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Abstract
Complex thermofluid flows like concentrated non-colloidal suspensions and fluid flows in
porous media are present in many mechanical, chemical, geological, civil, biological, indus-
trial and process engineering applications (e.g. blood, concrete, oil and fuels, cosmetics,
detergents, drilling muds, rivers, food processing, cpu coolers, heat exchangers, etc).

Developing advanced numerical methods and robust, reliable and sustainable Computa-
tional Fluid Dynamics (CFD) tools is very important. These numerical tools, thanks to the
High Performance Computing (HPC) resources today (I.e. affordable clusters, cloud and
parallel computing) permit scientists to deeply analyze different complex multiscale multi-
physics phenomena. They allow deep analysis, understanding and knowledge of the dif-
ferent phenomena (multiphase fluid flow dynamics, heat and mass transfer) while reducing
both time and money costs compared to mounting of expensive experimental setups.

Topology Optimization of complex thermofluid flows and systems allow designing unpre-
dictable artificially intelligent optimal components at different scales such as optimal heat
exchangers, static and dynamic mixers, coolers, separators, heaters, air pollution filters,
biogaz separators, etc. Topology optimization is known to produce optimal designs of com-
plex geometries where the fabrication is not a big issue today ! This is thanks to the technol-
ogy of additive manufacturing or 3D printing. The optimal component design produced by
topology optimization can ensure different important features based on the user’s desired
options such as: a maximum energy efficiency, a minimum weight, a maximum rigidity and
a minimum pressure drop, all for predefined objective functions and at different industrial
constraints.

My research, development and innovation activities and scientific contributions during the
last decade have been developing in this context. They are grouped into three major re-
search axes or themes: Axis no.1 - Complex-fluid flows of non-colloidal suspensions, Axis
no.2 - Topology optimization and design of complex thermofluid flow systems, and Axis
no.3 - Multi-component fluid flows in adsorbent porous media. These three research axes
have been contributing importantly to the scientific reputation of all my host research units
during the last decade. They constitute a solid academic database and a huge potential for
future scientific reputation. This is due to multiple undergoing scientific collaborations with
different national and international universities, institutions and industrial partners.

My research activities have been always developed trying to propose future solutions strate-
gies in attempts to overcome some of the coming socioeconomic and industrial challenges
(i.e. optimization and design of innovative components and materials, pollution reduction,
energy savings and energy efficient new technologies).

Keywords: Topology optimization, adjoint methods, non-linear programming, optimiza-
tion algorithms, constrained optimization, conjugated heat and mass transfer, non-colloidal
suspensions, granular media, computational physics, computational fluid dynamics (CFD),
high performance computing (HPC), parallel computing, numerical analysis, open-source
code, C++, multiphase complex fluids, flow in porous media, multi-component adsorption,
fluid structure interaction, Finite Volume Method, Immersed Boundary Method
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Résumé
Les écoulements thermofluidiques complexes, tels que les suspensions concentrées des par-
ticules non-colloïdales, et les fluides dans des milieux poreux, sont présents dans de nom-
breuses applications en génie mécanique, chimique, géologique, civile, biologique, indus-
trielle et de procédés (e.g. sang, béton, huiles et combustibles, cosmétiques, détergents,
boues, rivières, aliments, refroidisseurs de processeurs, échangeurs de chaleur, etc).

Développer des methodes numériques avancées et des outils de CFD (Computational Fluid
Dynamics) robustes, fiables et durables est très important. Aujourd’hui, grâce aux ressources
HPC (High Performance Computing) et les grands centres de calculs abordables, les clouds
et calculs parallèles, ces outils numériques permettent aux scientifiques d’analyser en pro-
fondeur différents phénomènes complexes multi-échelles multi-physiques. Ils permettent
une analyse approfondie, la compréhension et la connaissance des différents phénomènes
(dynamique des fluides multiphasiques, transfert de chaleur et de masse) tout en réduisant
les coûts en temps et en argent par rapport à des montages expérimentaux coûteux.

L’optimisation Topologique des systèmes thermofluidiques complexes permet de concevoir
des composants optimaux imprévisibles intelligents artificiellement à différentes échelles,
tels que des échangeurs de chaleur optimaux, des mélangeurs statiques et dynamiques, des
refroidisseurs, des séparateurs, des réservoirs de stockage de la chaleur, des ballons d’eau
chaude sanitaires, des filtres de pollution atmosphérique, des séparateurs de biogaz, etc.
L’optimisation topologique est bien connue pour produire des conceptions ou designs op-
timales de géométries complexes où la fabrication n’est plus un gros problème aujourd’hui
grâce à la technologie de fabrication additive ou l’impression 3D. La conception optimale
des composants produite par l’optimisation topologique peut assurer différentes caractéris-
tiques importantes en fonction des options souhaitées par l’utilisateur, telles que: une ef-
ficacité énergétique maximale, un poids minimal, une rigidité maximale et une perte de
charge minimale, tout pour des fonctions objectives prédéfinies et pour des différentes con-
traintes industrielles.

Mes activités de recherche, de développement et d’innovation et mes contributions scien-
tifiques au cours de la dernière décennie se sont développées dans ce contexte. Ils sont
regroupés en trois grands axes ou thèmes de recherche: Axe n.1 – Écoulement complexe de
suspensions non-colloïdales, Axe n.2 – Optimisation topologique et conception optimale de
systèmes complexes thermofluidiques et Axe n.3 – Écoulement aux composants multiples
dans des milieux poreux adsorbants. Ces trois axes de recherche ont largement contribué à
la réputation scientifique de toutes mes unités de recherche hôtes au cours de la dernière dé-
cennie. Ils constituent une base de données universitaire solide et un énorme potentiel pour
une réputation scientifique au future. Cela est dû à de multiples collaborations scientifiques
en cours avec différentes universités, institutions et partenaires industriels, nationaux et in-
ternationaux.

Mes activités de recherche ont toujours été développées en essayant de proposer des straté-
gies de solutions futures pour tenter de surmonter certains défis socio-économiques et in-
dustriels (optimisation et conception de composants et matériaux innovants, réduction de
la pollution, nouvelles technologies avec une basse consommation ou maximum éfficacité
énergétique).

Mot clés: Optimization topologique, méthode d’adjoints, programmation non-linéaire, al-
gorithmes d’optimisation, optimisation sous contraintes, transfert de chaleur et du masse,
suspensions non-colloïdales, milieux granulaires, physique numériques, CFD, calcul haute
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performance, calcul parallèle, analyses numériques, code open-source, C++, fluides com-
plexes multiphasiques, écoulement en milieux poreux, adsorption multi-composants, inter-
action fluide structure, Méthode des Volumes Finis, Méthode des frontières immergées
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The Future ? : From Real-Physics to Digital-Physics :

Research and development in Physics, Applied Sciences and Engineering induce a constant
flow of innovations and breakthroughs that vitalize the future of industry and society where
academic research (Public Institutions and Universities) is complementary to the applied
R&D conducted by industry (NAE, 2003). "We are today in a world of "bits" and bytes" ("0"
and "1") and no more in a world of atoms. We are in the era of digital sociology, digital me-
dia, computing and society where computational science is becoming in fact a new "science
of society". A very good example is AI (Artificial Intelligence) where machines are expected
to mimic humans in the near future.

"As a numerical Physicist, I still believe in the huge potential behind the "C++ programming
language"(Stroustrup, 2013) applied to: "Physics", "Mathematics", "Engineering" Sciences
and "Algorithms coding". Moreover, I believe in the open source codes (opensource.com,
2018) philosophy and their use in research and engineering, linear and nonlinear program-
ming, and in code development communities that try to make our world better and propose
more efficient and robust solutions and correct predictions for the coming socioeconomic
challenges in the context of Numerical and Ecological Transitions of Societies (i.e. Pollution
and Environmental Climate Change Challenges, see Climate Extremes and Society by Diaz
and Murnane, 2008, Energy Efficient, Connected and Artificial Intelligent Systems)."
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Manuscript structure

This manuscript is divided into 6 chapters grouped under 3 parts and one appendix as
the following:

Part I (Chapters 1 and 2) shows my Curriculum Vitae and general introduction including
a statistical list for my: research and pedagogic activities, scientific publications, commu-
nications, scientific awards and prizes and the different research projects that i have been
enrolled in during the last decade.

Part II (Chapters 3, 4 and 5) present a summary with some discussions of my Research,
Development and Innovation activities that i have been developing under 3 major research
axes: Axis no.1 - Complex-fluid flows of non-colloidal suspensions, Axis no.2 - Topology
optimization and design of complex thermofluid flow systems, and Axis no.3 - Multi-
component fluid flows in adsorbent porous media. Through these 3 research axes, I have
been contributing majorly to the new infrastructure or "chassis" building of our research unit
structure during the last 5 years at: the ex-DEI1 (named now ECSP2) at the IMT-LD3. These
3 axes constitute a solid background and huge potential for future scientific national and
international reputation due to multi-interactions with both internal and external research
units. They integrate very well the research themes of our IMT institution and our new
research center named CERI-EE4.

Part III (Chapter 6) introduces my research and development project-plan and perspectives
for the next decade, and their position in the new CERI-EE4 at the IMT-LD3. In this Chapter
future research and development activities to be developed are proposed that might con-
tribute well to our research unit development activities and reputation, and to the overall
scientific community (i.e. future scientific collaborations opportunities, research projects
and funding plans, industrial sectors targeting, etc). This part III is in the context of trying
to propose future solutions strategies to try to overcome some of the coming socioeconomic
challenges in different research axes/topics (i.e. optimization and design, innovative ma-
terials, pollution reduction, energy savings technology, renewable energy resources, etc).

The attached Appendix groups all author’s scientific publications.

1Département Énergétique Industrielle
2Efficacité Énergétique des Composants, Systèmes et Procédés
3Institut Mines-Télécom Lille-Douai
4Centre d’Enseignement, de Recherche et d’Innovation - Énérgie et Environnement
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doc, PhD, Masters (MSc) and Research Engineers (RE) students that I have been supervising
since 2014/2015. For more details about my percentage supervision per student (in French:
"taux d’encadrement"), see section 1.4.2.

Supervised Students Postdoc PhD MSc RE
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Total 1 5 3 1

TABLE 1.1: Number of Postdoc, PhD, Master (MSc) and Research Engineers
(RE) that I have been supervising since 2014/2015. More detailed information
about the percentages of supervision per student are provided in section 1.4.2.

Table 1.2 shows my scientific influence through the production of scientific articles pub-
lished after my PhD (defended on 14th of December 2011). For more details, see section
1.4.3.
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Article in peer-review journal (ACL*)
16 Published
6 Under Review
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TABLE 1.2: Production of scientific articles (see section 1.4.3).
*Article dans un journal scientifique avec comité de lecture.
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Table 1.3 shows my scientific communications in many international and national confer-
ences. For more details, see section 1.4.4.

Type Quantity
Oral presentation 20

Poster 14

TABLE 1.3: Scientific communications in international and national confer-
ences (see section 1.4.4).
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1.4.11).
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TABLE 1.4: Scientific awards and prizes (see section 1.4.11).
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more details, see section 1.4.8). These advanced new CFD solvers (or codes) have produced
several R&D activities enriching the numerical CFD scientific community by the modeling
and simulation of different complex thermofluid and topology optimization applications.

