity do not seem to be the only parameters affecting the permeability,
two samples with similar microstructures and similar porosities (2 and 2.5 %) show an order
of magnitude difference in permeability were the samples with the lowest porosity shows the
highest permeability (see Figure 1). Rate controlling for flow (gas and/ or fluid) in these
samples is the clay matrix (all minerals/grains < 2 µm) due to the fact that all larger minerals
and visible (PIPS-SEM) pores are embedded within the clay matrix.

dr. Maartje Houben, Budapestlaan 4 – 3508TA Utrecht, +31-302531409, m.e.houben@uu.nl
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Figure 1: A. Log of the Whitby Mudstone Formation Jet Rock with sample locations. B. Graph showing the Ar gas
Permeability versus Ar gas adsorption porosity for all five samples investigated.
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Modeling of mesoporous alumina microstructure
by 3D random models of platelets
Haisheng Wang1 , Andrea Pietrasanta1 , Dominique Jeulin1 , François
Willot∗1 , Matthieu Faessel1 , Loïc Sorbier2 and Maxime Moreaud2
1

MINES ParisTech, PSL - Research university, CMM - Centre for

mathematical morphology, 35, rue St Honoré, F-77300 Fontainebleau,
France
2

IFP Energies Nouvelles - Lyon site, Rond-point de l’échangeur de
Solaize, BP 3, 69360 Solaize, France

Abstract This work focuses on a mesoporous material made of nanometric alumina
“platelets” of unknown shape. We develop a 3D random microstructure to model the
porous material, based on 2D transmission microscopy (TEM) images, without prior
knowledge on the spatial distribution of alumina inside the material. The blurry and
noisy TEM images, acquired on samples with thickness 300 nm, a scale much larger
than the platelets’s size, are too blurry and noisy to allow one to distinguish platelets or
platelets aggregates individually . We first compute the TEM images correlation function and integral range. We detect the presence of long-range fluctuations due to varying thickness sizes, which we correct by filtering. The corrected correlation function is
used as morphological indicator for the model. We then consider Boolean models and
show that two-scales microstructures are necessary to replicate the statistical dispersion of platelets observed on TEM images. We accordingly propose a set of two-scales
Boolean models with varying physically-admissible platelets shapes. Upon optimization, the model takes into account the dispersion of platelets in the microstructure as
observed on TEM images. Comparing it to X-ray diffraction and nitrogen porosimetry
data, the model is found to be in good agreement with the material in terms of specific
surface area.
∗ Corresponding

author. E-mail: francois.willot@mines-paristech.fr

Keywords: Mesoporous alumina; 3D random models; Porosimetry.
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Figure 1: A. Log of the Whitby Mudstone Formation Jet Rock with sample locations. B. Graph showing the Ar gas
Permeability versus Ar gas adsorption porosity for all five samples investigated.
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MODELING THE TRANSPORT OF WATER AND IONS TRACERS IN A
MICROMETRIC SAMPLE OF CLAY
Pauline BACLE, Virginie MARRY
CNRS, Sorbonne Universités, UPMC Univ. Paris 06, UMR 8234 PHENIX, France
Efforts to predict the performances of clay as barrier materials have motivated numerous
experimental studies of diffusion of mobile species in compacted, water-saturated Nabentonites [1,2,3] and several models have been developped to describe the transport of
tracers in different kinds of pores[4,5,6].
Here we use brownian dynamics to simulate the diffusion of cation (Na +), anion (Cl-) and
water tracers in a porous media at a micrometric scale, which allows us to investigate both
nanopores and mesopores. In our model, the clay particles consisting of stacked layers are
modeled by cylindric platelets with dimensions calculated according to the density of clay ρ b.
The tracers move with different diffusion coefficients depending on their location within the
porous medium, e.g. whether they are inside or outside a platelet. The diffusion outside the
platelets (mesopores) is the same as in the bulk solution but the diffusion in the platelets is
slowed by confinement and depends on the charge of the tracer. The simulation parameters
(concentrations and diffusion coefficients in both
the mesopores and the platelets) are based on
experimental values[7] and/or determined from
molecular dynamics simulations[4,5]. The global
diffusion coefficients are calculated for different
densities of clay and for three tracers (water, Na +
and Cl-) and compared with the values obtained
from tracer diffusion experiment.
Fig. 1. Simulation box (length ~1.9μm)
representing a sample of clay at ρb = 0.7kg/L. The
box contains 922 platelets with a radius of 3000Å
and a height of 688Å.
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FROM CHARACTERISATION TO MULTI-SCALE DISCRETE FRACTURE MODEL
OF TIGHT GAS RESERVOIR: INTEGRATING CORES, WELL LOGS, 3D SEISMIC
AND OUTCROP
Zhixue SUN, Jun YAO, Jianwei FENG, Yongping WU, Yang XU, Qiang SUN
China University of Petroleum, Qingdao, China
Abstract:
As important unconventional gas resources, the naturally fractured tight gas reservoirs
have received more attentions today. Because of the coexistence of matrix porous media
with low permeability as well as the naturally fractures on multi-scales that need to be
coupled, the discrete fracture model(DFM) and flow simulation are still challenging. Since the
double medium nature containing matrix (high porosity and low permeability) and fracture
(low porosity and high permeability), more and more study and further understanding of deep
fractured tight gas reservoirs characteristics are essentially needed.
In this paper, we proposed the method to establish DFM integrating multi-scale
information such as cores, well logs, 3D seismic for deep tight gas reservoir. According to the
fracture formation mechanism and characteristics, fractures classification(large, mediumsmall scale) was achieved. Based on the 3D seismic survey, the large scale fractures or
faults system can be interpreted in detail, e.g. the ant tracking technology. The faults
characteristic parameters such as dip angle, extend length can be modeled with the
deterministic method. Natural fractures which can not be detected by seismic survey are
called medium-small scale fractures, and they are widely developed in tight gas reservoirs.
The medium-small scale natural fractures characteristic parameters can be measured from
full diameter cores or CT image directly, likewise, interpretation can be derived from FMI
method indirectly. Based on the recognization and characterization of multi-scale fractures of
study area, the formation period of fractures can be inferred by means of structural evolution
history and fluid inclusions tests. The relationship between fracture characteristic parameters
(density, width, length) and stress, curvature, lithology, layer thickness, etc were analyzed in
detail, and a weighting coefficient table was established for the stochastic modeling of
medium-small scale fracture in the next step. The single fracture intensity curve is obtained
using the well "hard" data, furthermore, the 3-D fracture drivers intensity model was obtained
according to fracture indicators weight analysis results. Additionally, a complete DFM was
established by employing four key techniques, such as choosing power model to
characterize the fracture parameters distribution, choosing the Bingham model to
characterize space distribution of fracture systems, using deterministic method to build largescale discrete fracture model, and using stochastic method to build medium-small scale interwell fracture 3D model. Then, the dual porosity and dual permeability model of fractured tight
gas reservoir is established incorporating matrix information and fracture information. The
paper examines feasibility of modeling the DFM of tight gas reservoir and the detailed
workflow procedure which incorporates the multi-scale data , e.g. outcrops, cores, well logs,
CT image and 3D seismic survey. Such an improved model has been proposed and awaits
further testing and matching of appropriate production data in future work.

Les Rencontres Scientifiques d'IFP Energies nouvelles

LowPerm2015 – Low permeability media and nanoporous materials. From characterisation to modelling: can we do it better?

Fig.1. Schematics of 3-D DFM incorporating the multi-scale data(From characterisation to modelling)
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DEVELOPMENT OF A NEW MULTI-SHAPE PARTICLE DESCRIPTION
STRATEGY:
FROM MESHING TO DISCRETE RESOLUTION
Sónia FERREIRA, Jean-Marc SCHWEITZER, Tiago SOZINHO
IFP Energies Nouvelles, Rond-point de l'échangeur de Solaize - BP 3, 69360 Solaize,
France
An accurate resolution of reaction-diffusion systems in porous particles starts with a fine
description of the physical and chemical phenomena, such as intra-particle diffusion, active
site adsorption/desorption and reaction kinetics. For cylindrical and spherical particles, a onedimensional resolution of the diffusive transport of species inside the particle porous network
can generally be considered. However, for non-axisymmetric geometries as polylobes, often
used in the refining industry, particle meshing is usually required. This approach leads to a
considerable number of PDEs and consequently to substantial CPU times.
In the proposed approach, the catalyst particle is described
through its geometrical symmetries by the introduction of the isocontours concept, which allows a resolution by means of a onedimensional model. In the developed methodology, a first mesh
model is used as a starting point, wherefrom one can obtain the
concentration in each mesh element by solving the isothermal
transient continuity equations. This model couples diffusion with
chemical reaction and considers a constant porosity for each grid
element. With the resulting concentration map, it is possible to
subsequently define the iso-concentration contours. The isocontour model is then adimensionalized and the low sensitivity of
the iso-contours’ shapes towards the transport and kinetic
parameters was checked.
The model was tested in terms of accuracy. An excellent
agreement was obtained between the meshed and the iso-contour
models for various particle sizes, diffusion coefficients, adsorption
constants, rate constants and reaction mechanisms, considering
various irreversible and reversible reactions with LangmuirHinshelwood rate equations. For a trilobe particle shape, the
simulation time with the innovative iso-contour model was
decreased by almost 4 orders of magnitude (0.03 s compared to
20 seconds with the mesh model with a grid of 9862 cells).

In this paper, a new
catalyst modeling
approach applicable
to different particle
shapes, from
cylinders to polylobes,
is proposed.

Figure 1 – Concentration
map of a trilobe particle
obtained from the isocontour model,
illustrating the isoconcentration contours.

Sónia Ferreira, Development of a new multi-shape particle description strategy, Rond-point de
l’échangeur de Solaize, BP3, 69360 Solaize, France, +33437704025, sonia.carreira-ferreira@ifpen.fr
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Electricity Resonance of Nanometer Water Channel
Jianlong Kou,1,2 and Jun Yao1
1

School of Petroleum Engineering, China University of Petroleum (East China),
Qingdao 266580, China
2
Institute of Condensed Matter Physics, Zhejiang Normal University,
Jinhua 321004, China

The transportation of water molecules through nanochannels is fundamental to the
understanding of biological activities and the design of novel nanofluidic devices. We
performed molecular dynamics simulations to study water permeation through a singlewalled carbon nanotube with electrical interference. It was found that the water net flux
across the nanochannel is greatly affected by the external electrical interference, with the
maximal net flux occurred at an electrical interference frequency of 16 670 GHz being about
nine times as high as the net flux at the low or high frequency range of (<1000 GHz or >80
000 GHz). The above phenomena can be attributed to the breakage of hydrogen bonds as
the electrical interference frequency approaches to the inherent resonant frequency of
hydrogen bonds. The new mechanism of regulating water flux across nanochannels revealed
in this study provides an insight into the water transportation through biological water
channels and has tremendous potential in the design of high-flux nanofluidic systems.