Developped CFD codes Quantity Numerical Platform
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mofluid and optimization applications (for more details, see section 1.4.8).
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Mme. Elisabeth GUAZZELLI, Rapporteur, DR CNRS, IUSTI, Univ. Aix-Marseille
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M. Laurent LOBRY, Co-Directeur, CR CNRS, Inst. de Physique de Nice, Univ. Côte
d’Azur
Mme. Elisabeth LEMAIRE, Directeur, DR CNRS, Inst. de Physique de Nice, Univ. Côte
d’Azur
M. Georges GAUTHIER, Examinateur, MCF CNRS, Labo. FAST, Univ. de Paris-Sud 11
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• Research Topic: Liquid-Liquid Dispersion and Chaotic Advection in Heat Exchangers (Model-
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September 2002 – September 2008: Diploma in Mechanical Engineering
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1.3 Varying Skills: Keywords

1.3.1 Theory

Applied Physics: Topology Optimization; Rheology of Fluids and Complex Materials; Non-
colloidal suspension flows; Conjugated Heat Transfer; Mass Transfer; Mixing and Separa-
tion; Adsorption; Fluid Structure Interaction (FSI); Suspension Structure Interaction (SSI);
Heating and Cooling Techniques; Pinch analysis and Process integration; Tribology; Porous
media; micro-fluidics.

1.3.2 Numerics

Algorithms; Numerical Modeling; Numerical Analysis; Computational Fluid Dynamics (CFD);
Numerical Methods: Topology Optimization, Immersed Boundary Method (IBM), Finite
Volumes Method (FVM), Discrete Elements Method (DEM), Programming-and-Development
of scientific computation codes; user-machine Interfaces, High Performance and Cloud Com-
puting (HPC).

Linux/Unix R© operating systems; open source CFD tools (OpenFOAM R©) and CAD tools
(FreeCAD R©); open source mesh generation tools (GMSH R©; SALOME R©, etc); program-
ming languages (C++ R©, Fortran R©); Latex R©; Open-Office R©.

1.3.3 Experiments

Microscopy, Rheometry, Normal Stresses quantification, Suspensions of Particles, Shear-
Induced Migration and Infrared Thermography.

1.3.4 Communications

Coordination and management of R&D studies; Research projects developments and writ-
ing according to the French and International European Systems; National and International
scientific collaborations; Bibliographical Research and deep literature review; Writing tech-
nical and progress reports; Evaluation and valuation of results; National and International
Conferences; Scientific publications in high-impact peer-reviewed journals; Reviewer and
reporter of several scientific peer-reviewed journals
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1.4 Research Activities and Responsibilities (2014 – Present)

1.4.1 Scientific Skills : Research, Development and Innovation

• Applied Physics (Theory, Modeling and Simulation, CFD)

• Condensed matter behavior (Complex-fluids flows : Suspensions, Micro-fluidics, Porous
Materials)

• Opimization and Design Techniques : Topology Optimization

• Rheology of complex fluids (Theory and Measurements)

• Conjugate Heat Transfer (Heating and Cooling Technologies)

• Fluid Structure Interaction (FSI)

• Suspension Structure Interaction (SSI)

• Multi-component fluid flows in adsorbent porous materials

• Scientific Code Developments (Programming & Debug in C++ R© language)

• High performance parallel and Cloud Computing (HPC)

1.4.2 Some Research Projects (including funding and role as supervisor in %)

Funding Total Mass enrolled in research projects ≈ 1.07 Me

• Postdoc project no.1 (April 2015 – April 2016)
Postdoc’s Name: Dr. Rémi GAUTIER
Host Institution: IMT Lille-Douai
Research Topic: Pressure-swing adsorption of gaseous mixture in isotropic porous
medium: Transient 3D Modeling and Validation
Supervisors: T. DBOUK (100%)
Partners: Prof. Jean-Luc HARION (IMT Lille-Douai), Prof. Pascaline PRÉ (IMT Atlan-
tique, Nantes)
Funding: 104 Ke, Institut Mines-Télécom
Dr. Rémi GAUTIER is now a permanent Assistant Professor and a colleague at IMT Lille-
Douai, EE-CERI, ECSP, Douai, France

Two PhD defended (one PhD student supervised at 100% and one PhD student supervised at
30%), and three additional PhD students which are still running:

• PhD project no.1 (January 2016 – December 2018)
Student’s Name: M. Vignaesh SUBRAMNIAM
Host Institution: IMT Lille-Douai
Research Topic: Topology optimization of conjugated heat transfer devices: experi-
mental and numerical investigation
PhD Defended on: 07 December 2018
Supervisors: J.L.-HARION, T. DBOUK (100%)
Funding: 50.4 Ke IMT Lille-Douai (ARMINES contract)
Dr. Vignaesh SUBRAMNIAM is now a permanent R&D Engineer at VALEO R©-Thermal
Systems Group, working between France and India
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• PhD project no.2 (January 2017 – January 2020)
Student’s Name: M. Hatim BELKHOU
Host Institution: IMT Lille-Douai
Research Topic: Heat Transfer Enhancement of Embedded heat exchangers by surface
structuring
PhD to be defended on: December 2019
Supervisors: D. BOUGEARD (10%), T. DBOUK (30%), S. RUSSEIL (30%), M. MOBTIL
(30%)
Partners: N.-Y. FRANCOIS (VALEO R©, Paris)
Funding: 50.4 Ke, VALEO R© Group Thermal Systems (thèse cifre – inside a 6 years
Industrial chair NEO (Numerical and Experimental Optimization platform for effi-
cient design of automotive heat exchangers))

• PhD project no.3 (January 2016 – September 2019)
Student’s Name: Mme. Charlène OCTAU
Host Institutions (external): ALSTOM R© and LAMIH, University of Valenciennes
Research Topic: Particles transport emitted during railway braking systems: an exper-
imental and numerical investigation
PhD to be defended on: September 2019
Supervisors: T. DBOUK (30%) at IMT Lille-Douai; L. KEIRSBULK et al. (70%) at
LAMIH, University of Haut-de-France
Funding: 250 Ke ALSTOM R© (thèse cifre)

• PhD project no.4 (September 2018 – September 2021)
Student’s Name: M. Hassan KARKABA
Host Institutions: Lebanese International University (LIU)-Lebanon and IMT Lille-
Douai
Research Topic: Design space exploration to find optimal designs of vortex generators
for heat transfer enhancement
Supervisors: T. DBOUK (30%), S. RUSSEIL (25%), D. BOUGEARD (10%) at IMT Lille-
Douai; C. HABCHI (25%) at NDU University Lebanon and T. LEMENAND (10%) at
Angers University
Funding: 50.4 Ke, LIU University - Lebanon (50%) and IMT Lille-Douai - France (50%)

• PhD project no.5 (March 2019 – March 2022)
Student’s Name: M. Masoud MOAZZEN
Host Institutions: IMT Lille-Douai and IEMN Lille
Research Topic: Cooling of Electronic Components by using Non-Colloidal Suspen-
sions
Supervisors: T. DBOUK (34%), D. BOUGEARD (33%) at IMT Lille-Douai; V. THOMY
(33%) at IEMN, Institut d’électronique, de microélectronique et de nanotechnologie,
Lille
Funding: 50.4 Ke, Haut-de-France Region (50%) and IMT Lille-Douai (50%).

• Master II-R project no.1 (April 2017 – September 2017)
Student’s Name: M. Trung-Chinh NGUYEN
Host Institution: IMT Lille-Douai
Research Topic: Development of spacial filters in CFD for topology optimization tech-
nique
Master: Physique, Mécanique, Sciences de l’Ingénieur, Génie des Systèmes Industriels,
Univesity of Rouen
Supervisor: T. DBOUK (100%)
Funding: 3000 e, An internship funded by IMT Lille-Douai
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M. Trung-Chinh NGUYEN is now a research engineer consultant at Aries Consultants Group
(Énergie-Air-Aerodynamique), Brussels, Belgium

• Master II-R project no.2 (July 2018 – November 2018)
Five months training-ship
Student’s Name: M. Amine KASSOU
Host Institution: IMT Lille-Douai
Research Topic: CFD numerical modeling and simulation of indoor polluted air re-
moval by adsorptive walls
Master2-PEE Procédés, Energie Et Environnement (ENSTA ParisTech)
Supervisors: T. DBOUK (50%), R. GAUTIER (50%)
Funding: 2500 e An internship funded by IMT Lille-Douai

• Master II-R project no.3 (October 2018 – Mars 2019)
Six months training-ship
Student’s Name: M. Victor VAILLANT
Host Institution: IMT Lille-Douai
Research Topic: Pressure Swing Adsorption of Gaseous Mixture: Numerical Simula-
tion and Optimisation Prospects
Master II-R, Option: Energy Efficiency (IMT Lille-Douai)
Supervisors: T. DBOUK (50%), R. GAUTIER (50%)
Funding: An internship funded by IMT Lille-Douai

• Research Engineering Project (April 2016 – December 2017)
Nine months research project
Researcher’s Name : M. Mahdi REZAEI
Host Institution: IMT Lille-Douai
Research Topic: CFD 3D modeling and simulation of isothermal turbulent fluid flows
in industrial silencers: uncertainty and quantification of pressure drop
Supervisor: T. DBOUK (100%)
Funding: 60 Ke, Boet-Stopson R© - Lille
M. Mahdi REZAEI is now a CFD Researcher at the University of Strasbourg, ICube, CNRS
UMR 7357
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[7] T. DBOUK, "A review about the engineering design of optimal heat transfer systems
using topology optimization". Applied Thermal Engineering, Vol 112, pp 841–854, (2017).

DOI: http://dx.doi.org/10.1016/j.applthermaleng.2016.10.134

[8] T. DBOUK "A Suspension Balance Direct-Forcing Immersed Boundary Model for wet
granular flows including obstacles". Journal of Non-Newtonian fluid Mechanics, 230, 68-
79 (2016).

DOI: http://dx.doi.org/10.1016/j.jnnfm.2016.01.003

https://doi.org/10.1016/j.ijheatfluidflow.2019.01.002
https://doi.org/10.1016/j.applthermaleng.2018.10.044
https://doi.org/10.1017/jfm.2018.72
https://doi.org/10.1016/j.applthermaleng.2017.12.026
https://doi.org/10.1016/j.cej.2017.05.145
https://doi.org/10.1016/j.cherd.2017.11.007
http://dx.doi.org/10.1016/j.applthermaleng.2016.10.134.
http://dx.doi.org/10.1016/j.jnnfm.2016.01.003


14 Chapter 1. My Curriculum Vitae

[9] T. DBOUK, F. Perales, F. Babik and R. Mozul "A DF-IBM/NSCD coupling framework to
simulate immersed particle interactions". Comput. Methods Appl. Mech. Engrg., 309, p.
610–624 (2016).

DOI: http://dx.doi.org/10.1016/j.cma.2016.05.041

[10] T. DBOUK and J.-L. Harion "Performance of Optimization Algorithms Applied to Large
Nonlinear Constrained Problems". American Journal of Algorithms and Computing, 2 (1)
pp. 32-56 (2015).

[11] T. DBOUK, P. Montmitonnet, N. Suzuki, Y. Takahama, N. Legrand, T. Ngo and H. Mat-
sumoto “Advanced roll bite models for cold and temper rolling processes”. La Metallurgia
Italiana, 4, (2015).

[12] T. DBOUK, P. Montmitonnet, N. Legrand "Two-dimentional Roll Bite Model with lu-
brication for Cold Strip Rolling”. Advanced Materials Research Vols. 966-967, pp. 48-62
(2014).

DOI: 10.4028/www.scientific.net/AMR.966-967.48

[13]T. DBOUK, L. Lobry, E. Lemaire, and F. Moukalled, "Shear-induced Particles Migra-
tion: Predictions from Experimental Determination of The Particle Stress Tensor". Journal
of Non-Newtonian fluid Mechanics, 198, pp. 78-95, August (2013).

DOI: http://dx.doi.org/10.1016/j.jnnfm.2013.03.006

[14] T. DBOUK, L. Lobry, E. Lemaire, "Normal stresses in concentrated non-Brownian sus-
pensions". Journal of Fluid Mechanics, Volume 715, pp 239-272, January (2013).

DOI: http://dx.doi.org/10.1017/jfm.2012.516

[15] T. DBOUK, C. HABCHI, "On the mixing enhancement in concentrated non-colloidal
isodense suspensions of rigid particles using helical coiled and chaotic twisted pipes: A
numerical investigation". Chemical Engineering and Processing: Process Intensification,
141, (2019).

[16] T. DBOUK, "A computational framework with an Adaptive Mesh Refinement tech-
nique for concentrated suspension flows". Particulate Science and Technology, 1-10, (2019).

Under review articles in peer-reviewed journals

[17] S.A. BAHRANI, J.F. MORRIS, T. DBOUK, "Destabilization of immersed granular beds
by natural convection". Phys. Rev. Fluids, under review, submitted April (2019).

[18] T. DBOUK, S.A. BAHRANI, "Modeling of natural convection in suspension flows:
Buoyancy-driven destabilization of immersed granular beds". Phys. Rev. E, under review,
submitted Mai (2019).

http://dx.doi.org/10.1016/j.cma.2016.05.041
10.4028/www.scientific.net/AMR.966-967.48
http://dx.doi.org/10.1016/j.jnnfm.2013.03.006
http://dx.doi.org/10.1017/jfm.2012.516
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[19] C. OCTAU, T. DBOUK, M. Watremez, D. Meresse M. Lippert, J. Schiffler, L. Keirsbulck,
L. Dubar, "Liquid-solid two-phase jet in a turbulent crossflow: Experiments and simula-
tions". Chemical Engineering Research and Design, under review, submitted April (2019).

[20] H. BELKHOU, S. RUSSEIL, T. DBOUK, M. MOBTIL, D. BOUGEARD, N.-Y. FRAN-
COIS, "Large Eddy Simulation of boundary layer transition over an isolated ramp-type
micro roughness element". International Journal of Heat and Fluid Flow, under review,
submitted August (2019).

[21] M. REZAEI, T. DBOUK, F. DELABRE, B. DUMUR, V. FLORQUIN, G. VANDENBOSS-
CHE, D. BOUGEARD, "Experimental and numerical investigations of turbulent fluid flow
in industrial silencers", under review, submitted August (2019).

[22] T. DBOUK, J. Dirker, V. Fachinotti and L.G. Page. "Necessary factors for robust topology
optimization methods: A numerical benchmark applied to generated-heat in surface-to-
point removal", under review, submitted August (2019).

Published articles in peer-review conference proceedings

[23] H. Belkhou, S. Russeil, T. DBOUK, M. Mobtil, D. Bougeard, N. François, “Influence of
surface roughness elements on heat transfer in transitional flows: a cfd investigation”. Pro-
ceeding of the XI International Conference on Computational Heat, Mass and Momentum
Transfer, Cracow, Poland, May 21-24 (2018).

[24] C. Octau, M. Lippert, T. DBOUK, A. Graziani, M. Watremez, L. Keirsbulck and L.
Dubar, "Particles transport in railway braking systems: an experimental and numerical in-
vestigation". Proceeding of the ASME 2017 Fluids Engineering Division Summer Meeting,
Waikoloa, Hawaii, USA, 31-July–3-August (2017).

[25] R. Gautier, T. DBOUK, L. Hamon, P. Pré, D. Bougeard, "Intensification d’un procédé de
séparation de gaz par adsorption: étude numérique par simulations CFD 3D et influence de
la géométrie du lit adsorbant". Proceeding 16ème Congrès de la Société Française de Génie
des Procédés, Nancy, du 11 au 13 Juillet (2017).

[26] V. Subramaniam, T. DBOUK, J.-L. Harion, "Optimisation topologique decomposantscon-
ducteurs de chaleur: étude expérimentale". 25ème Congrès Français de Thermique, Subramaniam-
SFT-2017, Marseille, du 30 Mai au 2 Juin (2017).

[27] M.-A. Campesi, R. Gautier, T. DBOUK, O. Moussa, L. Hamon, F.-X. Blanchet, Y. Gou-
riou, J.-L. Harion, P. Pré, "Study of a novel heat exchanger asdorber concept for CO2 cap-
ture". Physical and Chemical Phenomena in Heat Exchangers and Multifunctional Reactors
for Sustainable Technology: Eurotherm Seminar 106, Paris, France, 10-11 Octobre (2016).

[28] F. Perales, F. Dubois, Y. Monerie, R. Mozul, F. Babik, T. DBOUK, R. Monod, "Xper : une
plateforme pour la simulation numérique distribuée d’interactions multiphysiques entre

http://www.sft.asso.fr/Local/sft/files/150/135_Subram.pdf
http://www.sft.asso.fr/Local/sft/files/150/135_Subram.pdf
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corps", CSMA2015 proceedings, 12e Colloque National en Calcul des Structures, Presqu’île
de Giens, Var, France, 18-22 Mai (2015).

[29] T. DBOUK, P. Montmitonnet, H. Matsumoto, N. Suzuki, Y. Takahama, N. Legrand, and
T. Ngo, "Advanced Roll Bite Models for Cold and Temper Rolling Processes". Proceeding of
9th International & 6th European Rolling Conference, Venice, Italy, June (2013).

[30] S.A. Bahrani, T. DBOUK, J.F. Morris, "Déstabilisation en mode séquentiel d’un lit gran-
ulaire immergé par une source thermique". Proceeding of XIVe Colloque International
Franco-Québécois: Énergies Durables, CIFQ2019, Québéc, Canada, 18 June 2019.

Pre-prints

[31] T. DBOUK, “AdsorpReactingFoam R©, a computational platform for multi-component ad-
sorption and reactive flows in OpenFOAM R©”, preprint, July (2019).

[32] T. DBOUK, “VOC pollutants reduction in indoor-environment by adsorptive materials
and fresh air ventilation: CFD scenarios modeling, simulation and validation in OpenFOAM R©”,
preprint, July (2019).
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1.4.4 List of Scientific Communications

Total no. of oral presentations = 23; Total no. of Posters = 15

• 18 June 2019, CIFQ2019 - XIVe Colloque International Franco-Québécois: Énergies
Durables. Québéc, Canada. "Déstabilisation en mode séquentiel d’un lit granulaire
immergé par une source thermique". (Oral + Poster)

• 12 june 2019, 4th French/Belgian OpenFOAM users conference Marseille, France.
"Buoyancy-driven instability of immersed granular bed of micro-particles". (Oral)

• 11 june 2018, the 25th Anniversary of the European Community on Computational
Methods in Applied Sciences (ECCOMAS), the 6th European Conference on Com-
putational Mechanics (Solids, Structures and Coupled Problems) (ECCM 6) and the
7th European Conference on Computational Fluid Dynamics (ECFD 7), Glasgow, UK.
"Multiobjective topology optimization applied to conjugate heat transfer problems".
(Oral)

• 23-24 May 2018, 3rd French OpenFOAM R© users conference, Valenciennes, France.
"Research and development activities using OpenFOAM at the Energy Engineering
Department of IMT Lille Douai". (Oral)

• 21-24 May 2018, XI-th International Conference on Computational Heat, Mass and
Momentum Transfer (ICCHMT). Cracow, Poland. "Influence of surface roughness el-
ements on heat transfer in transitional flows: a cfd numerical investigation". (Poster)

• 16 May 2018, Journée thématique (Thermique dans les écoulements de fluides com-
plexes), Société Français de thermique (SFT), "Heat transfer and shear-induced migra-
tion in dense non-Brownian suspension flows: Modelling and Simulation". (Oral -
Invited Speaker).

• 07 November 2017, Journée Jeunes Chercheurs 2017 (JJC’17) – GEPROC UgéPE, Douai,
France. “Infrared Thermal Measurements in Conductive Heat Transfer Tree-Like Struc-
tures Obtained by Topology Optimization”. (Poster)

• 07 November 2017, Journée Jeunes Chercheurs 2017 (JJC’17) – GEPROC UgéPE, Douai,
France. “Optimisation de forme d’un adsorbeur échangeur de chaleur” . (Poster)

• 07 November 2017, Journée Jeunes Chercheurs 2017 (JJC’17) – GEPROC UgéPE, Douai,
France. “Intensification du transfert de chaleur dans les échangeurs embarqués par
structurations de surface”. (Poster)

• 30 May - 02 June 2017, 25ème Congrès Français de Thermique, Marseille, France. "Op-
timisation topologique des composants conducteurs de chaleur: étude expérimentale".
(Oral + Poster)

• 03 May 2017, Invited Speaker, Scientific Seminar, Notre Dame University, Zok Mos-
beh, Beirut, Lebanon. "Gas separation in packed bed of adsorbing porous medium:
Modeling and Simulation". (Oral)

• 28 April 2017, IMT National Conference, Colloque « L’énergie en révolution numérique
», Paris, France. "Numerical optimization platform developments for designing opti-
mal heat exchangers". (Poster)

• 24 April 2017, IMT Research Seminar, University of Lille, Villeneuve d’ascq, France.
"Numerical optimization platform developments for designing optimal heat exchang-
ers". (Poster)
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• 21-22 March 2017, 2ndes journées françaises des utilisateurs de OpenFOAM R©, Nev-
ers, France. "TOPOF: Topology Optimization Platform in OpenFOAM R©". (Oral)

• 30-31 January 2017, 6èmes Journées de l’ Association Française de l’Adsorption, Paris,
France. "Simulations numériques 3D d’un procédé de séparation de gaz par adsorp-
tion (PSA)". (Oral)

• 10-11 November 2016, Invited Speaker, Annual Meeting on Rheology, Alicante, Spain.
"Dynamic-Scale Modeling of non Brownian suspensions including suspension/structure
interactions". (Oral)

• 10-11 October 2016, Eurotherm Seminar 106, Paris, France. Physical and Chemical
Phenomena in Heat Exchangers and Multifunctional Reactors for Sustainable Tech-
nology, "Study of a novel heat exchanger adsorber concept for CO2 capture". (Oral)

• 06 October 2016, Journée Jeunes Chercheurs 2016 (JJC’16) – GEPROC UgéPE, Louvain,
Belgium. “Topology optimization of conductive heat transfer devices: An experimen-
tal investigation”. (Poster)

• 30 June 2016, Journée des Doctorants 2016 (JDD’16), Douai France. “Topology opti-
mization of conductive heat transfer devices: An experimental investigation”. (Poster)*
(* : Best Poster Award)

• 19-23 June 2016, 5th International Conference on Engineering Optimization, Iguassu
Falls, Brazil. "Topology optimization of 2D and 3D heat conduction structures". (Oral)

• 31 May - 03 June 2016, Congrès Français de Thermique, Toulouse, France. "Optimisa-
tion topologique 3D des systèmes de conduction de la chaleur". (Poster)

• 18 May 2016, Journée des utilisateurs OpenFOAM, Rouen, Normandie, France.
"Dynamic-Multi-Scale Modeling and Simulation of Immersed Granular Flows over
Obstacles". (Oral)

• 15-17 July 2015, International conference: 17th British-French-German Conference on
Optimization, BFG 2015, Imperial College, London, UK. "An optimization algorithm
of high performance for inequality-constrained bounded nonlinear optimization prob-
lems". (Oral)

• 18-22 May 2015, International conference: 12e Colloque National en Calcul des Struc-
tures, CSMA 2015, Presqu’ile de Giens (Var), France. "Xper : une plateforme pour la
simulation numérique distribuée d’interactions multiphysiques entre corps". (Poster)