Figure: Net flux and average number of water molecules inside the nanotube
as a function of vibrational frequency.
主讲人 Dr. Jianlong Kou, Institute of Condensed Matter Physics, Zhejiang Normal University, Jinhua
321004, China, Tel: 0086 15958990977, e-mail:kjl@zjnu.cn
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Modeling of exchange and transport of gaz and fluids in nanopores: from
molecular to continuous description.
Pauline SIMONNIN1,2, Benoît NOETINGER1, Carlos NIETO-DRAGHI1,
Virginie MARRY2, Benjamin ROTENBERG2
1. IFPEN Energies nouvelles, France
2. CNRS, Sorbonne Universités, UPMC Univ. Paris 06, UMR 8234 PHENIX, France
We present a molecular dynamics study of nano-confined fluids in porous natural media.
Fluids transport through low permeability media is a key challenge in unconventional
hydrocarbons recovery or in cap rock integrity (e.g. in the context of CO2 sequestration). The
thermodynamic behaviour of a fluid in a clay nanopore depends on the nature of the clay
itself and the physico-chemical effects induced by the confinement. Until recently, most
studies of hydrodynamics under confinement down to the molecular scale considered model
systems such as Lennard-Jones fluid between Lennard-Jones walls. However applications to
more realistic systems have been reported, e.g. for water in silica nanopores [1] or interlayer
pores of montmorillonite clay [2,3]. Moreover recent molecular simulation studies considered
multi-phase transport in model systems [4]. Such situations are of course essential in the
above-mentioned contexts. The transition from molecular to continuous descriptions in this
case is even more difficult than in the single-phase case and the behaviour depends on the
relative affinity of the two fluids to the surface, and their relative densities and viscosities.
Applications to more realistic systems remain scarce in the literature. Here we focus on water
and methane in nanopores and investigate with molecular simulation the effect of the nature
of the clay surface by considering a charge-neutral one (pyrophyllite) and a charged one
(montmorillonite) We also aim at elucidating the role of counter-ions on the dynamic of the
fluids. We will discuss in particular some technical aspects of molecular simulation, such as
the thermostatting method used to maintain a constant temperature during equilibrium and
non-equilibrium simulations.

Fig. 1 Type of studied systems. Fluid and CO 2 in a
charged clay nanopore.
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EFFECT OF PERMEATION CONFIGURATION ON THE PERMEABILITY
ESTIMATION
Hussain NAJMI(1), Eddy EL TABACH(2), Khaled CHETEHOUNA(1), Nicolas GASCOIN(1),
Guillaume FAU(1)
(1)

INSA-CVL, University of Orleans, PRISME EA 4229, Bourges, France
IUT de Bourges, University of Orleans, PRISME EA 4229, Bourges, France
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Abstract
Large heat load are encountered in hypersonic flight because of high flight speed (friction)
and of high amount of heat released in combustion chamber due to combustion of fuel.
Active cooling is perhaps the efficient way to enable combustion chamber wall material to
withstand such a high temperature. Transpiration cooling is also used in that the fuel is
injected into the cooling gallery (inlet) and circulated around the combustion chamber (outlet
1). While circulating, some amount of fluid will penetrate the porous media (outlet 2) and
enter the combustion chamber to enhance the cooling (Figure 1a). So, a phenomenon of
permeation appears and the determination of the permeability of this porous media becomes
one of the key parameter to study the effectiveness of the active cooling technique.
Permeability of material is often determined experimentally and the fact that measured
Darcian permeability values did not enable to reproduce numerically some test cases of fuel
cooled structure may show that determination is too be carefully studied. Indeed, realistic
industrial configuration present the porous flow as a secondary outlet while in lab conditions,
it is the single one. Thus, the effect of a second outlet on the Darcian’s permeability
characterization bench should be studied.
In the present article, we present a new test bench (Figure 1b) to determine experimentally
the Darcy’s and Forchheimer’s permeabilities for a porous media by taking into account two
outlets. To the author’s knowledge, no previous study has been done in order to see the
effect of secondary outlet (outlet 1) opening on the measurement of the material
permeability. The developed bench is composed of a high pressure pump (80 bars, 0.5 g.s-1)
for liquid or gas fuels injection. The reactor is mainly composed of a dedicated permeation
cell in which the porous media is inserted (Figure 1b). Numerous sensors of temperature,
pressure and mass flow rate are connected to a data acquisition system (about 1 Hz, 16 bits,
48 channels) to obtain their transient variations. Mass flow meter is placed at outlet as shown
in Figure 1b in order to measure mass flow rate of fluid through porous media. Pressure is
measured at inlet and outlet 2 to get the pressure difference across the sample. Flow from an
outlet 1 is controlled by manually operated valve (Figure 1b). Density is computed on the
basis of pressure and temperature measures thanks to the modified perfect gases law. Mean
dynamic viscosity is computed on the basis of mean pressure computed during the
experiment. After computing all the required parameters (mean density, mean velocity and
dynamic viscosity), the Darcy’s and Forchheimer’s permeabilities are determined using the
modified Brinkman’s equation.
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We present also in this article the experimental results obtained for two different Stainless
steel materials. Darcy’s and Forchheimer’s permeabilities for the tested materials are
computed for three different cases depending on the opening of outlet 1 (outlet 1 is 0% open,
outlet 1 is 50% open and outlet 1 is 100% open). Comparison of the results obtained for
these 3 cases has shown that the presence of the outlet 1 plays an important role on the
determination of Darcy’s and Forchheimer’s permeabilities.

Mass flow
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Outlet 1
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Porous
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Figure 1: a) Cooling of combustion chamber wall in jet engine through transpiration cooling,
b) Permeation cell with two outlets configuration (setup in lab.).
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SPATIAL TEMPORAL MODELLING OF PERMEABILITY EVOLUTION DURING
COKING AND BLOCKING OF POROUS MEDIUM
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GASCHET(1,2), Guillaume FAU(2)
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Abstract
Transpiration cooling is one of the most efficient cooling techniques, but one which generates
complex phenomena that are difficult to model, and this all the more in that a reactive fluid
such as an endothermic fuel is used. Above a certain temperature, such fuel is pyrolysed
and, thanks to its endothermic behaviour, this ensures the active cooling of the hot walls of
the combustion chamber. However, one of the consequences of this thermal decomposition
is the unwanted formation of coke which blocks the porous material (both on the surface and
in the interior). This gradual blocking reduces the material’s permeability and thus the
efficiency of the cooling system. Modelling the permeability distribution of porous materials is
thus a key parameter in better understanding transpiration cooling. The present article shows
several models intended to estimate the variation in time and space of the permeability of a
material (stainless steel) during its coking. The fluid circulating in this porous material is ndodecane that is maintained at a high temperature. Following a presentation of the
measurement device and the measured experimental data of the mean permeability (Fig. 1),
two categories of model are studied, notably discontinuous mesh models (with 2 and 3
meshes) and continuous analytical models (linear and exponential). The results obtained
show that discontinuous models with 2 and 3 meshes are very close in measuring the
temporal evolution of the thickness of the coked zone of the porous material. They also
revealed that the exponential model is more appropriate than the linear model in estimating
the spatiotemporal evolution of the permeability. Additionally, the evolution of the coking rate
in the porous material was determined as a function of time and the results show behaviour
similar to that indicated in the literature. Lastly, the average Darcy permeability was linked to
the mass of coke deposit in the porous material, the result of which reveals a quasi-linear
decrease.
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Fig. 1: Evolution of the average Darcy’s permeability and the fluid temperature versus
time for a stainless steel material.
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A modified pressure-pulse decay approach for determining
permeability of unconventional cores
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Abstract:
Permeability is one of the most important parameters for characterizing fluid flow and production form
reservoirs. For unconventional core samples, the pressure transient pulse decay method (PTPD) has been
employed to measure their permeabilities. In PTPD method, two gas chambers are used in the two ends of the
test core. To measure the permeability of a tight core sample, a small pressure pulse is applied to one of the gas
chamber and the pressure changes in both gas chambers are monitored with the time. The permeability of the
core sample is determined from the analysis of the pressure decay curves. This method can be applied only for
linear core samples.
In this paper, a modified pressure-pulse decay method is proposed and tested. In this modified method,
only one gas chamber is applied at one end of the test core sample and the other end of the core is sealed. A
small pressure pulse is applied to the gas chamber and the pressure change in it is monitored with time. The
mathematical model based on the new experimental design has been built and a semi-analytical solution has
been obtained by considering gas diffusion from the gas chamber to the core under the pressure difference.
This semi-analytical solution is more reasonable because the diffusion process is applicable to all the pores,
especially for micro- and nano-pores. The measured permeabilities of a core plug under different pressure
conditions using the modified method are in good agreement with those from the traditional PTPD method.
The modified pressure-pulse decay method can be used for measuring liner, radial, and spherical
permeabilities provided the corresponding mathematical models are available.
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MOLECULAR SIMULATIONS OF SUPERCRITICAL FLUIDS PERMEATING
THROUGH MICROPOROUS CONSTRICTIONS
Fouad OULEBSIR, Romain VERMOREL, Guillaume GALLIERO
Laboratory of Complex Fluids and Their Reservoirs, UMR-5150 with CNRS and TOTAL,
Université de Pau et de Pays de l'Adour, 64000 Pau, France
Abstract

Fluid transport through amorphous microporous
materials has several applications among which
design of microporous carbons for gas separation,
production of gas from shales and coal seams or
geological CO2 sequestration. The determination of
transport properties in such media is therefore of
great interest.
In the context of amorphous carbon membranes,
numerous experimental studies have reported the
dependence of permeation and separation
properties on thermodynamic conditions (pressure,
temperature) and properties of the system (fluid
species, structural properties of the membrane, etc)
[1]. Recently, Botan et al. performed molecular
simulations that reproduced some typical features of the experimental results found in the
literature [2]. More precisely, these authors evidenced that steric effects inherent to fluid
permeation through molecular size constrictions drive the overall transport properties of the
membrane. By constriction, we refer to a pore throat that opposes an energy barrier to the
flow of the permeating fluid.
Based on these observations, the present work focuses on molecular simulations of fluids
permeating through a single microporous constriction. As a first approach, our molecular
model consists in a microporous slit formed in a thin wall connecting two fluid reservoirs (see
figure). We report how permeation rates depend on various parameters, such as the size of
the slit, pressure or chemical potential gradient, temperature and the amplitude of molecular
interactions. Special attention is paid to the increase of permeation rates with temperature
and the determination of the related activation energies. On the more, we report results
specific to the transport and separation of CH4 / CO2 mixtures through microporous carbon
constrictions.
[1] Centeno and Fuertes, J. Membrane Sci., 160 (1999), 201-211
[2] Botan et al., Langmuir, 29 (2013), 9985-9990
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Fine pore structure of two different claystones
Yang Song1, Catherine Davy1, D. Troadec2, J.C. Robinet3, J. Talandier3, M. Dymitrowska4,
Frédéric Skoczylas1
1 Ecole