• 09-11 July 2014, International conference: Modeling Granular Media Across Scales
2014, Montpellier, France. ’Numerical Modeling of the Dynamics of Immersed Gran-
ular Materials’. (Oral)

• 22-24 June 2014, The 6th International Conference on Tribology in Manufacturing Pro-
cesses & Joining by Plastic Deformation, Darmstadt, Germany: ‘Advanced Roll Bite
Models for Cold and Temper Rolling Processes’. (Oral)

• 5-6 Nov 2013, Workshop on Numerical Modelling of Grains/Fluid Flows, ENS, Lyon,
France: ‘A Suspension Balance Model for the flows of non-Brownian Suspensions of
hard spheres’. (Oral)

• 10-12 June 2013, The 9th International Rolling Conference and the 6th European Rolling
Conference, Venice, Italy: ‘Advanced Roll Bite Models for Cold and Temper Rolling
Processes’. (Oral)
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• 05-10 August 2012, The 16th International Congress on Rheology, Lisbon, Portugal:
‘Normal Stresses in non-Brownian suspension’. (Poster)

• 23 January 2012, Les Rencontres Niçoises de Mécanique des Fluides, Laboratoire Jean-
Alexandre Dieudonné, Nice, France: ‘Rheology of concentrated suspensions and Shear-
induced migration’. (Oral)

• 9-13 October 2011, 83rd Annual Meeting of the Society of Rheology, Cleveland, Ohio,
USA: ‘Normal stresses in concentrated non-colloidal suspensions (Experiments and
Simulations)’. (Poster)

• 13-16 June 2011, 6th OpenFOAM Workshop, Penn state, USA: ‘An Incompressible
Multi Phase Solver’. (Oral)

• 18-19 Nov 2010, GISEC 2010, Nice, France: ‘Normal stress measurements in non-
Brownian Suspensions’. (Oral)

• 7-9 April 2010, 6th Annual European Rheology Conference (AERC), Göteborg, Swe-
den: ‘Normal stresses in sheared non-Brownian suspensions’. (Oral)

• 27 Novembre 2009, le Groupe Français de Rhéologie (GDR MePhy), Paris, France:
‘Measurements of Normal Stresses in sheared Stokesian suspensions’. (Oral)

• 15-17 April 2009, 5th Annual European Rheology Conference (AERC), Cardiff, United
Kingdom: ‘Particle migration in suspensions flowing between rotating parallel-plates:
The role of the secondary flow’. (Poster)
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1.4.5 Scientific Missions and Experience

In addition to my contribution in writing the technical annexes, and proposals for the re-
search projects mentioned in section 1.4.2, here below some additional professional experi-
ence in developing, writing and depositing (as principal coordinator) of some national and
international research projects:

1.4.5.1 additional Experience in Research projects proposals

1- ERC-StG 2016 - European Research Council - project proposal deposit

ERC Panel: PE8 - Products and Processes Engineering.

Project Title: Performance Improvement of Additive-Manufactured Components by Topol-
ogy Optimization (Acronym: PIACTO).

ERC Keywords: Computational engineering; Energy processes engineering; Simulation en-
gineering and modelling; Scientific computing, Simulation and modelling tools.

Project Duration (months) = 60. Requested Funding = 1.497 Me

Final decision: rejected.

2- ERC-StG 2018 - European Research Council - project proposal deposit

ERC Panel: PE3 - Condensed Matter Physics.

Project Title: Topology Optimization Platform for the control of Shear-Induced-Migration
phenomenon in suspension flows (Acronym: TOPSIM).

ERC Keywords: Fluid dynamics; Structure and dynamics of disordered systems: soft matter
(suspensions); Computational engineering; Application of mathematics in sciences.

Project Duration (months) = 60. Requested Funding = 1.499 Me

Final decision: rejected.

3- ANR-JCJC - 2018/2019 - Research project proposal deposit

Project coordinator: T. DBOUK, Scientific partner: A. BAHRANI

ERC Panel: PE3 - Condensed Matter Physics.

Project Title: Suspension Structure Interaction in presence of heat transfer (Acronym: ProSSI).

Keywords: suspension structure interaction; non-isothermal non-colloidal suspensions.

Project Duration (months) = 48. Requested Funding = 750 Ke

External Scientific Collaborators: Prof. Jeffrey F. MORRIS (Levich Institute of Technology,
City College University of New York).

Internal Scientific Collaborators: Prof. Jean-Christophe BAUDEZ (IMT Lille Douai).

Final decision: rejected (a new attempt will be done in 2019/2020).
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4- Regional PhD thesis funding proposal deposit (2016/2017)

PhD title: Heat transfer intensification in heat exchangers by using non-colloidal suspen-
sions.

Internal Scientific Collaborators: Prof. Daniel BOUGEARD, Dr. Serge RUSSEIL (IMT Lille
Douai, Energy Engineering Department).

Final decision: Three years PhD funding was accepted, but the selected foreign student did
not get Visa validation for France.

5- Regional PhD thesis funding proposal deposit (2017/2018)

PhD title: cooling of electronic components by using non-colloidal suspension flows.

External Scientific Collaborators: Prof. Vincent THOMY (IEMN, Institut d’électronique, de
microélectronique et de nanotechnologie, Lille, France).

Final decision: Three years PhD funding was accepted (50% Region funding, 50% IMT
funding). PhD student started on 01 March 2019.

6- Six months funding by China for a foreign PhD researcher (2019/2020)

Research topic: Optimization, modeling and simulation of future generation heat exchang-
ers.

External Scientific Collaborators: Prof. Wang Dingbiao, Zengzhou University, China).

Final decision: Six months funding of ≈ 20 Ke was accepted by China. Under the su-
pervision of T. DBOUK, the PhD researcher M. Wang Guanghui will start on 01 October
2019.
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1.4.6 Accomplished and on-going research projects, 2014 - Present

Research projects hosted internally at the IMT Lille Douai - ECSP2, CERI-EE4:

A- Industrial project: Modeling and simulation of fluid flow in industrial silencers.

Project Period: April 2016 – December 2017

Industrial partner: Boet-Stopson R©, SIM-Engineering R©, Lille, France.

My role: Principal coordinator of project and co-supervisor.

Affected Researcher: Research Engineer: MSc. M. Mahdi REZAEI.

Scientific Partners: Prof. Daniel BOUGEARD (IMT Lille Douai), MSc. M. Florian DELABRE
and Dr. Véronique FLORQUIN (Boet-Stopson R©), Dr. Benjamin DUMUR and Dr. Guillaume
VANDENBOSSCHE (SIM-Engineering R©).

B- Industrial Chair NEO R©: Two PhD’s and one postdoc fundings over 6 years.

Project Period: January 2017 – January 2022

Funding by Industrial partner: VALEO R© Thermal Systems Research Group, Paris, France.

My role: Principal coordinator of the Optimization, Modeling and Simulation R&D Tasks,
and co-supervisor of students.

PhD no.1: Heat Transfer Enhancement of Embedded heat exchangers by surface structur-
ing (macro-micro-ramp roughness elements): CFD simulations and experimental measure-
ments.

PhD Student (Cifre): M. Hatim BELKHOU; expected PhD defense date: January 2020.

Postdoc: Large-scale inequality optimization algorithms for parallel computing (HPC) ap-
plied in CFD simulations. Starting date: January/February 2019.

PhD no.2: Heat transfer intensification in heat exchangers by topology optimization.

Starting date: January 2020.

Scientific Partners: Dr. Serge RUSSEIL, Dr. Mohammed MOBTIL and Prof. Daniel BOUGEARD
(IMT Lille Douai), Nicolas-Yoan FRANCOIS (VALEO R©).

C- Industrial Project: Heat Storage systems - EcoStock-II.

Project Period: January 2018 – July 2019

Industrial partner: EcoTech-CERAM R©, Rivesaltes, France.

My role: Principal coordinator of the Optimization, Modeling and Simulation R&D Tasks.

Affected Researchers (collaborator) : Dr. Rémi GAUTIER, IMT Lille Douai, Energy Engi-
neering Department.
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Scientific Partners: Dr. Rémi GAUTIER and Prof. Daniel BOUGEARD (IMT Lille Douai),
Guilhem DEJEAN (EcoTech-CERAM R©), Aubin TOUZO (PROMES, CNRS UPR 8521, Per-
pignan).

D- Academic Project: Optimization, modeling and simulation of future generation heat
exchangers.

Project Period: October 2019 – March 2020

My role: Principal coordinator and co-supervisor

PhD Student: M. Wang Guanghui, Zhengzhou University, Zhengzhou, China.

Funding by : National Natural Science Foundation of China.

Scientific Partners: Prof. Wang Dingbiao (Zhengzhou University, Zhengzhou, China).

Research projects hosted at exterior academic and industrial institutions:

E- Industrial Project: Particles transport emitted from trains braking systems.

Project Period: January 2017 – January 2022

Funding by Industrial partner: ALSTOM R©, France.

My role: Principal coordinator and supervisor of the Modeling and Simulation R&D Tasks.

PhD Student (Cifre): Mme. Charlène OCTAU; expected PhD defense date: September 2019.

Host Institution: LAMIH, CNRS UMR 8201, University of Haut-de-France, Valenciennes,
France.

Scientific Partners: Prof. Laurent KEIRSBULCK, Prof. Laurent DUBAR, Dr. Marc WA-
TREMEZ, Dr. Damien MERESSE, Marc LIPPERT and Jesse SCHIFFLER (LAMIH, CNRS
UMR 8201, Valenciennes, France).
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1.4.7 External Scientific Collaborations and Networks

1.4.7.1 National Universities and Research Institutions

Prof. Elisabeth LEMAIRE, INPHYNI CNRS UMR, University of Côte d’Azur, Nice.

Prof. Pierre MOTMITONNET, CEMEF-MinesParisTech, University of Côte d’Azur, Sophia
Antipolis.

Prof. Pascaline PRÉ, IMT Atlantique, GEPEA CNRS UMR, University of Nantes, Nantes.

Prof. Laurent KEIRSBULCK, LAMIH CNRS UMR 8201, University of Haut-de-France, Va-
lenciennes.

Dr. Laurent LOBRY, INPHYNI CNRS UMR, University of Côte d’Azur, Nice.

Dr. Vincent THOMY, IEMN CNRS UMR, University of Lille, Lille.

Dr. Frédéric PERALES, LPTM, CEA-Cadarache (IRSN), St-Paul-Lez-Durance.

Dr. Lomig HAMON, IMT Atlantique, GEPEA CNRS UMR, University of Nantes, Nantes.

Dr. Rainier HREIZ, LRGP CNRS UMR, University of Lorraine, Nancy.

1.4.7.2 International Universities and Research Institutions

Prof. Jeffrey F. MORRIS, City College University of New York, New York, USA.

Prof. Fadl MOKALLED, American University of Beirut, Beirut, Lebanon.

Prof. Marwan DARWISH, American University of Beirut, Beirut, Lebanon.

Prof. Hiromi MATSUMOTO, University of Kitakyushu, Japan.

Dr. Lina BAROUDI, Manhattan College, Manhattan, USA.

Dr. Joe ALEXANDERSEN, Technical University of Denmark (DTU), Denmark.

Dr. Charbel HABCHI, Notre-Damme University, Zouk Mosbeh, Lebanon.

Dr. Jaco DIRKER, University of Pretoria, Pretoria, South Africa.

Dr. Victor FACHINOTTI, Santa Fe University, Argentina.

Prof. Jean-Marie BUCHELIN, Von Karman Institute for Fluid Dynamics, Brussels, Bel-
gium.

Dr. Lilla KOLOSZAR, Von Karman Institute for Fluid Dynamics, Brussels, Belgium.