Centrale de Lille, LML UMR CNRS 8107, Cité Scientifique, CS20048, 59651 Villeneuve
d’Ascq Cedex, France
2 IEMN, UMR CNRS 8520, BP60069, 59652 Villeneuve d'Ascq, France
3 Andra, 1-7 rue Jean Monnet, 92298 Châtenay-Malabry Cedex, France
4 IRSN/PRP-DGE/SEDRAN/BERIS, BP 17, 92262 Fontenay-aux-Roses Cedex, France
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In several industrialized countries, the disposal of long life and medium to high activity radioactive waste
is planned within low-permeability clay rock formations, e.g. Callovo-Oxfordian (COx) claystone in
France, Opalinus clay in Switzerland, Boom clay in Belgium. The safety assessment of the disposal
structure requires a thorough understanding of the fluid transport mechanisms in the host rock, as well as
in the engineered barriers (canisters, swelling clays, concrete, etc.). In low permeability clay rocks, the
transport properties are mainly controlled by the spatial structure of the available pathways, and by the
rock/fluid interactions.
Clay rocks are mainly made of a network of nano- to macro-pores located within their clay matrix, with
characteristic sizes ranging between 1–100 nm. Clay matrix pores most likely dominate the flow and
transport properties, with some contribution of the interfaces with non porous minerals (quartz,
carbonates, feldspars) [Marschall et al. 2005]. Also, during sedimentation and compaction, clay minerals
are deposited along preferred orientations, so that natural clay rocks are generally anisotropic [Mitchell
1993]. It is expected that the pore space geometry is also anisotropic, as are the transport properties of the
clay rock [Zhang et al. 2004].
Characterization of pore space geometry does not only rely on pore size distribution, as indirectly
provided by Mercury Intrusion Porosimetry (MIP) or N 2 adsorption, but also on the pore network
connectivity, anisotropy, tortuosity, etc. 3D characterization of the pore space provides all necessary
geometrical parameters, but this largely depends on the pore and sample size considered. Currently, X-Ray
micro-tomography (micro-CT) provides data of the 3D pore space down to about 700nm, which is
insufficient for clay rocks, yet the analysed sample sizes are representative of the macroscopic
microstructure (up to about 180 microns) [Robinet-2008]. Higher resolutions are available with Focused
Ion Beam/Scanning Electron Microscopy (FIB/SEM) down to 20nm voxel size, yet with the loss of
macroscopic representativeness [Keller et al. 2013]. These are the adequate resolutions for characterizing
3D clay matrix pore spaces. The representativeness issue can be solved by characterizing the sole clay
matrix with FIB/SEM and (S)TEM (Scanning Transmission Electron Microscopy) [Keller et al. 2013], and
by coupling these with micro-CT using scale change methods [Dormieux et al. 2006; Moctezuma-Berthier
et al. 2004]. Where no single characterization method provides adequate representativeness for such wide
pore scales as in clay rocks, the combination of micro-CT, FIB/SEM and TEM is able to provide a full
representative 3D pore space.
In this contribution, by using FIB/SEM imaging, we provide quantitative data on the characterization of
the pore network of two different claystones of industrial relevance (COx claystone from the East of
France, and Toarcian claystone from the South of France). This scale is decisive because it is the biggest
available, which provides a connected pore network in 3D, although at the sole scale of the mesoscopic
clay matrix (made of pure clay aggregates together with infra-micrometric calcium carbonate grain). Two
samples of COx claystone are impregnated with a highly fluid resin (MMA), whereas two others and the
Toarcian claystone are not impregnated. All samples are computed with the same numerical methods.
1
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For COx claystone, the resolvable porosity by FIB/SEM is in the range 1.7% to 5.9%, which represents a
small 4.2-16.8% of the expected porosity of 35-40% for the clay matrix. This is consistent with existing
data for Opalinus clay [Keller et al. 2013]. For Toarcian claystone, porosity (for one single sample) is
comparable, with a value of 3.64%.
3D continuous pore size distribution (3D CPSD) simulates the mercury invasion process of MIP by
starting from pore locations which represent local pore size maxima (and not by the sample boundaries),
so that no ink bottle effect exists [Münch et al. 2008]: it provides a peak pore diameter of 50–90 nm
(50nm being the median value) for COx claystone. For Toarcian claystone, the peak pore size obtained by
3D CPSD is of 30-40nm, hinting at a finer PSD, or at a better preserved sample. Comparison with
indirect methods, such as MIP, are currently undertaken.
Ellipse fitting or skeletonization are applied respectively to the 2D or 3D pore networks for orientation
and anisotropy analysis. Good agreement of the pore network orientation is obtained between the two
methods for both claystones, and a clear anisotropy is identified for COx and Toarcian samples, which are
observed perpendicularily to the bedding planes. Skeletonization also allows to draw and quantify pore
size variations along individual pore paths, e.g. along the shortest path between the closest sample end
surfaces. For both claystones, a huge variation in pore size is obtained, by a factor of 6-10 from one
location to the other on the same path. This justifies the existence of an ink-bottle effect, whereby MIP
(Mercury Intrusion Porosimetry) attributes a bigger porosity to smaller pores, when these are located
before bigger pores along a pore path. As for shortest pore paths, these are longer for Toarcian claystone
(with values of 12-19µm over 6.67-7.86 µm distance between sample end surfaces) when compared to
COx claystone (with values ranging between 1.69-6.8 µm for 1.17-4.30µm distance between sample end
surfaces). However, tortuosity, measured as the ratio between the shortest pore path length and the
distance between the considered end surfaces, is of 1.7, 2.8 and 4.1 for COx claystone samples (the fourth
sample is not connected), whereas it is of 1.8 (along axis x) and 2.4 (along axis y) for the Toarcian sample.
Again, comparable values are found, despite the expected natural variability of the mesoscopic clay matrix
of these claystones of different origin and diagenesis.
References:
Davy C. A., Skoczylas F., Barnichon J.D., Dubois Th., 2007. Permeability of macro-cracked argillite under
confinement: Gas and water testing, Physics and Chemistry of the Earth Vol. 32, pp.667–680.
Davy C. A., M'Jahad S., Skoczylas F., Talandier J., 2013. "Gas migration through COx claystone and
implications for self-healing", Proceedings of the 5th Biot's Conference on Poromechanics, Vienna
(Austria), 10-12th July.
Dormieux L., Kondo D., Ulm F.-J. 2006. Microporomechanics, ISBN: 978-0-470-03188-9, Wiley Ed.
Keller L. M., Schuetz P., Erni R., Rossell M. D., Lucas F., Gasser P., Holzer L., 2013. Characterization of
multi-scale microstructural features in Opalinus Clay, Microporous and Mesoporous Materials, Vol. 170,
pp. 83–94.
Marschall, P., Horseman, S., Gimmi, T., 2005. Characterisation of Gas transport properties of the
Opalinus clay, potential host rock formation for radioactive waste disposal. Oil & Gas Science and
Technology 60, 121–139.
Mitchell, J.K., 1993. Fundamentals of Soil Behavior, 2nd Edition. John Wiley & Sons, New York.
Moctezuma-Berthier A., Vizika O., Thovert J.-F., Adler P.M., 2004. One- and Two-Phase Permeabilities
of Vugular Porous Media, Transport in Porous Media, Vol. 56, pp.225–244.
Münch, B., Holzer, L., 2008. Contradicting geometrical concepts in pore size analysis attained with
electron microscopy and mercury intrusion. Journal of the American Ceramic Society 91, 4059–4067.
Zhang, C., Rothfuchs, T., 2004. Experimental study of the hydromechanical behaviour of the CallovoOxfordian argillite. Applied Clay Science 26, 325–336.
2
Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low permeability media and nanoporous materials. From characterisation to modelling: can we do it better?

BELHAKEM Ahmed, Dr, B.P. 1001, 27000 Mostaganem, Algeria, 00213697568782,
ahmedbel39@hotmail.com

Annex (Figure which give % of NO conversion versus Temperature)

NO REDUCTION, BY CH4 IN PRESENCE OF EXCESS O 2 , OVER ALUMINATED
AND FUNCTIONNALIZED ORGANISED MESOPOROUS SILICA MCM-41 TYPE
Kamelia BENABOU1, Ahmed BELHAKEM1*, Samia.A. GHOMARI2, Fawzi TALEB1,
Mostefa BELHAKEM1 and Amine KHELIFA1.
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Abstract:
The selective catalytic reduction of NO with CH 4 has been studied over aluminated and functionalized
organized mesoporous silica type MCM-41. In the present work, factors: platinum rate exchange,
Temperature, GHSV (Gas Hourly Space Velocity) and CH 4 /O 2 ratio, with ranges 0.5-4.0 wt%, 373K-1

-1

723K, , 8000 h -16000 h and 0.25-2.0 respectively, have been exhaustively studied and optimized.
The rate of NO reduction was at a maximum when the CH 4 /NO ratio close stoichiometrically 2,
-1

temperature around 623K, 2.5 wt% of platinum weight and 12000 h . Accordingly, the activation
energy for NO reduction decreases with increasing CH 4 /NO ratio, and the reaction orders are −1.0 in
NO and +1.5 in CH 4 . Unlike NO, the rate of intermediate N 2 O reduction is at a maximum at low
CH 4 pressures, and the reaction orders are positive in N 2 O and negative in CH 4 . It observed that the
lifetime of the NO 2, obtained with excess of O 2 , is relatively short because it was transformed to NO
which in turn is reduced. The NO/NO 2 oxidation/reduction cycle has the effect of delaying NO
reduction to N 2 until all of the O 2 was consumed. The present paper has focused firstly on the
functionalization of OMAS-type materials (AlMCM-41) with various amounts of platinum and catalysts
thus obtained are tested for NO reduction by the methane in presence of oxygen excess, under a
helium flow. For Pt(X)-catalysts, the NO maximum conversion depends on factors cited above and
also on the oxygen concentration. Then, for high oxygen concentrations and around 623K, catalysts
Pt(2.5%)-AlMCM-41 revealed a good conversion of NO. The presence of platinum ions and their good
dispersion within catalysts affect positively this reaction type. It was observed that specifics catalytic
behaviors of prepared materials decreased strongly when the oxygen concentrations increase beyond
certain limit and when the steam ageing temperature reaches 873K and above. The migration ability
and the reduction of Pt ions into metal particle induced the octahedral aluminum causes by
dealumination phenomenon which is a consequence of structure collapse; this phenomenon was to be
responsible for the loss of catalytic activity.