1.4.7.3 Industrial Applied Research Collaborations

M. Nicolas-Yoan FRANCOIS, R&D Project Manager, VALEO R© Thermal Systems Research
Group, Paris, France.

Dr. Nicolas LEGRAND, R&D Project Manager, ArcelorMittal R© Burns Harbor Research,
Luxembourg.

Dr. Ludovic Marquant, R&D Project Manager, ARC R© International, Arques, France.

https://inphyni.cnrs.fr/fr/recherche/physique-non-lineaire-fluides-complexes-et-biophysique/rheologie-des-suspensions-concentrees
http://www.mines-paristech.fr/Services/Annuaire/pierre-montmitonnet
https://www.imt-atlantique.fr/fr/personne/pascaline-pre
https://www.uphf.fr/LAMIH/en/membre?id=keirsbulck_laurent
https://inphyni.cnrs.fr/fr/recherche/physique-non-lineaire-fluides-complexes-et-biophysique/rheologie-des-suspensions-concentrees
http://nonlineaire.univ-lille1.fr/AIVBS/membres/18/
https://www.irsn.fr/FR/Larecherche/Organisation/equipes/surete-nucleaire/LPTM/Pages/Laboratoire-physique-thermomecanique-materiaux.aspx
https://www.imt-atlantique.fr/fr/personne/lomig-hamon
http://lrgp-nancy.cnrs.fr/?page_id=3777
http://www-levich.engr.ccny.cuny.edu/~jmorris/index.html
https://www.aub.edu.lb/pages/profile.aspx?memberId=fmukalled
https://www.aub.edu.lb/pages/profile.aspx?memberId=darwish
https://www.kitakyu-u.ac.jp/env/lang_en/faculty/system/hiromi_matsumoto.html
https://manhattan.edu/campus-directory/lina-baroudi
https://www.dtu.dk/english/service/phonebook/person?id=43033&cpid=111686&tab=2&qt=dtupublicationquery
http://www.ndu.edu.lb/academics/faculty-of-engineering/fulltime-faculty-members
https://www.up.ac.za/mechanical-and-aeronautical-engineering/article/48434/staff
http://www.cimne.com/compdesmat/vpage/1/0/People/Victor-Fachinotti
https://www.vki.ac.be/index.php/departments/ea-department-other-menu-68/people-other-menu-70/260-faculty/348-professor-jean-marie-buchlin
https://www.vki.ac.be/index.php/departments/ar-department-other-menu-100/people-other-menu-99/265-research-engineers-and-engineers/387-lilla-kapa-koloszar
http://fr.viadeo.com/fr/profile/nicolas.francois33
https://www.researchgate.net/profile/Nicolas_Legrand3
https://www.researchgate.net/profile/Ludovic_Marquant
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1.4.8 Numerical codes developments

Here below an overview list of some of the CFD solvers that I have been personally devel-
oping since the last decade:

Several scientific computation codes and tools in CFD (Several millions lines of code):

2010/2011: 3D Solver development for immersed granular flows (suspensions of rigid par-
ticles immersed in a fluid).

Solver Name: SbmFoam R© (for concentrated suspensions simple shear flows)

online link

Integration Library: OpenFOAM R© Library (C++) - under the GNU (GPL) General Public
Licence.

2011/2012: 3D Solver development for immersed granular flows (suspensions of rigid par-
ticles immersed in a fluid).

Solver Name: SbmGeneralFoam R© (for concentrated suspensions general flows) online link

Integration Library: OpenFOAM R© Library (C++) - under the GNU (GPL) General Public
Licence.

2012/2013: Advanced 2D Solver development for simulating the rolling loads in a cold strip
rolling process (with lubrication).

Solver Name: RollGap R©

Integration Library: Fortran90.

2013/2014: 3D solver for fluid/structure interactions (wet granular flows) using the im-
mersed boundary method coupled to a non-smooth contacts dynamics method. Solver
Name: Xper R© online link Integration Library: Xper: IRSN-LMGC90 research laboratories
open source C++/Fortran developed library.

2012 - 2015: 3D solver for suspension/structure interactions (suspension flows over obsta-
cles) using the immersed boundary method coupled to a suspension balance model. Solver
Name: SbIBMFoam R© online link Integration Library: OpenFOAM R© Library (C++) - under
the GNU (GPL) General Public Licence.

2014/2015: Topology optimization 3D solver for designing optimum heat conduction sys-
tems.

Solver Name: TopOptHCFoam R©

https://openfoamwiki.net/index.php/Contrib/SbmFoam
http://dx.doi.org/10.1016/j.jnnfm.2013.03.006
https://csma2015.ec-nantes.fr/resumes/r_FJFO3RX6.pdf
http://dx.doi.org/10.1016/j.jnnfm.2016.01.003
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Optimization Algorithm : MMA, GCMMA (Svanberg, 1987; Svanberg, 2002)

Integration Library: OpenFOAM R© Library (C++) - under the GNU (GPL) General Public
Licence.

2017/2018: 3D Solver for quasi-compressible immersed granular flows (suspensions of rigid
particles immersed in a fluid) including heat transfer, shear-induced migration and buoy-
ancy effects.

Solver Name: SBMHTFoam R©

Integration Library: OpenFOAM R© Library (C++) - under the GNU (GPL) General Public
Licence.

2015 - 2018: 3D Topology Optimization Solver for Multi-Objective Conjugate Heat Transfer
Problems (steady laminar flows).

Solver Name: MOadjOptChtFoamMMA R©

Optimization Algorithm : MMA, GCMMA (Svanberg, 1987; Svanberg, 2002)

Integration Library: OpenFOAM R© Library (C++) - under the GNU (GPL) General Public
Licence.

2018 - 2019: 3D CFD Solver for the adsorption/desorption of Multi-component reacting
gaseous mixtures in porous media.

Solver Name: AdsorpReactingFoam R©

Integration Library: OpenFOAM R© Library (C++) - under the GNU (GPL) General Public
Licence.
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1.4.9 Committee member: organization of scientific events

Organizing of many national and international conferences (+ journées Thématiques):

• Eurotherm Seminar 106, Physical and chemical phenomena in heat exchanger and
multifunctional reactor for sustainable technology, 10-11 October 2016, Paris, France.

https://eurotherm106.sciencesconf.org/

• 9ème Journée des Jeunes Chercheurs, GEPROC et l’UgéPE, 07 November 2017, Douai,
France.

http://conference.mines-douai.fr/JJC-GEPROC-UGEPE-2017

• 3rd French OpenFOAM R© users conference (Joint Franco/Belgian OpenFOAM users
conference), 23-24 May 2018, Valenciennes, France.

http://foam-u.fr/3rdfrenchopenfoamconf/

Invitation of several external scientists to conduct internal scientific seminars at our En-
ergy Engineering Department at IMT Lille Douai:

• Dr. Rainier HREIZ, Laboratoire Réactions et Génie des Procédés - UMR 7274, Univer-
sity of Lorraine, Nancy, France.

• Dr. Jaco DIRKER, Department of Mechanical and aeronautical Engineering, Univer-
sity of Pretoria, Pretoria, South-Africa.

1.4.10 Role as a jury member in externally defended PhD’s

One participation in a PhD defense as a jury member examinator:

PhD defended by: Dr. Florian DUGAST, on 15 Oct. 2018.
University of Nantes, LTEN Research Department, CNRS-UMR 6607.
PhD Title: "Développement d’une méthode d’optimisation topologique du composant de
transfert par convection".

1.4.11 Scientific Prizes and Awards

• PhD Grant Award for 3 years, French Ministry of Higher Education, University of
Nice-Sophia Antipolis, September 2008 - September 2011.

• Best PhD thesis Award, Best PhD in France in CFD developped with OpenFOAM R©.
Association Foam-U R©, Nevers meeting, Nevers, France, 2017. For more information
Click here.

• Best Paper Award – Proceeding of 3rd ENFHT-2018 Conference – Budapest - Hun-
gary. Fore more information Click here.

• Best Poster Award – JJC-GEPROC-UGEPE 2017 - Douai - France.

https://eurotherm106.sciencesconf.org/
http://conference.mines-douai.fr/GEPROC_UGEPE_2017/
http://foam-u.fr/3rdfrenchopenfoamconf/
https://www.facebook.com/IMTLilleDouai/posts/1235054676609843
https://twitter.com/imtlilledouai/status/985843778094235648


28 Chapter 1. My Curriculum Vitae

1.4.12 Enveloppes soleau - Innovation Potential

For more information about the E-soleau, click here.

Six Enveloppes soleau deposit as the following:

• T. DBOUK, Refroidissement des microprocesseurs par un écoulement type suspen-
sion des particules solides micrométriques immergées dans un liquide, INPI enveloppe
soleau, no. 581337, 19/01/2017.

• T. DBOUK, Un nouveau liquide de refroidissement dans les échangeurs thermiques :
à la base d’une suspension concentrée des particules rigides (micrométriques en taille)
immergées dans un liquide Newtonien ou non-Newtonien, et migration de ces partic-
ules induite par le cisaillement, INPI enveloppe soleau, no. 581816, 27/01/2017.

• T. DBOUK, Code de calcul d’optimisation topologique des systèmes de conduction
de la chaleur et des systèmes d’écoulement incompressible, INPI enveloppe soleau,
no. 589412, 31/07/2017.

• T. DBOUK, H. BELKHOU, Échangeurs thermiques à plaques brasées et déformées
par des géométries de nid d’abeilles, e-Soleau, DSO2018000806, 22/01/2018.

• T. DBOUK, Échangeurs thermiques éco-intelligents, e-Soleau, DSO2018001531, 06/02/2018.

• K. PRASHANTHA, T. DBOUK, C. DUC, Sustainable multifunctional wood for ad-
vanced applications, e-Soleau, 30/10/2018.

https://www.inpi.fr/fr/proteger-vos-creations/lenveloppe-soleau/enveloppe-soleau
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1.5 Pedagogic Activities and Responsibilities (September 2014 -
Present)

At IMT Lille-Douai, since september 2014, I have approximately about 220 hours per year
as an averaged pedagogic hours (course preparations, course lectures, student reports, su-
pervision of projects, jury member, etc). More details for the pedagogic hours per year are
provided in the coming sections (1.5.1.1), (1.5.1.2) and (1.5.1.3).

The total pedagogic hours, between September 2014 and present date, are provided in sec-
tion (1.5.2).

1.5.1 Constant-rate pedagogic activities (Per Year)

Major : Energy Engineering Students

1.5.1.1 Course Lecturer (20 hours per year)

• Course Position at IMT Lille-Douai: Option Master 2 – Postgraduate Students

• Academic Module in the EE-CERI1 : Energy Efficiency.

• Label of the course : An Introduction to PINCH Analysis & Process Integration.

• Keywords: Thermodynamics cycles and components; Pinch Technology; Heat Inte-
gration; Energy versus Exergy;

Course objective: is to introduce to Postgraduate students the Pinch Technology Approach
(principles, theory, fundamental concepts and applications). This technique is the most
widely used for designing optimized efficient energy systems by saving Energy and both
investment and operating costs.