Key words: Pt loading, Oxidation state; methane/oxygen role, relationship between factors studied
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EFFECT OF HYDROSTATIC LOADING ON THE MICRO-STRUCTURE AND THE
TRANSFER PROPERTIES OF A TIGHT GAS SANDSTONE
Yi WANG(1), Franck AGOSTINI(1), Frédéric SKOCZYLAS(1), Laurent JEANNIN(2)
(1): Ecole Centrale de Lille, France., (2): GDFSUEZ E&P, France.
Tight gas reservoirs are characterized by both low porosity and permeability (below 0.1mD
i.e. 10-16m2 under ambient conditions). Tight rocks are generally stress sensitive, and
porosity, poro-elastic and transfer properties can be different at ambient and in situ
conditions.
Our study focuses on tight gas sandstones from a field located in North Africa and explored
by GDFSuez E&P. A dedicated experimental setup has been designed to allow simultaneous
measurements of connected porosity and poro-elastic properties, under hydrostatic loading
(up to 60 MPa). The drained bulk modulus (Kb) undergoes a constant increase with
increasing confining pressure, while the solid matrix bulk modulus (Ks) could increase in a
first time and then decrease. This can be attributed to the entrapment of pores with
increasing hydrostatic loading. The decrease of accessible porosity has been experimentally
evidenced. For example, the accessible porosity of a sample has been reduced by more than
10% (relative value) under 40 MPa of hydrostatic loading. In the same time, the gas absolute
permeability has been divided by 8 in the dry state.
The experimental plan was also dedicated to the evaluation of the coupled effect of both
varying water saturation and hydrostatic loading on transfer properties. The determination of
critical gas saturation and shape of gas relative permeability in reservoir conditions is indeed
of great importance regarding the production evaluation of low permeability reservoirs.
Combined effects of stress and water saturation are responsible for a sharp decrease in gas
effective permeability in tight reservoirs.
Additional measurements have been conducted to characterise the rock microstructure:
initial microstructure has been assessed using scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) analysis. Mercury intrusion porosimetry (MIP),
surface area Analysis (BET) and pore size and volume analysis (BJH), helium pycnometry
have also been performed.
All these experimental results have been interpreted with the help of a micromechanical
model of stress-sensitive tight sandstones. This model describes tight sandstone as a
granular rock and uses a micro-macro approach to evaluate the evolution of petrophysical
and poro-elastic properties under stress.
This communication will present the experimental setup and the poromechanical and transfer
measures under in situ-conditions and show how the prediction of the micromechanical
modelling contributes to the interpretation of lab results.
Yi WANG, Effect of hydrostatic loading on the micro-structure and the transfer properties of a tight gas
sandstone, Ecole Centrale de Lille – Cité Scientifique CS 20048 – 59651 Villeneuve d’Ascq - France,
+ 33 3 20 33 53 69, yi.wang@ec-lille.fr

Les Rencontres Scientifiques d’IFP Energies nouvelles

LowPerm2015 – Low permeability media and nanoporous materials. From characterisation to modelling: can we do it better?

Experimental study and modelling of the effect of pore size distribution on
hydrocarbon phase behaviour in Nanopores
Lei Wang, Keith B. Neeves, Xiaolong Yin and Erdal Ozkan
Department of Petroleum Engineering, Colorado School of Mines, USA.
Abstract
Difficulties in matching the production trend of liquid rich reservoirs have brought the
nanoconfinement effect on hydrocarbon phase behavior into sight. Characterization of rock
samples from unconventional oil and gas reservoirs demonstrated that much of the pore
space is in the range of nanometers. In these pores, the phase behavior of hydrocarbon
mixture is affected by the capillary pressure and the surface forces and is different from that
characterized in PVT cells. Yet, very few experiments have been conducted. On the
modeling side, many existing phase behavior models use a single pore size, which is not
representative of the pore size distributions inside real porous media. This research
investigates the effect of a pore size distribution on the phase behavior of hydrocarbon
mixtures by both experiments and modeling.
Nanofluidics experiments delivered direct observation of phase transition of hydrocarbons
in the micro- and nano-channels, demonstrating significant effect in the sequence of
evaporation imposed by the nano-channels. Pure n-pentane and a ternary mixture of nbutane, i-butane, and n-octane were loaded into a transparent nanofluidic device with microchannels and nano-channels to study phase transition due to evaporation. For n-pentane,
evaporation in the nano-channels took place immediately after the liquid in the microchannels completely evaporated. For the ternary mixture, however, evaporation in the microchannels slowed down and did not progress into the nano-channels despite continuous
heating, because evaporation in the micro-channels changed the composition of the
remaining liquid. This sequential evaporation was predicted by the constant composition
expansion process modeled with our modified flash calculation procedure that takes the
capillary pressure into account.
The modified vapor-liquid equilibrium calculation procedure that considers the effect of
capillary pressure, the sequence of phase change due to pore size distribution and the
associated compositional change was then extended to simulate depressurization of light oil
and retrograde gas inside nanoporous media. The pore size distributions were characteristic
of tight reservoirs and the fluid compositions were representative of typical reservoir fluids. It
is shown that phase transition in porous medium with pore size distribution is a process that
cannot be described by a single phase boundary, because the initial phase change alters the
composition of the remaining fluid, which in turn suppresses the next phase change.
For the light oil, capillary pressure due to nanoconfinement increased the level of
supersaturation and the critical gas saturation had a strong influence on the properties of
produced fluids; for the retrograde gas, the effect of capillary pressure was insignificant due
to the low interfacial tension. Despite the choice of fluids, calculations indicate that the
smallest pores are probably always occupied by hydrocarbon liquid even with very strong
pressure drawdown during depressurization. Experiments and modeling presented in this
research provide tools to investigate and understand the effect of nanoconfinement on phase
behavior, which assist the development of shale oil and gas condensate reservoirs.
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Figure: Three consecutive images during the evaporation of pure n-pentane in the nanofluidic device.
Left: n-pentane in two micro-channels is evaporated, leaving nano-channels full of liquid; Middle: npentane in some of the nano-channels evaporated; Right: n-pentane in both micro-channels and
nano-channels totally evaporated.
Xiaolong Yin, professor, Rm 315 MZ Hall, Golden, Colorado. 3033842627. xyin@mines.edu.
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LABORATORY THRESHOLD PRESSURE MEASUREMENTS UNDER IN SITU
CONDITIONS
Eberhard JAHNS, Hansjörg BAUMGARTNER, Carlo DIETL
Gesteinslabor Dr. Eberhard Jahns, Germany

Underground storage of natural gas plays a decisive role for the reliability of energy supply in
modern societies. One concept of an underground gas storage (UGS) is the filling of the pore
space of a former oil or gas reservoir. In case of such a pore storage the impermeability of
the UGS caprock – generally a claystone or marlstone – has to be proven. Main objective of
all investigations is the determination of a maximum operating pressure for the UGS avoiding
fracturing of the reservoir, the cap rock and the overburden, penetration of gas through the
cap rock and uncontrolled lateral dissemination of gas.
The Gesteinslabor Dr. Eberhard Jahns is specialised in this type of material testing, in
particular in the investigation of brine permeability and threshold pressure on very tight rock.
By definition, the threshold pressure is the pressure difference between the injected gas
phase and the water phase in the UGS capr ock. This pressure is needed to overcome the
capillary forces to initiate a flow into the cap rock (Egermann et al. 2006).
At our laboratory the entire experimental process from flooding and water saturation of the
specimen until the brine permeability and threshold pressure measurements are done under
in situ conditions (total stress, pore pressure, temperature and brine composition). The
steady state permeability can be determined by applying a differential pressure onto the
specimen. The system has to equilibrate until a stationary pressure gradient within the
specimen is reached. Generally, this takes several days or even up to several weeks. As
soon as equilibration is reached, the injection rate equals the output flow rate and all
parameters are constant over time (Fig. 1a). From fluid flow the permeability can be
calculated by applying Darcy’s law for flow in porous media (Darcy 1856).
The determination of the threshold pressure follows the slightly modified continuous injection
method by Meyn (1999). The pore pressure in the specimen is set to the initial UGS pore
pressure with a pressure gradient of zero, and the specimen is again allowed to equilibrate.
The brine on the entry side - corresponding to the reservoir – is replaced by the gas phase
(in general nitrogen) without changing the loads on the specimen, followed by a further
equilibration. The continuously increasing differential pressure is realised by slowly
decreasing the outlet pressure (Fig. 1b). The best decreasing rate depends on the
permeability of the specimen and must be lower for low permeability samples. The maximum
pressure drop can take two to four weeks. The very slow pressure drop allows the pore water
to flow off the specimen. After exceeding the threshold pressure of the sample, the gas flow
into the specimen increases significantly. The flow rate at the outlet also increases; however,
with a time delay. The threshold pressure can be calculated directly from the corresponding
differential pressure. In case of a very tight cap rock a dynamic and continuous lowering of
the brine pressure at the specimen outlet reaches the inlet with a considerable time delay
making it impossible to determine the exact threshold pressure. In this case it might be useful
to lower the outlet brine pressure stepwise and to allow for system equilibration in a
stationary manner.
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Fig. 1: Procedure for (a) brine permeability and (b) threshold pressure measurement.