Benefits : The students will be able to :

- Distinguish between exergy, entropy and energy

- Distinguish between efficient and inefficient energy system designs

- Understand the efficient use of energy and the reduction of environmental effects

- Understand the economic potential to improve energy efficiency

- Distinguish between renewable and non-renewable energy resources in an environmental
context

- Save Energy and both investment and operating costs by heat recovery in a process design

- Understand the Methodology for minimum energy consumption of processes (PINCH)

- Design thermodynamic efficient processes (precisely : Efficient Heat Exchangers Networks)

- Use Computer Software for doing quick PINCH Analysis end efficient Heat Exchangers
Networks

1Energie et Environement: Centre Enseignement, Recherche et Innovation
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Course materials :

- Lecture slides (pdf)

- Exercises (TD and TP)

- Computer Software Material (& training) ThermOptim R©

Pre-requisites (a recall is done in the course) :

- Concepts of Energy, Entropy and Exergy

- Fundamental Thermodynamics Laws

- Cycles of basic energy technologies

- Thermodynamic Machines & Systems

Some of the Course contents :

- Concepts of Energy, Entropy and Exergy : a quick revision

- Thermodynamics Laws : a quick revision

- Calculate thermodynamic feasible Energy cascade and cost targets

- Optimize heat recovery systems

- Size and Integrate a Heat Exchanger into an Existing Exchanger Network

- Identify Cold, Hot, and Utility Streams in a Process

- Extract Data for Process and Utility Streams

- Construct Composite Curves and Grand Composite Curve

- Estimate Minimum Energy Cost Targets

- Estimate Heat Exchanger Network (HEN) Capital Cost Targets

- Estimate Practical Targets for HEN Design

- Design thermodynamic efficient processes (Efficient Heat Exchangers Network)

- Use of a Computer Software for doing PINCH Analysis

1.5.1.2 Research Discovery Projects (2 PDR = 2 x 80 hours = 160 hours per year)

At my research unit at IMT Lille-Douai, i supervised 9 PDR projects (Projets Découverte de
la Recherche), 2 PST project (Projets Scientifiques et Techniques) and 1 PO project (Projet
Ouvert), which are summarized in the following:

• PDR no.1 : Breakup of viscoelastic filaments

• PDP no.2 : Numerical simulations of fluid flow around an ellipsoidal rotating obstacle

• PDR no.3 : Optimization of nozzles fro fluid injection inside porous media

• PDP no.4 : Mesh generation methodologies for creating representative meshes for
porous media

• PDR no.5 : Thermal comfort notion in residential buildings
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• PDR no.6 : Structure boundary capturing algorithm in image processing

• PDR no.7 : Potential of open-source softwares in replacing commercial ones : in the
simulation of thermodynamics cycles

• PDR no.8 : A numerical study of a new coolant fluid for electronic components based
on non-colloidal suspension flows

• PDR no.9 : Micro-pump performance applied to concentrated non-colloidal suspen-
sion flows

• PST no. 1 : Modeling of thermal comfort in achitectural and building applications

• PST no. 2 : Modeling of a house of "North of France type", known by "houses 1930"
for better thermal insulation enhancement

• PO no. 1 : Solar Decathlon

Note that each PDR project is usually assigned to a group of students made of 3 or 4 stu-
dents. The PST projects are usually assigned to more than 4 students. Similarly for the open
projects (PO).

1.5.1.3 Energy Engineering Students Projects (40 hours per year)

The Energy Engineering Students Projects include several charges like trainingship reports,
final year reports, jury member participations, etc.

1.5.2 Total Accomplished Pedagogic hours (2014 - Present)

• Course Lectures (66 hours)

• 9 PDR (9 x 80 = 730 hours)

• 2 PST (Scientific and Technical Projects) (2 x 120 = 240 hours)

• 1 OP (open project) (48 hours)

• 33 Engineering student projects : reports evaluations, corrections and jury member
participation (132 hours)

1.5.3 Pedagogic projects development responsibility

• New MOOC creation in English for 2019/2020 (20 hours online-Course : Pinch Anal-
ysis and Process Integration)

• New International Master of Science program creation (Diplome National de Master,
120 ECTS, 4 semestres) for 2020/2021 (at CERI-EE, IMT Lille Douai, International vis-
ibility Working Group)
Masters title: Intelligent and Sustainable Buildings for future energy, climate change
and environmental challenges.
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1.6 Author’s profiles SWOT analysis

Here below a SWOT analysis (Strengths, Weakness, Opportunities and Threats) for the au-
thor’s profile:

• Strengths:

Excellent scientific knowledge in physical science combined to computational science
at a high level of numerical skills (i.e. programming, debugging, HPC and cloud com-
puting), social, professional and communication competences, experience in national
and international projects writing and funding requests, familiar with research in part-
nership with industrial environments, and an enormous increasing working capacity
(i.e. about 10 articles developed in 2018/2019, i.e. published in high impact peer-
reviewed journals, and 3 huge CFD solvers)

• Weakness:

A young researcher attached to a small research unit at the IMT Lille-Douai which is
not yet very famous as a national/international research institution due to the fusion
of Mines-Douai and Télécom Lille on January 2017.

• Opportunities:

An innovative numerical platform creation for topology optimization in CFD. High
attractive potential for future collaborations with international researchers and indus-
trial partners.

• Threats:

Saturation capacity might be a threat, but other threats are still yet unknown compared
to other junior/senior researchers’ profiles.



33

2 General Introduction

2.1 My three major research and development axes

The major role of Science is to understand and provide logical explanations for observed
physical phenomena, through: Research, Development and Innovation (R&D&I).

Research is investigation, solid literature review and huge gaps identification from the lit-
erature. This leads to new ideas structuring as possible solutions’ proposals with the poten-
tial for their degree of feasibility.

Development is the management and right placing of overall achieved personal knowledge,
competences and experience in specific domains for the seek of founding and/or finding
solutions and the corresponding methodologies.

Innovation is to push further both research and development towards more innovative so-
lutions or concepts but which are unique and replies to the human socioeconomic needs
and challenges (Diaz and Murnane, 2008). Innovation, solid Networks and animation are
all vital key elements that must be taken into account with care if to attract future fundings
for the R&D work.

The new challenges today (Environmental Pollution and the increase (-decrease) in En-
ergy demands (-in Energy sources) and their impacts on industry(NAE, 2003) and extremes
weather and climate changes) (Diaz and Murnane, 2008), request research and investiga-
tion, and efficient fast problems solving techniques. This goes well with new structuring
at IMT Lille Douai with the new CERI-EE1 creation early 2019. Thus any new R&D activ-
ity in this context constitute windows fields for innovation. Many projects calls have been
rising and supported by most national and international research organizations and insti-
tutions concentrated around the topics of: Energy efficient and optimized systems that are
Environment-friendly (in a direction towards pollution and toxic gases emissions reduction
and elimination, and at a reduced cost (i.e. for mass production feasibility)).

My research and development activities have been concentrated the last 6 years and oriented
in that direction, toward numerical modeling, simulation and optimization in CFD (Compu-
tational Fluid Dynamics) of thermofluid systems for better performances at lower cost and
minimum pollution. These research activities go very well with the R&D targets as defined
by the IMT institution in attempts to gain the leadership in 12 domains under 5 transitions
as can be seen in figure 2.1. My research axes are concerned with the domain "Optimisation
énergétique" (figure 2.1) for environment-friendly, energy efficient, connected and intelli-
gent future systems. My major objectives have been oriented towards solving problems to
reply efficiently to the industrial and socioeconomic needs in this context of research and
development activities, and to transmit my acquired knowledge and experience to future
generations (Dbouk, 2018b).

1Centre d’Enseignement, de Recherche et d’Innovation Energie et Environnement
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FIGURE 2.1: The twelve research and development leadership domains as
defined by the Mines-Telecom Institution (IMT) for the next five years.

Building experimental setups and conducting experimental measurements is essential to
better quantify and understand physical phenomena in nature, but they are both time and
money consuming. Today thanks to the huge progress in advanced computers and com-
putational power and speed (High Performance, Parallel and Cloud Computing), building
numerical models (Algorithms, Artificial Intelligence) is another way that is affordable at
lower costs compared to experimental setups and measurements. Of course, experimental
measurements will be always required in order to better calibrate, orientate and validate
any developed numerical models in the future. In that way, the user gains more confidence
in the models to predict and analyze future behaviors of different phenomena with less ne-
cessity for numerous experimental setups.

Several numerical methods have been developing to represent the dynamics and behavior of
complex thermofluid flows and systems such as: the Finite Difference Method (FDM), the
Finite Elements Method (FEM), the Finite Volume Method (FVM), the Lattice Boltzmann
Method (LBM), Immersed Boundary Method (IBM), Discrete Elements Method (DEM), etc.
My research numerical development activities have been concerned so far with the FVM,
IBM and DEM in CFD and their application to optimize, quantify and better understand the
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dynamics and behavior of complex thermofluid flows and systems at different scales from
micro. to macro. (at a Lagrangian flow description, Eulerian description and both coupled
Eulerian-Lagrangian), and at different flow regimes: from laminar to turbulent.

In my research and development activities during the last decade i have been working in
parallel on the following three major R&D&I axes or themes:

Axis no.1 - Complex-fluid flows of non-colloidal suspensions,

Axis no.2 - Topology optimization and design of complex thermofluid flow systems,

Axis no.3 - Multi-component fluid flows in adsorbent porous media

They are summarized briefly in the following:

Axis no.1 - Complex-fluid flows of non-colloidal suspensions:

My first research and development axis focuses on the Rheology of non-colloidal suspen-
sions Stickel and Powell, 2005. Since September 2008, I have been working on this re-
search and development axis to better quantify and understand the Newtonian and non-
Newtonian complex behavior of non-colloidal suspension flows that are present in many
applications at different scales such as in: chemical engineering, process engineering, civil
engineering, geological, biological and mechanical engineering (i.e. detergents, cosmetics,
plumes, drilling muds, blood flow, rivers, concrete and cement, oil and fuels transport in
pipes, food processing, etc).

The methodology that i have been following is the numerical development (and experi-
mental validation) of different multiscale models (as new CFD codes developments) for
quantifying: suspension dynamics, shear-induced migration phenomenon and heat trans-
fer in concentrated non-colloidal suspension flows in different geometries (i.e. via the Finite
Volume, Immersed Boundary and Discrete Elements methods, etc).

Understanding the Rheology and the Non-Newtonian complex flow behavior of suspen-
sion flows, of particles immersed in liquids, using software engineering tools is essential
today for improving and predicting optimal future designs of systems where concentrated
suspension flows may be present.

Modeling the dynamics of concentrated rigid particles immersed in a liquid (a "suspen-
sion") is a complex task due to the presence of millions of particles, and the manifestation
of several phenomena like microstructure orientation changing behavior, shear-induced mi-
gration phenomenon as a result of competition between hydrodynamic and friction forces
resulting from interactions between the particles and the surrounding fluid, and between
the particles themselves (or particle-particle contacts).

Axis no.2 - Topology optimization and design of complex thermofluid flow systems:

My second research and development axis focuses on Topology Optimization Method and
Design and its multiphysics applications in multi-scientific disciplines (cross-disciplinary
research). One major application that i am enrolled in since September 2014 at the IMT Lille
Douai is the optimization of complex thermofluid systems in CFD at different flow regimes
and conditions. This is in the objective to propose better energy efficient thermofluid sys-
tems and artificially intelligent components (i.e. intelligent heat exchangers, mixers, separa-
tors, coolers, heaters, etc).
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The topology optimization method Bendsøe and Sigmund, 2004 is an innovative power-
ful numerical technique that allows one to create and find unpredictable optimal designs
for specific predefined objectives and constraints (i.e. equality and inequality constraints).
Topology optimization does not require knowing an initial design to be optimized, but it
can directly create or find the optimal design (i.e. being the converged solution of the whole
optimization problem).

Developing this new advanced research axis at the IMT Lille Douai (at the Energy Engi-
neering Department since September 2014), the methodology i have been following is: the
development and validation of macroscopic models and new advanced Algorithms (new
CFD codes developments in OpenFOAM R©) intended for Topology optimization of ther-
mofluid systems of very large number of degrees of freedom (DOF) (or design variables),
and on complex large scale nonuniform unstructured non-stationary meshes or computa-
tional grids.

Axis no.3 - Multi-component fluid flows in adsorbent porous media:

My third research and development axis focuses on fluid flows in adsorbent porous media
that are present in many applications in nature and industry (i.e. pollutants reduction fil-
ters, air purifiers, biogaz seperators, etc). In this third research axis the focus is on surface
science with attention to adsorption/desorption phenomena at the gas/solid interface (ne-
glecting chemical reactions between the fluid and solid phases). I have been focusing on
this research axis during the last 4 years, and its orientation towards gas separation and gas
storage applications or processes through innovative adsorption/desorption modeling and
simulation techniques in CFD.

The approach i have been following is the development and validation of macroscopic mod-
els (as new CFD codes developments) for better understanding of local adsorption kinemat-
ics applied to both: 1- gas separation process in packed beds, and 2- air quality enhancement
by removal of pollutants by using adsorptive porous material and air ventilation duct sys-
tems.

Today, gas separation and storage process optimization are two important topics for research
and investigation. This is due to the fact that energy resources in fuel (petroleum) and oil are
decreasing, and the seek of other energy resources like natural or BioGaz (are very important
today). This creates a huge opportunity and large potentials for research and developments
activities in different applications like in (transport, aerospace, buildings, and industry in
general, etc).

Modeling and simulation of adsorption kinematics in adsorptive packed beds in CFD is very
important. It permits to:

1. Enhance and optimize the existing industrial systems, applied in gas separation and
storage processes, for faster and better adsorption capacity (and thus to increase the
natural gas production and storage with an enhanced quality),

2. Investigate new fields/domains of applications like indoor/outdoor air pollution re-
duction by adsorbent materials.

My scientific competences and maturity degree in each of the three research axes, in ad-
dition to the potentials behind for future emerging R&D&I technology and applications are
illustrated in figure 2.2. From the Technology Readiness Level scale (TRL) it can be observed
that research axis no.1 is more of fundamental research nature than the research axis no.2.
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The research axis no.3 is more situated as towards engineering applications and prototypes.
Figure 2.3 gives another example of my overall research profile.
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FIGURE 2.2: Author’s scientific competences and maturity degree in each of
the three research axes.
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FIGURE 2.3: Author’s research profile.

My R&D&I activities are concerned and oriented toward different research topics or key-
words as it is illustrated in figure 2.4.



38 Chapter 2. General Introduction

Physical Phenomena

understanding

problems, ideas, solutions

Tools and methods

Before Computers After Computers

Experimental
Measurements

Experimental
Measurements

Numerical
Multiscale Modeling 
& CFD Simulation

Optimization:
Trial and Error

Optimization:
Shape and

Topology Optimization

calibration
validation

Complex  thermofluid flows & systems

Concentrated non-colloidal suspensions,
Fluid flows in porous media, Heat Exchangers
(Laminar, transitional and turbulent flow regimes,

Rheology, microstructure, materials 
behavior at macro. meso. and microscopic 

scales, particle-fluid & particle-particle contacts,
shear-induced migration, lubrication, particles

mixing and separation, thin films, 
adsorption, gas separation process, 

conjugated heat transfer, 
Mass transfer, Fluid Structure Interactions,

Suspension Structure Interactions,
Energy efficiency, 

Systems overall performance, etc)

FIGURE 2.4: Overview chart of my scientific research activities domains
rounded by red color.
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Part II

My Research, Development and
Innovation Activities
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3 Non-colloidal suspension flows

3.1 Research Axis no.1: Complex-fluid flows of non-colloidal sus-
pensions

Non-colloidal suspensions (see figure 3.1) are complex-fluid flows (particulate material sys-
tems) that can be found everywhere and at different scales like in chemical, process, civil,
mechanical, geological, biological and industrial engineering applications (e.g. blood, con-
crete, oil and fuels, cosmetics, detergents, drilling muds, rivers, food processing, etc.). Thus,
understanding their flow behavior is essential for predicting different phenomena and op-
timal future designs where dense suspensions may be present (Guazzelli and Morris, 2011;
Guazzelli, 2017).

non-colloidal

 suspension

flows

Complex mobile particulate systems
used in engineering and found in nature

FIGURE 3.1: An example of complex particulate systems where non-colloidal
suspensions are present (Dbouk2018d; Dbouk, 2011; Guazzelli, 2017).

3.1.1 Rheology of concentrated suspensions : rigid spheres, isothermal, isodense
and Stokes/laminar flows regimes

"Future" might be well imagined (or predicted) if and only if the "past" or history is very
well truly known without modification ! Then the "present" constitutes only an interface
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or a link between "past"-archiving, and the actual building of the "Future". For that reason,
here some history about "Rheology" (Doraiswamy, 2002):

"Rheology" (from Greek, rheo (flow) and logia (study of)) is the Science of matter flow and
deformation behavior.

Early beginning: Starting by Archimedes around 250 B.C. scientists started working on
Ideal Materials like (Newton, 1687) who worked on Ideal Perfect Rigid Bodies. Then, Ideal
Elastic Solids have been tackled throughout the works by Young, 1807, and (Cauchy, 1827)
based on efforts by (Boyle, 1660) and (Hooke, 1678). Later by the 1700s, (Pascal, 1663) intro-
duced out the path for both (Bernoulli, 1738) and (Euler, 1755) who studied what is known
now by "Inviscid Fluids".

At the early 1800s, Newtonian-Liquids have been born and named thanks to (Navier, 1823;
Stokes, 1845) equations which can describe the motion of a fluid in a given geometry such
as a (Poiseuille, 1841). At the mid 1800s, Linear Viscoelasticity was introduced and different
Models were constituted in order to describe this behavior of liquids, thanks to (Maxwell,
1867), and (Boltzmann, 1878).

After the year 1900: non-Newtonian complex fluids (like dilute suspensions and polymers)
have been introduced and studied by (Einstein, 1906) and (Bingham, 1922; Jeffrey, 1922;
Herschel, Bulkley, and Z., 1926). During the 3rd decade of the 20th century, the science of
Rheology is named officially by E.C. Bingham during the 1920’s (Bingham, 1922) and that
lead to the foundation of society and Journal of Rheology (Bingham, 1930; Bingham, 1944).
So, this is the "Rheology" Science face that we know today, and that has been invading the
family of other sciences being the science of deformation and flow of matter (primarily soft
matter like liquids, colloids, polymers, foams, gels, granular materials, suspensions, liquid
crystals, and a number of biological materials, etc).

After the year 2000: Today, Rheology, this middle-aged science, is continuing to evolve
mainly from looking to matter at a "macroscopic scale" to looking and dealing with matter
at the "microscopic scale", with huge efforts to better describe the links between both scales
(Tanner, 2009). It is no more a single science discipline, but inter-disciplinary sciences that
can be combined completely with other sciences like Physics and Chemistry to yield new
disciplines like: Rheo-Physics, Rheo-Chemistry and Bio-Rheology, etc.

In my research axis no. 1 (1.4.6), during the last decade since 2008 i have been conducting
R&D&I activities on the Rheology of "non-colloidal concentrated suspension flows" which is
placed under the "Condensed and Soft-Matter" ERC (European Research Council) or CNRS
(National Center for Scientific Research) panels or sections . First, what kind of suspensions
i am talking about ? I am talking about non-colloidal suspensions bi-phase material made
of solid particles that are immersed in a Liquid, as shown in table 3.1 and figure 3.2. Thus,
depending on the volume fraction of particles φ = Vsolid/Vtotal and the flow conditions,
different suspension behaviors may occur as it will be shown later (V stands for Volume).

TABLE 3.1: Classification of Dispersions. (Stickel and Powell, 2005; Dbouk,
2011)

The different forces that might be present in a suspension are illustrated in table 3.2.
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FIGURE 3.2: Classification od Suspensions. (Stickel and Powell, 2005; Dbouk,
2011)

TABLE 3.2: Forces present in a suspension (Dbouk, 2011).

Some order of magnitudes in non-colloidal (or non-Brownian) suspensions being shown
in table 3.3. They are usually used when conducting non-dimensional analysis, like the
Reynolds number at the particle’s scale, the Péclet number and the Schmidt number, given
respectively by:

Rep =
ρ f a2γ̇

η f
(3.1)

Pe =
6πη f a3γ̇

κT
(3.2)

Sc =
Pe
Re

(3.3)

where the different variables were defined in table 3.2.
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TABLE 3.3: Orders of magnitude of force ratios in non-colloidal suspensions
under non-inertial flow regime. (Dbouk, 2011)

3.1.1.1 Viscometric functions of the suspension

Suspension flows behavior is described by what is known by material functions which
represent relationships between the applied stress (or forces) and deformation or shear rate.
The suspension material functions (called viscometric functions) are the suspension effective
dynamic viscosity ηS and the suspension Normal Stress Differences N1 = Σ11 − Σ22 and
N2 = Σ22 − Σ33 that can be quantified experimentally through rheometry measurements
(i.e. by rheometer instruments). Σ is the suspension stress tensor with its normal stress
components (Σ11, Σ22, Σ33) where (1, 2, 3) ≡ (x, y, z) in a 3D Cartesian frame of reference.
The stress in the carrier fluid will be denoted by Σ f , and that of particles by Σp. Similarly
for other terms where the subscripts f and p wherever appeared in this manuscript, stand
for fluid and particles, respectively.

FIGURE 3.3: Phase diagram for suspension rheology, based on a dimensional
analysis (Stickel and Powell, 2005).

If a concentrated suspension (monodisperse monodense rigid spheres) is under a flow and
isothermal conditions, scientists measured and found that the macroscopic suspension con-
tinuum behavior and its effective viscosity ηS may undergo a Newtonian and/or Non-
Newtonian behavior (shear-thinning (Vázquez-Quesada, Tanner, and Ellero, 2016), shear-
thickening (Denn, Morris, and Bonn, 2018; Morris, 2018), with non-zero N1 and N2). This
change in suspension’s behavior depends on several factors and conditions like the parti-
cles bulk volume fraction φ, the shear rate γ̇ and the Schmidt number Sc as illustrated in an
example in figure 3.3.
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FIGURE 3.4: 1.25 µm PVC particles in dioctyl phthalate (Hoffman, 1972).

Usually, non-colloidal suspensions are considered as viscous materials whose viscosity does
not depend on the shear rate (Ovarlez, Bertrand, and Rodts, 2006). But this is only valid for
some intermediate shear stress τS or shear rate γ̇ values. This is shown in figure 3.4 where
the change in the suspension viscosity behavior depends on the shear rate γ̇ and volume
fraction φ (for a suspension of 1.25 µm PVC particles) (Hoffman, 1972).

Since the suspension material functions (ηS, N1 and N2) are essential to predict the flow/deformation
behavior of these materials, then their measurements are of great importance. If measured
accurately and quantified with precision, they can be implemented in CFD codes to create
accurate continuum models for concentrated suspension flows.

Several scientists measured the suspension effective viscosity ηS versus φ and constituted
several laws/fits such as the famous law by (Krieger and Dougherty, 1959) given by:

ηS = η f (1 −
φ

φm
)−Ξ ; Ξ = −2.5φm (3.4)

where φm is the maximum packing possible volume fraction of particles that depend on the
particles nature (i.e. roughness). For hard spheres it is usually found that φm ∈ [0.58, 0.68].
Many authors constituted different laws of ηS as function of φ and φm (i.e. (Morris and
Boulay, 1999) suspension viscosity law).

N1 and N2 have been obtained from numerical simulations, or measured by several scientists
from the literature who found and all agreed that they are proportional to γ̇ such that:

N1 = −α1η f |γ̇|; N2 = −α2η f |γ̇| (3.5)

where α1 and α2 are known by the suspension normal stress coefficients.