Eberhard Jahns, Dr., Gesteinslabor Dr. Eberhard Jahns, Hospitalstr. 13, D-37308 Heiligenstadt,
phone: +49 3606 60737-0, e-mail: jahns@gesteinslabor.de
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THE STEP-DECAY:
A NEW METHOD TO CHARACTERIZE POORLY PERMABLE POROUS MEDIA
D. Lasseux1, Y. Jannot2, S. Profice3 and G. Hamon3
1
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1. Background
Unsteady classical methods to measure the permeability of weakly permeable media are
based on the Pulse-Decay technique which consists in recording the differential pressure,
P(t), at the sample edges following a pressure emission at the sample entrance [1, 2]. A
careful analysis indicates that significant sensitivity of the signal to the porosity, , is
restricted to short-times requiring a separate estimation. Moreover, the Klinkenberg
coefficient, b, and intrinsic permeability, kl, appear to be correlated so that their simultaneous
estimation is most of the time out of reach. In addition, the analysis of P(t) requires the
knowledge of the initial pressure pulse P0i which is however difficult to identify precisely
because of pressure disturbances while opening the upstream valve, v0. Furthermore, a bias
analysis [3] indicates that uncertainties on P0i, , and on the volume ,V0, of the upstream tank
have a considerable impact on the estimated values of kl and b that are also strongly biased
if the dead volume, DV, between v0. and the upstream sample face is not accurately taken
into account. Parameter estimate can also be ineffective in case of an upstream gas leakage.
2. The step-Decay
To avoid almost all the above mentioned difficulties, a new method was designed [4]. In this
method, P0i is not the only parameter governing the experiment. Rather, the upstream
pressure signal P0(t), that is measured, is employed as a time dependent excitation leading
to the sample downstream response P1(t), that is measured as well. An inverse procedure of
the complete unsteady physical model is carried out to estimate the parameters kl, b and 
which condition P1(t) for the given P0(t). The estimation is no longer biased by an error on P0i
=P0(0), nor on V0 and DV (their values can be actually ignored) and is insensitive to an
upstream potential leakage. Moreover, since the input data for parameter estimation is P0(t),
this signal can be modulated in any convenient way. More specifically, it can be chosen so
as to maximize the sensitivity of P1(t) to the three parameters to be estimated, in particular, to
generate repeated "short-time" effects in order to amplify the sensitivity of P1(t) to . A simple
modulation, that is easy to implement and that allows pre-estimations of kl and b, is a
succession of pulses, giving the name "Step-Decay" to the method
Experimental tests have been carried out on tight rock samples using two separate StepDecay experimental set-up and protocols that show the efficiency of the method which
represents a real breakthrough. An example of pressure signals P0(t) and P1(t) are reported
in Fig. 1.
[1] G. D. Bruce, D. Peaceman and H. Hachford, 1953, Petroleum Transactions, AIME, 198, 79-92.
[2] S. Finsterle and P. Persoff, 1997, Water Resour. Res., 33(8), 1803-1811.
[3] Y. Jannot, D. Lasseux, L. Delottier and G. Hamon, 2008, Symp. Soc. Core Analysts, Abu Dhabi,
October 29-November 2, SCA2008-09.
[4] D. Lasseux and Y. Jannot, TOTAL-CNRS Patents EP2526400, WO2011089367
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Fig. 1 Examples of P0(t) and P1(t) records on three different tight rock samples.

D. Lasseux, Dr, I2M - CNRS, Esplanade des Arts et Métiers - 33405 TALENCE Cedex France - (33)
556 845 403 - didier.lasseux@ensam.eu)
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A COUPLED HYDRO-MECHANICAL MODEL FOR COMPACTED BENTONITE
UNDER IN SITU CONDITIONS
Anne-Catherine DIEUDONNE1,2, Jean TALANDIER3, Frederic COLLIN1 and Robert
CHARLIER1
1

University of Liege, Belgium, 2 F.R.I.A., Fonds de la Recherche Scientifique – FNRS,
Belgium, 3ANDRA, France

Introduction
In the context of deep geological repositories for nuclear waste, particular attention has been
paid to the behaviour of bentonite-based materials in relation to their use as engineered
barriers. The aim is to create a zone of low permeability that is able to reduce water flow
coming from the host rock, hence the release of radionuclides into the environment.
Therefore bentonite-based materials have generally been selected for their high swelling
capacity, their low permeability and their important radionuclides retardation capacities.
However, the placement of a bentonite buffer within a gallery involves unavoidable
technological voids between the engineered barrier and the host rock. While most
researches have traditionally focused on the behaviour of the buffer and the host rock
separately, little attention has been paid to the role and influence of technological voids and
interfaces between materials. However, several laboratory experiments have put into
evidence the influence of technological voids on the final swelling pressure developed by a
bentonite buffer and the role of interfaces on water flow and gas migration. Still, the
existence of technological voids is generally neglected in numerical modelling and perfect
contact is assumed between the different materials. This strong hypothesis assumes
continuity of both mechanical displacements and pore pressures between materials, which is
not true, especially during the first years of the disposal life. Therefore the behaviour of
interfaces should be considered and special numerical tools should be developed.
Coupled hydro-mechanical modelling of the engineered barrier under in situ
conditions
In this paper, the hydromechanical behaviour of a bentonite buffer submitted to hydration
under in situ conditions is studied numerically using the finite element code Lagamine,
developed at the University of Liege. The problem studied is directly related to the set of
experiments PGZ2 developed in Andra’s underground research laboratory where different
types of bentonite are tested. The objective of those experiments is to characterize the water
saturation of bentonite seals firstly under natural conditions and secondly in presence of gas.
More precisely, the test modelled consists in the excavation of a small-diameter gallery
(diameter = 101.3 mm) within the Callovo-Oxfordian claystone (France). During this stage,
pore water pressure at the wall of the borehole progressively decreases due to gallery
drainage. Then, a block of compacted bentonite with a diameter of 94.0 mm is placed in the
gallery and hydration from the host rock is allowed. The difference in diameters between the
gallery and the bentonite plug yields some technological voids concentrated above the plug.
Indeed, due to gravity effects, contact between the plug and host rock initially occurs at the
bottom of the gallery. The existence of this technological void rock is explicitly taken into
account and modelled using an interface finite element.
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This interface finite element is able to reproduce the behaviour of technological voids before
contact between materials, as well as the hydromechanical behaviour of interfaces when
contact occurs. The hydromechanical behaviour of the buffer is modelled using the so-called
Barcelona Basic Model, coupled with a two-phase flow law accounting for the doublestructure character of bentonite-based materials. In particular, the evolution of permeability
with macroporosity is considered. In addition, a double-structure water retention curve has
been developed to model the water retention properties of expansive bentonite under
different conditions ranging from constant volume to free-swelling conditions.

Numerical results of the problem show that the bentonite plug first exhibits swelling under
almost free-swelling conditions. During this stage, technological voids are progressively filled
by bentonite which effective density decreases. Furthermore, since contact between the host
rock and the bentonite buffer initially occurs over a limited surface area, the hydration
kinetics of the buffer appears to be slower than in the absence of gaps between the
materials, when perfect contact between the materials is assumed.
Contact between the bentonite buffer and the host rock is progressively reached, from
bottom to top. At that moment, the swelling pressure starts to develop against the gallery
wall. The final swelling pressure reached after full saturation of the engineered barrier
appears to be smaller than the one computed in the absence of technological voids between
the buffer and the host rock. Indeed, the swelling pressure of bentonite is directly associated
with its effective density. In addition the time required to reach full saturation appears to be
considerably higher when technological voids are considered.

Robert CHARLIER, Professor, University of Liege, ArGEnCo Department, Bât. B52/3, Chemin des
Chevreuils 1, 4000 Liege, +32(0)4/366.93.34, Robert.Charlier@ulg.ac.be
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A QUASI-STEADY METHOD TO MEASURE PERMEABILITY OF POORLY
PERMEABLE POROUS MEDIA
Y. Jannot1, D. Lasseux2
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1. General features of the method
A method to determine the permeability of porous media, that is particularly well adapted to
materials for which the ratio  e2 k is small ( is the porosity, e the sample thickness and k
the apparent permeability of the material), i.e. to very poorly permeable porous media and/or
thin samples, is proposed [1]. The method is based on the quasi-steady regime occurring
during 1D flow when the sample is subjected to a (quasi)constant upstream pressure. The
flow rate is indirectly measured through the pressure rise in the downstream reservoir, which
is a net advantage of the technique. Indeed, since standard sensitive pressure sensors can
be used, extremely small flow rates can be detected allowing the determination of very small
permeabilities. The physical model to interpret the experiment was carefully derived from the
complete unsteady model of flow showing that part of this quasi-steady regime is
characterized by a linear evolution of the downstream pressure signal. A simple
interpretation of this part of the signal can be made to determine the permeability and the
Klinkenberg coefficient from repeated experiments at different mean pressure levels. Along
with the fact that the experimental setup for this method is simple to implement, the easy
interpretation makes the method of particular interest.
From scaling arguments, the characteristic time, tc, at which the quasi-steady regime is
observed was explicitly derived. It was validated by numerical simulations of the complete
unsteady model in a variety of operating conditions. This characteristic time defines the lower
time-limit of the experimental downstream pressure signal to be considered with this method.
The constraint on the upper time-limit, tf, was also determined, clearly defining the time
interval of interest for the method to apply. This is illustrated in Fig. 1. Moreover, when the
experiment is to be carried out with an upstream reservoir of finite volume, which is of
practical common use, a constraint was provided for the method to remain valid. All these
constraints can be advantageously used either as a set of guidelines to design an
experiment and/or as a real time control tool to assert that the experiment is carried out
under appropriate conditions.
2. Measurement examples
Experiments carried out on two different rock samples were presented, demonstrating the
validity of the method, both on the characteristic time of the quasi-steady regime and on the
permeability estimates. The capability of the method to determine very low "permeabilities"
(down to 10-23 m2) was illustrated by a measurement in the transverse direction of a
composite material sheet. This fast and simple method, taking advantage of both fully steady
and unsteady techniques, is an efficient tool for permeability characterization of very poorly
permeable materials.
[1] Jannot, Y. and Lasseux, D., 2012, Rev. Sci. Instrum., 83(1) 015113.

Les Rencontres Scientifiques d'IFP Energies nouvelles

LowPerm2015 – Low permeability media and nanoporous materials. From characterisation to modelling: can we do it better?

t f =1570 s

dp 1 (t)/dt (Pa.s-1 )

t c =150 s

dp 1 (t)/dt (Pa.s-1 )

14 Case #1
13
12
Numerical
11
simulation
10
(complete
9
8
unsteady
7
model
6
Quasi5
4
steady
3
approx.
2
1
0
1.E+00
1.E+01

1.E+02

1.E+03

1.E+04

13 Case #2
t c =225 s t f =1750 s
12
Numerical
11
simulation
10
9
(complete
8
unsteady
7
model
6
Quasi5
4
steady
3
approx.
2
1
0
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04

t (s)

3.5
t c =276 s t f =6330 s
Case #3
3.25
Numerical
3
2.75
simulation
2.5
(complete
2.25
2
unsteady
1.75
model
1.5
1.25
Quasi1
steady
0.75
approx.
0.5
0.25
0
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05

t (s)

dp 1(t)/dt (Pa.s-1 )

dp 1(t)/dt (Pa.s-1 )

t (s)
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
1.E+00

t c =2250 s
Numerical
simulation
(complete
unsteady
model

t f =18520 s

Case #4

Quasisteady
approx.

Case #5

1.E+02

1.E+04

1.E+06

t (s)

Fig. 1. Time derivative of the downstream pressure. Solid lines are from direct numerical
simulations of the complete unsteady flow model. Open symbols are the solutions from the
quasi-steady approximation. A priori predicted values of the time-limits, tc and tf, are
materialized by red dashed lines. Five different cases with various physical parameters are
investigated.

D. Lasseux, Dr, I2M - CNRS, Esplanade des Arts et Métiers - 33405 TALENCE Cedex France - (33)
556 845 403 - didier.lasseux@ensam.eu

Les Rencontres Scientifiques d'IFP Energies nouvelles

LowPerm2015 – Low permeability media and nanoporous materials. From characterisation to modelling: can we do it better?

EFFECT OF LARGER PORES AND CRACKS ON DIFFUSION IN ZEOLITE MEMBRANES

Michal DUDÁK
University of Chemistry and Technology, Prague

Effect of larger pores and cracks on diffusion in zeolite membranes
Zeolites have a great potential in membrane separation of molecules. Due to steric
limitations, larger molecules cannot enter the sub-nanometer pores in zeolites so that the
molecules can be discriminated according to their size. Diffusion of molecules inside zeolite
lattice is a well studied topic and it is known that diffusion in zeolites is several orders of
magnitude slower than in mesoporous materials.
However, the overall performance of separating layer depends also on diffusion through
larger pores between individual zeolite crystals, possible cracks and inhomogeneities. In this
contribution, we try to assess the importance of extralattice diffusion in zeolitic layers both by
experiment and by mathematical simulation.
We use a recently developed multi-scale modeling methodology that allows to predict
transport characteristics of a porous layer containing both small pores and macropores
[Dudák 2014, Novák 2013]. It is based on 3D digital reconstruction from SEM and TEM
images and subsequent simulation of diffusion in the reconstructed medium. The small pores
in zeolite lattice are not explicitly discretized and pre-calculated diffusivity for individual gas
species is used for zeolite crystal domains. In contrast, the morphology of larger pores and
cracks is reconstructed in detail and local diffusivity is considered there as a combination of
volume and Knudsen diffusion (depending on pore size).
We apply this methodology to a few microns thick, 4A zeolite layers designed as a
separating membrane that blocks transport of propane and larger hydrocarbons while
allowing diffusion of CO and oxygen. This system is relevant to preferential oxidation of CO
in excess of butane, needed in maleic anhydride synthesis process. The membrane was
prepared from zeolite seeds spray-coated in a few microns thin layer. In selected samples,
the natural voids in the layer were additionally filled by zeolite grown from a solution. The
zeolite layers were coated on top of Pd/γ-Al2O3 providing the catalytic activity for oxidation
reactions so that the separating efficiency for preferential CO oxidation could be tested in a
lab reactor.
The results of simulations and experiments confirmed that CO/hydrocarbon separation over
4A zeolite critically depends on the presence of larger pores and cracks in the layer.
Simulations allowed quantifying the effect of these structural defects on the transport of gas
molecules and the separating efficiency of zeolite layer.
Dudák M., et al. Applied Catalysis B: Environmental 150-151 (2014), 446-458.
Novák V., et al. Catalysis Today 216 (2013), 142-149.
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Cross-section SEM of thin 4A zeolite membrane (brighter) on top of a porous Pd/γ-Al 2 O 3
catalyst.

Michal Dudák, MSc., Technicka 5, 166 22, Prague CZ, +420220443293, dudakm@vscht.cz
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Direct observation of the impact of nanopore confinement on hydrocarbon gas
condensation
Elham Parsa, Xiaolong Yin, and Erdal Ozkan
Department of Petroleum Engineering, Colorado School of Mines, USA.
Condensation of petroleum retrograde gas, especially that around the wellbore, decreases
the well deliverability significantly. Better estimation of the dew point helps to improve
production by minimizing the condensate dropout. It is believed that the dew-point pressure
obtained from PVT experiments does not represent the phase behavior of fluids confined in
nano-pores. However, very few experimental data are available to study the impact of
confinement on phase behavior. In this study, we use transparent nanofluidic devices to
observe the effect of pore size on the vapor pressure of propane. The figure below shows the
two nanofluidic chips used in the experiments. The chip in the left has 500-nm channels and
the chip in the right has smaller, 30-nm channels. When propane is injected into the chip with
500-nm channels (left) at a constant temperature of 68.7 oF, condensation occurs at 123.5
psi everywhere at the same time. Subsequently, when pressure is gradually reduced at the
same temperature, propane liquid vaporizes everywhere at 119.7 psi due to hysteresis. In
the chip with smaller, 30-nm, channels (right), on the other hand, condensation occurs first in
the nanochannels at 123.8 psi at 69.6 oF, and, then, in the larger microchannels at 125.6 psi.
When pressure is reduced, the propane liquid vaporizes at 120 psi at 69.8 oF. As this phase
transition takes place when the propane liquid in the nanochannel is in equilibrium with the
propane gas in the microchannel, 120 psi can be regarded as the equilibrium vapor pressure.
As a reference, NIST database shows that the vapor pressure of propane is 124.4 psi at
69.7 oF. The difference of 4.4 psi agrees well with the prediction of the Kelvin equation (4.6
psi) assuming liquid propane completely wets the surface of the nanofluidic chip. The direct
observations from the nonofluidics experiments verify the effect of nanopore confinement on
petroleum gas condensation. The results are also in agreement with the theoretical
thermodynamics models.

1

3B

3A

2
2
1

Left: Propane condensed in all
three sizes of channels at the
same time. Right: Propane
condensed in the smallest
channels (3B) first and then in
the larger channels (1 and 2).
Channel dimensions are as
follows. 1: 10µm (Depth) × 25
µm (Width); 2: 10 µm (D) × 10
µm (W); 3A: 500 nm (D) × 25
µm (W); 3B: 30 nm (D) × 2.5
µm (W).
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INFLUENCE OF A MACROPORAL HETEROGENEITY ON FLUID FLOW AND
SOLUTE TRANSPORT AT PORE SCALE IN MODEL POROUS MEDIA
Stéphane BATANY 1, Pierre-Emmanuel PEYNEAU 1
1

Institut Français des Sciences et Technologies des Transports, de l'Aménagement et des
Réseaux, Nantes, France

Context and issues
Understanding pollutant transport in porous media is of primary concern nowadays,
especially for water resources preservation and for soil contamination control. The current
general agreement is that pollutant transport is largely due to soil heterogeneity often caused
by the presence of macropores, which are likely to trigger preferential flows. Nevertheless,
predicting the quantitative effect of such heterogeneities on flows and solute transport
remains a challenge. Traditional modeling approaches based on Darcy-Buckingham law for
flow and advection-dispersion law for pollutant transport rapidly demonstrate their limits. The
understanding of flow processes in porous media at pore scale and the modifications
induced by the presence of a macropore require experimental and numerical studies to get
information on velocity field in the porous media.
Methods
This study asserts the influence of macropore characteristics (diameter, inclination,
tortuosity, shape) inserted inside a model porous media made of glass spheres bonded
together, on the velocity field and the non-reactive solute transport in saturated condition and
in steady state, through numerical simulations and elution experiments performed on
laboratory columns. Flow simulations (based on lattice-Boltzmann method) and solute
transport simulations allow to study velocity field at pore scale and to obtain an accurate
cartography of solute concentration in the porous matrix.
Results
Numerical results show that for a cylindrical macropore parallel to flow direction, water flows
preferentially through the macropore and the velocity field respects Poiseuille's law in the
vicinity of the axis of the heterogeneity. Furthermore, the presence of a macropore causes an
increase of the longitudinal component of the velocity field in the porous matrix close to the
borders of the macropore. The extension of this zone is dependent on the ratio between the
typical grain size and the cylindrical macropore size. Numerical simulations of non-reactive
solute transport allow to obtain the temporal evolution of solute concentration field and the
breakthrough curve of such a porous media. These results are compared to experimental
breakthrough curves. Traditional dual-permeability models splitting the heterogeneous media
in two homogeneous domains, the macropore and the porous matrix, reflects imperfectly the
observed phenomena. Finally, the effects of inclination, tortuosity and shape of the
macropore are likewise studied.

Batany Stéphane, Influence of a macroporal heterogeneity on fluid flow and solute transport at pore
scale in model porous media, Ifsttar, Nantes, Route de Bouaye, CS4, 44344 Bouguenais Cedex+33
(0)2 40 84 56 89, stephane.batany@ifsttar.fr
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Fig. Velocity field of the speed norm in a porous media simulated by lattice-Boltzmann method. The
porous matrix is constituted of circular particles. The size of the macropore, delimited by the white
lines, is 20 % of the sample width. Flow from left to right.
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Specificity of ionic adsorption in silicas studied with molecular
dynamics and potential of mean force
B. Siboulet, a ,S. Hocine, a B. Coasne, b,c,d M. Duvail, a P. Turq, e J.-F. Dufrêche a
Institut de Chimie Séparative de Marcoule ICSM, UMR 5257 CEA - CNRS - Université
Montpellier~2 - ENSCM, F-30207 Bagnols-sur-Cèze, France
b
Institut Charles Gerhardt Montpellier, ENSCM, Université Montpellier 2 and CNRS (UMR
5253), 8 rue Ecole Normale, 34296 Montpellier, France.
c
MultiScale Material Science for Energy and Environment, CNRS/MIT (UMI 3466), 77
Massachussetts Avenue, Cambridge, MA 02139, USA
d
Department of Civil and Environmental Engineering, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, MA 02139, USA
e
UPMC Université Pierre et Marie Curie, 4 Place Jussieu,PECSA, F-75005 Paris, France
a

In confined structures such as mesoporous silicas, mobility and interaction with surfaces are
key phenomema for adsorption, which result in various potentialities for these materials : extraction,
separation, catalysis, drug delivery...
These phenomena can be modelled with various methods. We start with molecular dynamics
and Monte Carlo methods. These methods produce consistent results for pure water : adsorption,
diffusion coefficients, Poiseuille fluxes.
We then introduce ions in our models (Lithium, Cesium). Introducing ions creates new
difficulties. Electrokinetic phenomena are originated by ions in the intermediate layer, beyond Stern
Layer. The quantity of free ions is often low, and its determination through molecular dynamics
questionable, especially because of short modelling times.
We determine the ion surface interaction with the potential of mean force, based on Umbrella
Sampling. These PMF indicate clear ionic specificity. Beside, the interaction potential allow
estimations of adsorption equilibrium constants, mean residence time for bonded and non bonded ions.
These mean residence times appear to be very long. Activation energies appear both for desorption
and for adsorption. We conclude that modelling ions adsorption can be out of reach with molecular
dynamics, especially for Lithium.

Fig. 1. Lithium PMF shows an activation energy for adsorption
[1] B Siboulet, J. Molina, B Coasne, P. Turq, J.-F. Dufrêche, P. Turq, Mol. Phys. 111, 3410,
(2013).
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Gas adsorption and characterisation of organic matter in shales

M.F. ROMERO-SARMIENTO, M. FLEURY, R. FABRE, M. THOMAS, H. BIGUERD, F.
DELBOS, I. KOWALEWSKI, C. NIETO-DRAGHI
IFPEN Energies nouvelles, 1 & 4 avenue de Bois Préau, 92852 Rueil-Malmaison. France
Context
The knowledge of the nanoporosity network structure and distribution present in shales is a
crucial information to understand and predict the location of hydrocarbon molecules within
source rocks.[1] This knowledge pass through a deep understanding of the relation between
the nature and type of porosity and the underlying properties of the organic matter
represented by standard analysis.
Results
In this study, we performed low pressure gas adsorption analyses on isolated kerogens from
Montney Formation (Alberta, Canada). Investigations were carried out using two different
techniques such as nitrogen adsorption/desorption isotherms and cryo-NMR analyses in
order to obtain an estimation of the organic porous space. The type and the thermal maturity
of organic matter were also characterised by organic petrography, Rock–Eval pyrolysis and
Raman microspectroscopy. The adsorption isotherms were analysed by means of BET
specific surface areas, micro and meso porosities and BJH mesopore size distribution on
different shales samples as well as on the organic matter after HF extraction. Methane
adsorption isotherms on shales have been obtained by high-pressure low-field 1H Nuclear
Magnetic Resonance (NMR) relaxometry. Some results are illustrated in Fig. 1. In addition,
Gran canonical Monte Carlo simulation were performed to estimate the importance of PSD in
the nonmetric zones using molecular models of kerogen obtained from the SIGNATURE[2]
code through organic matter experimental analyses on selected shale samples. Results
indicate that gas adsorption increases in samples of gas window maturity.
Fig.
1
N2
adsorption/desorption
isotherms from Montney Shale kerogens
@ 77K at different thermal maturity
stages: Samples 171277 (oil) – 171278
(wet gas)

References
[1] Romero-Sarmiento M.-F., et al. 2014. Organic Geochemistry 71: 7-16.
[2] Kowalewski, I. et al. Energy Fuels, 1996, 10, 97–107
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A HOLLOW CYLINDER DEVICE FOR LOW PERMEABILITY MEASUREMENTS :
APPLICATION ON INTACT AND SHEARED SPECIMENS OF SWELLING SHALE
AT AMBIENT AND ELEVATED TEMPERATURE
Menaceur1 Hamza, Delage1,3 Pierre, Tang1 Anh Minh and Talandier2 Jean
1

Ecole des Ponts ParisTech, Navier/CERMES, France
2
ANDRA, France

Significant research is being carried out on the thermo-hydro-mechanical response of
claystones in the framework of research into high activity exothermic radioactive waste
disposal at great depth in argillaceous rocks. Testing low permeability claystones like the
Callovo-Oxfordian (COx) claystone (France) is a difficult task because of their low
permeability (around 10-20 m2). To ensure full saturation of specimens (under in-situ stress),
drained conditions during mechanical testing and permeability measurements on intact and
sheared specimens, a specific hollow cylinder triaxial apparatus with minimised drainage
length (10 mm, say half the thickness of a 70 mm long hollow cylinder having external and
internal diameters of 100 mm and 60 mm respectively) has been developed by Monfared et
al. (2011). Particular attention was paid to fully saturate COx specimens (under in-situ stress
conditions at 490 m depth to avoid any damage due to swelling) that have been desaturated
by the processes of coring, stress release, storage, transport and trimming in the laboratory.
In this work, a new steady state method of determining the low permeability of claystones
was developed. Starting under a mean Terzaghi effective stress close to the in-situ one
(confining pressure of 9 MPa and pore pressure of 1 MPa), an excess pore pressure of
0.5 MPa was applied along the external face of the cylinder by using pressure volume
controllers that also measured the flow induced. In specimens cored perpendicular to
bedding, this system provided the radial permeability parallel to bedding with enough
accuracy thanks to the large surface offered to flow, providing fluxes large enough to be
satisfactorily measured by the pressure-volume controllers (GDS). Tests were carried out in
the initial state under in-situ stress conditions, after temperature elevation at 80°C and on a
sheared specimen. The values of intrinsic permeabilities obtained (between 0.3 and 1 × 10-20
m2) were in the common range for the COx claystone. The increase in flux at 80°C was
mainly due to the decrease in water viscosity with temperature. No decrease in permeability
was observed on a previously sheared specimen in spite of the presence of an apparent
network of shear bands, confirming the good self-sealing properties of the COx claystone.
The Figure shows in (a) the hollow cylinder device together with in the top of (b) the fluxes
measured on a previously sheared specimen. The curves in the bottom of (b) present the
specimen volume changes from both the pressure-volume controllers and the local LVDT
measurements (axial and radial). There is good compatibility between the volume changes
measurements, indicating the stabilisation of swelling after 10 hours. At this time, the input
and output fluxes are equal, indicating a radial permeability (parallel to bedding) of 0.48-0.5 x
10-20 m2. There is no significant effect of the shear plane, confirming the good self-sealing
properties of the COx claystone.
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Figure. a) Schematic view of the hollow cylinder device; b) input and output fluxes (top) and volume
changes of the specimen during the setting of the hydraulic gradient (0.5 MPa through the cylinder
thickness of 20 mm).
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Gas transfer mechanisms in unconventional resources, how to determine key
parameters : Porosity, permeability, Knudsen diffusion, sorption isotherms and
diffusivity.
Guillaume BERTHE
IFPEN, France
Unconventional resources as shale gas, tight gas or coalbed methane (CBM) from USA and
Canada impact oil and gas industries at global level. In tensed geopolitical context, other
countries should succumb to such resources. In order to properly estimate the potential of
shale gas reservoirs, a 3D model is required. A complete understanding of the mechanisms
in gas migration in such geological features will provide input data for the model.
To study low permeability porous media, it has been shown for water that the steady state
techniques can be as effective as pulse decay to determine very low water permeabilities
(range of 0.2 to 200 nD) (Boulin et al., 2012b). The analysis is straightforward and actually
Darcy's law can be verified on these specific rocks such as claystones or shale reservoirs.
Steady states and transient techniques have pros and cons described in Boulin et al.
(2012b). In this study, both experiment will be tested to gas migrations.
From case study, this paper aims to determine the specific characteristics allowing gas
migration through Montney shale rock. Gas migration within shales in production can be
divided in three different processes:
1- Gas desorption from the matrix; 2- Gas migration from the matrix to the fractures; 3- Gas
migration from the fractures to the production well. The transport parameters measured on
shale plugs are characteristic of processes 1 and 2. Gas migration into natural or stimulation
induced fractures is another issue. Gas will migrate to the fractures by different transport
processes:
- Permeation, controlled by Darcy's law, which is the result of pressure gradient within the
shales;
- Effect of interaction (collision) between gas molecules and the pore walls. The correction
required can be introduced through the Klinkenberg effect (modification of the Darcy's law),
or by the Knudsen diffusion;
- Surface diffusion. It corresponds to gas migration in its adsorbing phase;
- Diffusion of dissolved gas in the water.
The study of those mechanisms is difficult due to two main issues:
- The matrix is a complex structure of pores, each pore having a different affinity to gas (as
organic matter which is part of the matrix has a strong affinity to gas sorption);
- Transport processes can be mixed up. In one hand, those phenomena occur
simultaneously. On the other hand, terms employed in the literature are similar (diffusion and
permeation) which could be confusing (Carlson and Mercer, 1991 ; Javadpour, 2009).
An innovative aspect of the present study is that sorption isotherms and diffusivity can be
measured with the steady state approach. First, the diffusivity is assessed using methane
and an inert gas (Tuchlenski et al., 1998). Then, the transient part of the flux stabilization is
studied. Since the isotherm impacts mass balance, the Langmuir parameters can be
adjusted to fit the transient part of the experiment. The paper shows a simple way to
proceed.
Berthe G., Gas transfer mechanisms in unconventional resources, how to determine key
parameters : Porosity, permeability, Knudsen diffusion, sorption isotherms and diffusivity.
IFP Energies nouvelles, 1-4 avenue de Bois-Préau, 92852 Rueil-Malmaison, France, 01 47 52 73 97
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Characterization of Hydraulic Fracturing in Low Permeability Sandstone from
Sichuan Basin, China
Xiaying LI1, Qi LI1, Xinglin LEI2
1

State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock
and Soil Mechanics (IRSM), Chinese Academy of Sciences, Wuhan 430071, China
2
Geological Survey of Japan, National Institute of Advanced Industrial Science and
Technology (AIST), Tsukuba 305-8567, Japan

Introduction
Understanding of microseismicity induced by fluid injection in stressed rocks is important for
geoengineering applications including enhanced oil recovery, gas shale fracking and CO 2
geological sequestration. The Sichuan Basin, as one of the most important petroliferous
basin in China, has a more than 30 years history regarding the disposal of fluid waste in
natural gas reservoirs and the water flooding of well salt. In recent years, the number of
cases of such seismicity with sizable earthquakes ranging up to M4~5 has increased as the
amount of deep fluid injection rises, attracting the attention of the academic and public
worlds.
Motivated by the desire to better understand the mechanism of damaging events so that they
can be avoided or mitigated, we have started an integrated study on rock fracturing under
triaxial compression in the laboratory. In this paper, we present the preliminary results of a
low permeability sandstone sample collected from the Sichuan basin, China. During the test,
a high-speed multi-channel waveform recording system was used to monitor the acoustic
emission (AE) activity and conduct velocity amplitude measurements. The mechanical
properties of the sandstone will be discussed using the stress and strain data and associated
acoustic emission.
Experimental setup
The partly saturated sample was fractured by the axial loading with a rate of 2 MPa/min with
the confining pressure and pore pressure maintaining at 22.5 MPa and 11.5 MPa,
respectively. During the axial loading, the stress, strain and associated acoustic emissions
were monitored to reveal the relationship between fracture and deformation and the
distribution of acoustic emissions. After the experiment, a 3D X-ray CT scanning image was
recorded for the broken samples to clearly reconstruct the microstructure and fault geometry
in the sample.
Experimental result
The sandstone sample shows significant volumetric strain indicating large compressibility in
axial direction and dilatancy in the circumferential direction. An accelerated increase of AE
activities is observed immediately before the peak stress and a large number of aftershocks
are observed. Foreshocks are randomly located in the lower part of the sample while
aftershocks concentrated along the final fault plane, which indicates the possibility of the
movement of AE relevant to the water migration. A comparison between the distribution of AE
hypocenters and the X-ray CT image reveals a close spatial correspondence between
located AE hypocenter clouds and macroscopic faults. Besides, X-Ray CT image shows that
the finally created fault is complicated by bends and rough surface.
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Conclusion
The detailed analysis of AE signals, especially in the fault propagation stage, allows to
determine the history of faulting formation and to investigate mechanisms of AE activities. In
addition, the sandstone sample demonstrates brittle fracturing behavior. Such properties are
necessary conditions for maintaining high level reservoir stress and resulting seismic
fracturing. Therefore, insight gained from this study can provide a better understanding of
formation mechanisms of fracturing networks and may also shed some light to the research
of induced seismicity in low permeability reservoirs, Sichuan Basin, China.

The preliminary results of sandstone sample. The distribution of AE hypocenters in different
stages, (a) before the fracture, (b) and (c) after the fracture. (d) The X-ray CT scan image of the
fractured sample. (e) Axial stress (P), axial strain (Sa), circumferential strain (Sc), volumetric
strain (Sv) and AE number counted by the peak detectors and waveform recording system are
plotted against the time.
Name of paper presenter, title, address, phone, e-mail (10-point Arial, left-justified)
Qi LI, Research Scientist and Professor, Research Center of Energy & Waste Underground Storage,
Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Xiaohongshan 12#, Wuchang,
Wuhan 430071, China. Tel.: +86-27-87198126 (Office), Email: qli@whrsm.ac.cn
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Multi-Step Upscaling of Shale Sequences: From cm-Scale to Genetic-Unit Scale
Jingsheng Ma, Gary Couples: Institute of Petroleum Engineering, Heriot-Watt Univ, Edinburgh,
Scotland
Sequences of shale are characterised by significant multi-scale heterogeneities that are the products
of depositional, diagenetic and deformational events. Lab measurements can determine flow
properties at the mm- to cm-scale, and digital rock models have the potential to provide a means to
estimate properties at even smaller scales. But those approaches cannot directly tell us much about
effective flow properties at metre- to kilometre-scales. In order to derive effective (upscaled) flow
properties of shale sequences at these larger scales, it is necessary to use flow simulation methods
that are based on suitable models that capture the spatial arrangements and properties of the
component heterogeneities. Here, we describe an upscaling approach developed in a long-running
study that examined the role of depositional and deformational heterogeneities in well-layered
genetic-unit types: levees and hemipelagites. Depositional processes in these genetic units create a
template that can range from perfectly-layered to one that is dominantly layered but with scourand-fill features that introduce vertical (across the layering) flow connections. Subsequent processes
can lead to sand injections or fracturing that also create vertical flow paths. To explore the
consequences of these architectural arrangements, we developed parametric methods to create
models that capture the multiplicity of flow pathways. Single-phase (water) flow simulations allow
the effective horizontal and vertical permeabilities to be determined for stochastic models that are
derived from all of the parameter combinations, leading to a synthesis that enables the derivation of
simple conclusions about the flow impacts of the relevant types of heterogeneities as a function of
depth/compaction state.
We consider models in which the “background” is mud-rich sediment, and the “foreground” is a
high-permeability material such as sand or silt. Such models capture the primary layered character
of levee and hemi deposits. For the levee models, the foreground layers extend from one edge
(nominally, the channel wall) and terminate within the model domain like overbank deposits do in
the natural prototype, while hemi models have continuous foreground layers. Vertical connections
(scours or fractures) are distributed in a Poisson fashion according to parameterised density
functions. Vertical features are here assigned the properties of the sand foreground, for simplicity.
Background permeabilities are based either on the Yang and Aplin (2004) mudrock functions, or on
simple texture models that capture the effects of potential metre-scale depositional or distortional
“mixing” with foreground materials. This latter method is basically a demonstration of multi-scale
upscaling. The outcomes show that the spatial arrangement of foreground material has only a small
effect on horizontal and vertical effective permeability in models with “pure” background muds. The
introduction of vertical flow features increases the upscaled permeabilities only a modest amount
(up to two orders of magnitude). Background heterogeneity can increase the final upscaled
properties by 0.5-2 orders of magnitude, depending on which textures are selected. Other mudrock
genetic-unit types, such as those resulting from mass transport processes, have been examined in a
similar approach. Examples will be shown that demonstrate the potential for inclusion of faulting,
block rotations, and the role of fault-rock properties, into the analysis workflow.
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Using Digital Rocks to Calculate Pore-Scale Flows in Mudrocks
Jingsheng Ma, Gary Couples, Zeyun Jiang, Rink van Dijke: Institute of Petroleum Engineering, HeriotWatt Univ, Edinburgh, Scotland
Lab measurement of mudrock flow properties is acknowledged to be a challenging activity, with
many technical issues that may undermine the data acquired. An alternate – or perhaps it is better
seen as complementary – method is to undertake flow simulations on models of the pore space.
Obtaining such pore-space models, potentially requiring nano-scale imaging, is a task with its own
set of challenges, but progress is being made via both image slicing approaches and by
reconstruction from high-resolution SEM (or similar) images. All such pore-space models only depict
a tiny region of rock, and there are additional issues concerned with how to combine them into a
useful prediction at the sample-scale (order of cm). We will comment on this issue, but the main
focus of this paper concerns flow simulations in pore-scale models. Here, we focus on the flow of gas
in the nano-scale pore system of shales. The methods that we describe can be extended to the flow
simulation of water in shale materials with mixed-wet or oil-wet pore walls, or in cases where
electro-chemical interactions lead to bound water layers. But, we will not address those matters
here.
If we assume the existence of a 3D model (voxelated) of the pore space, there are several potential
techniques for calculating flow, including so-called “direct” methods that work with the voxel model.
Here, we emphasise the pore-network method. This approach derives a backbone or “axis”
composed of 26-connected voxels that lie in the centre of each local region of the pore space. This
backbone captures the topology of the pore space. Each backbone voxel carries with it geometric
information, such as local pore diameter and pore shape, and thus the pore network model is both
topologically and geometrically equivalent to the actual pore space (model), but with reduced
dimensionality. Flow calculations can then be implemented such that computational power is
focused on the operative physics, rather than the spatial aspects.
Here, we will describe the basic pore network flow approach, and the modifications we have added
to address gas-flow issues such as real-gas properties, gas slippage, Knudsen flow, and adsorption.
Together, these considerations can add up to more than two orders of magnitude change to the
apparent flow properties compared to those that might be determined in a typical lab setup. We will
also describe approaches that provide a workflow (at this time only partially implemented) to
address the next-higher scale of heterogeneity, leading towards the ability to calculate the mm- or
cm-scale (“continuum”) flow properties that feed into other upscaling methods.
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• With open (high perm) faults, Kx not affected
• But, open faults lead to high Ky
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The KG2B project: a world-wide benchmark of low permeability measurement
Christian David1, Jérôme Wassermann1, Florian Amann2 and the KG2B Team
1

University Cergy-Pontoise, France
2

ETH Zürich, Switzerland

Following a workshop on « The challenge of studying low permeability materials » held in CergyPontoise University in December 2014, a benchmark of low permeability measurements has been
proposed to the attendees. A total of 25 laboratories from 8 different countries throughout the
world volunteered and are participating to the benchmark. The contribution of each team will be to
measure the permeability of a common low permeability material using their preferred technique. A
wide range of different methods were proposed (i) direct measurements using steady-state,
transient or oscillatory flow techniques, (ii) indirect permeability estimation using proxys, and (iii)
numerical simulations using information on microstructural properties.
Several options have been explored for the material selection, and finally we decided to choose a
hard rock, the Grimsel granodiorite (Switzerland), within the framework of an exciting scientific
project of our Swiss colleagues. The benchmark was therefore called the “KG2B” project, which
means “K for Grimsel Granodiorite Benchmark”. Fresh cores from the Swiss Grimsel test site, an
underground research laboratory in hard rock will be drilled end of June 2015. The drilling of these
cores is part of a scientific project funded through the Swiss Competence Center of Energy Research
– Supply of Electricity (SCCER-SoE). The aim of the SCCER-SoE is to perform a series of demonstration
experiments on various scales (up to 1 km) that allow implementing deep geothermal energy in
Switzerland. Beside other experiment the SCCER-SoE is currently executing a large-scale stimulation
and circulation in situ experiment at the Grimsel Test Site. The experiment requires the drilling of
approximately 600 m of boreholes which will be used as 1) injection boreholes and 2) monitoring
boreholes. All boreholes will be cored using single- or double tube core barrels in the Grimsel
Granodiorite. The cores retrieved from the boreholes will be cut at a length of about 100 mm. The
porosity of the Grimsel Granodiorite is about 0.7%, and the permeability should range between 0.1
and 1 µD. The benchmark study is of great value for both the stimulation and circulation experiment
which involves a set of fault zones embedded in a low permeability rock matrix.
Before sending the blocks to the participants, a quality checking will be done by estimating the
reproducibility and anisotropy of the material through measurements of P wave velocity. A “checklist” with basic instructions to be followed and a document in which each participant will provide
detailed information on his measurement protocol will be provided. The results of the benchmark
will be compiled, analyzed and hopefully published before the end of this year. In the future we plan
to organize a second round of the benchmark focusing this time on synthetic materials with
controlled properties and microstructure.
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Confinement effect on gas-liquid flow through various porous media

Marion Serres1, 2, Frédéric Bornette2, Valérie Vidal1, Régis Philippe2
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Abstract
Gas-liquid multiphase flow through porous media is commonly encountered in natural
process like enhanced oil recovery, but also in industrial chemical applications like catalytic
reactors or processes. Micro-packed bed reactors are a new class of reactor concept
composed by a dense bed of small particles (~50 µm) with low permeability. They
demonstrate very high external mass transfer capacities (K ov up to 15s-1) but at the extent of
very large pressure drops. These performances are attractive for the development of
intensified lab-tools and new compact reactors but are not really explained due to complex
hydrodynamics. In this study, the global objective is to understand these complex
hydrodynamics in different reactor configurations with various confinement degrees.
Moreover, innovating highly porous materials with comparable geometrical specific surface
areas, such as open cell solid foams, will be studied. Indeed, they present a high potential for
chemical industry intensification due to low pressure drop, large pore volume and good
mixing properties.
In a first part of this ambitious work, we will focus on the study of a milli-channel filled with
open cell foams. Various experiments are performed with different foam materials (NiCr from
RECEMAT and Vitreous Carbon from ERG aerospace) having roughly the same porosity
(~90%) but with different pore size distribution and different mean pore sizes (100 µm to
1000 µm) implying various permeabilities. Different velocities and different fractional flows
are investigated to explore a large experimental domain with air and ethanol as model fluids
at ambient temperature and pressure. Global hydrodynamics are studied with pressure drop
measurements and liquid residence time distribution acquisitions (example given in Figure
1a). An analysis on the first and second moments of this transfer function give access to
characteristic parameters of the encountered flow and will be discussed. Local
hydrodynamics will also be studied by means of direct wall visualizations and image analysis
(see figure 1b). These measurements lead to dynamic (pulse velocity and frequency …) and
spatial analysis of the induced gas-liquid pulsed flow in the porous media.
This work will be confronted to more classical dense granular beds in different configurations
with various degrees of confinement and gas-liquid mass transfer experiments are planned.
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Figure 1: Global (a), and local (b) hydrodynamics experiments and results.
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