Nevertheless the agreements on the proportionality of N1 and N2 to γ̇, the values and signs
of N1 and N2 were dispersed in the literature, with almost absent knowledge on the particles
stress tensor Σp quantification. Thus measuring these suspension material functions versus
φ constituted a huge gap in the literature in the Rhology of isodense (or neutrally buoyant)
monodisperse rigid spheres suspensions until the works by (Dbouk, 2011; Dbouk, Lobry,
and Lemaire, 2013).

In fact several authors from the literature tried to compute the suspension normal stress
differences, or to measure them via different techniques. Both situations: different signs, and
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same signs of N1 and N2 were reported (Gadala-Maria and Acrivos, 1980; Yeo and Maxey,
2010; Sierou and Brady, 2002; Deboeuf, Gauthier, Martin, Yurkovetsky, and Morris, 2009;
Couturier, Boyer, Pouliquen, and Guazelli, 2011; Zarraga, Hill, and Leighton, 2000; Boyer,
Pouliquen, and Guazzelli, 2011) in the literature ! These huge differences in the reported
and dispersed results, made it important to continue investigations for better quantification
of N1 and N2 (i.e. via more advanced measurement technologies) in order to understand the
nature behind their unclear behavior.

Thus, the measurements of the suspension normal stress differences in concentrated sus-
pensions was a big challenge for many decades due to the difficulty in achieving accurate
measurements, and the limit of the technological level of instruments. Another difficulty
lies in the fact that measuring both N1 and N2 required at least two different experimen-
tal setups (such as rheometer component modules or cells, like parallel-plates, cone-plate
and/or concentric cylinders Couette cell, inclined planes, etc).

During my first year PhD (Dbouk, 2011; Dbouk, Lobry, and Lemaire, 2013), for the first
time in the litertaure, we developed one innovative single experimental setup (mounted on
a parallel-plates rheometer), to measure the suspension α1 and α2 coefficients, in addition to
the particles normal stress components Σp

11, Σp
22 and Σp

33 (or their ratios λ2 and λ3) given by:

λ2 =
Σp

22

Σp
11

; λ3 =
Σp

33

Σp
11

(3.6)

The created innovative rotational parallel-plates rheometer technique (torsional flow), is
based on installing pressure transducers in the stationary plate (Dbouk, 2011; Dbouk, Lobry,
and Lemaire, 2013). This made it possible to measure the pressure in the liquid Pf as shown
in figure 3.5.

FIGURE 3.5: Innovative parallel-plates rotational rheometer setup mounted
by (Dbouk, 2011; Dbouk, Lobry, and Lemaire, 2013).

(Dbouk, Lobry, and Lemaire, 2013) measured the radial profile of the second normal stress,
Σ22(r) (in the velocity gradient direction) in the parallel-plate configuration. Then α1 and α2
were deduced from that profile (see, (Bird, Armstrong, and Hassager, 1977)) using:

Σ22(r) = −η f γ̇R [(α1 + 2α2)− (α1 + α2)]− pre f ; γ̇R = ΩR/h (3.7)
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where pre f is a reference pressure set to zero.

Furthermore, the pore pressure, P f is measured (Σ = Σ f + Σp; Σp = −P f I), and allowed
(when subtracted from the total normal stress Σ22) to evaluate the particle stress tensor Σp

22
using:

Σp
22 = Σ22 − Σ f

22 = Σ22 + P f (3.8)

Equation (3.7) made it possible to determine both α1 and α2 by measuring the radial profile
of Σ22 such that the slope gives the combination −(α1 + α2) and the origin ordinate gives
(α1 + α2).

The measurement new methodology developed by (Dbouk, Lobry, and Lemaire, 2013) is
summarized in figure 3.6.

f

FIGURE 3.6: Measurements methodology of the suspension viscometric func-
tions and particles stress components developed by (Dbouk, 2011; Dbouk,

Lobry, and Lemaire, 2013).

An example of these results obtained by (Dbouk, Lobry, and Lemaire, 2013) are shown in
figures 3.7 and 3.8, respectively.

All the results by (Dbouk, Lobry, and Lemaire, 2013) were obtained for suspensions of
monodisperse polystyrene beads (Dynoseeds TS, Microbeads), 40 and 140 µm in diameter,
dispersed in a Newtonian liquid (a mixture of water, UCON oil 75H90000 (Dow) (ρUCON =
1090 kg · m−3, η f = 30 Pa · s) and zinc bromide). The liquid mixture is then prepared to
match the density of the polystyrene particles (ρp ≈ 1050 kg ·m−3).

In (Dbouk, Lobry, and Lemaire, 2013), we measured the particle normal stress components
(with their ratios λ1 and λ2), and the particles normal visosity (Dbouk, Lobry, and Lemaire,
2013; Morris and Boulay, 1999) as function of φ. We found that they are all φ-dependent as
illustrated in figures 3.9, 3.10 and 3.11. This constituted an interesting new finding in the
literature, because previously λ1 and λ2 were considered both constant, as for example they
were taken by (Morris and Boulay, 1999).
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FIGURE 3.7: Linear combination of the normal stress coefficients (α1/2 +
α2)/ηS versus φ. Here ηS is normalized by η f (Dbouk, Lobry, and Lemaire,

2013).

FIGURE 3.8: Linear combination of the normal stress coefficients (α2− α1)/ηS
versus φ. Here ηS is normalized by η f (Dbouk, Lobry, and Lemaire, 2013).

In contrast to what was expected as usual from the literature, (Dbouk, 2011; Dbouk, Lobry,
and Lemaire, 2013) obtained and showed for the first time a negative value for α1 (a positive
first normal stress difference N1).

This interesting finding by (Dbouk, Lobry, and Lemaire, 2013), pushed further other sci-
entists later to ask more questions and investigate deeper. This was in order to explain
this firstly reported what they called like a "contradictory positive sign ?" of N1 (or −α1) in
non-colloidal monodisperse isodense suspensions of spherical beads that are immersed a
Newtonian liquid. A very recent seminar by Prof. (Guazelli, 2018) illustrated comparisons
between the measurements or data available for α1 and α2 as function of φ as shown in fig-
ure 3.12. This figure 3.12 shows clearly the influence of bounded versus unbounded flow on
altering the sign of the first normal stress difference coefficient α1 (Gallier, Lemaire, Lobry,
and Peters, 2016) in non-colloidal suspension flows.

Research effort are continuing to more precisely quantify the particles normal stress compo-
nents in concentrated non-colloidal suspension flows as illustrated in figure 3.13 by d’Ambrosio,
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FIGURE 3.9: Σp
22 as function of the particles volume fraction φ (Dbouk, Lobry,

and Lemaire, 2013).

FIGURE 3.10: λ1 and λ2 as function of φ (Dbouk, Lobry, and Lemaire, 2013).

FIGURE 3.11: Particles stress normal viscosity as function of φ (Dbouk, Lobry,
and Lemaire, 2013).
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FIGURE 3.12: α1 and α2 as function of φ (Guazelli, 2018). Note that here N1,2
were defined as (N1,2 = α1,2 η f |γ̇|).

Blanc, and Lemaire, 2019. The latter authors showed that the third component Σp
33 fits better

the old correlation by Zarraga, Hill, and Leighton, 2000 compared to a recent one proposed
by Boyer, Guazzelli, and Pouliquen, 2011.

FIGURE 3.13: Third particle normal stress normalized by the product of the
fluid viscosity and the local shear rate versus the local particle volume frac-
tion. The agreement with the correlation proposed by Zarraga, Hill, and
Leighton, 2000 where φ0 = 0.574 is very good (red line). In contrast, it is
not possible to represent the experimental results by the correlation obtained
by Boyer, Guazzelli, and Pouliquen, 2011 for Σp

22 together with λ3 = 1/2 (blue
line). Adopted from (d’Ambrosio, Blanc, and Lemaire, 2019).

So far, this was a part of my R&D productions that i accomplished during my PhD period at
the l’INPHYNI (Institut de Physique de Nice, University of Nice Sophia Antipolis a member

http://inphyni.cnrs.fr/fr
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of the University of Côte d’Azur). My PhD period experience (and multi national and inter-
national conferences) allowed me to gain and develop national and international research
networks, respect and reputation in the Rheology scientific community:

• National scientific collaborations and discussions with:

R&D units in France like the Mobile Particulate Systems Research Group at the IUT of
the University of Marseille (Prof. E. GUAZELLI, Prof. O. POULIQUEN and Prof. B.
METZGER, etc - a GDR (Groupe de Recherche) on Suspensions Rheology)

• International scientific collaborations and discussions with:

- The Computational Fluids Dynamics Research Group, at the American University of
Beirut (AUB) in Lebanon, Headed by Prof. MOUKALLED and Prof. M. DARWISH (in
the context of a CEDRE research collaboration program, Partnership: Hubert Curien
(PHC), French-Lebanese).

- The Complex Fluids Research Group at the Levich Institute of Technology, City Col-
lege University of New York, Headed by Prof. Jeffrey F. MORRIS.

3.1.1.2 Lubrication and frictional forces

Lubrication and frictional forces (solid-solid contacts) are very important when considering
solid and liquid mixtures. In concentrated suspensions of non-colloidal particles, studies
from the literature (Blanc, Peters, and Lemaire, 2011; Blanc, Lemaire, Meunier, and Peters,
2013; Gallier, Lemaire, Lobry, and Peters, 2016) have shown that the particles roughness
may alter the suspension microstructure as function of the concentration and the local shear
rate. The numerical modeling challenges can be described as a question : how to build
reliable and robust microscopic scale models that may project correctly the physics up to
the macroscopic scale ?

In order to deepen my knowledge and answer this question later, i conducted a first postdoc
research and development activity at the CEMEF (Center of Material Forming), Surfaces &
Tribology Research Group, Headed by Prof. Pierre MOTMITONNET at Mines-ParisTech,
Sophia Antipolis, France.

This R&D project was in the context of an industrial project funded by Arcelor-Mittal R©
R&D team (Dr. Nicolas LEGRAND), and in collaboration with Japanese researchers from
Nippon-Steel R© and Prof. Hiromi MATSUMOTO from the University of Kitakyushu, Japan.

The main mission in this Postdoc research activity was to develop (for online rolling pro-
cess) a fast model for friction control by lubrication in thin films by developing an asper-
ity deformation model at the microscopic scale (asperity scale). The lubrication theory and
models that i developed (Dbouk, Montmitonnet, and Legrand, 2014; Dbouk, Montmitonnet,
Suzuki, Takahama, Legrand, Ngo, and Matsumoto, 2014) have been applied to the lubrica-
tion (thin film of order ∼ O(1) mm) of online strip rolling process (Montmitonnet, 2006).
The mixed lubrication theory was applied representing contact mechanics between rough
bodies with thin film fluid flow (lubricant). The lubricant flow is described by a general-
ized Reynolds’ equation (that is enhanced by flow factors) (see Patir and Cheng, 1979). In
metal forming, it has been recognized that roughness crushing is dependent on the plastic
state of the underlying bulk metal, namely macroplasticity that helps asperity flattening (Mont-
mitonnet, 2006; Dbouk, Montmitonnet, and Legrand, 2014; Dbouk, Montmitonnet, Suzuki,
Takahama, Legrand, Ngo, and Matsumoto, 2014).

http://iusti.univ-provence.fr/document.php?pagendx=11200&project=iusti
https://website.aub.edu.lb/fea/fea_home/research/labs/cfd/Pages/AUB_CFD_publications.aspx
https://www.campusfrance.org/fr/cedre
https://www.campusfrance.org/fr/cedre
http://www-levich.engr.ccny.cuny.edu/~jmorris/index.html
http://www.cemef.mines-paristech.fr/staff/pierre-montmitonnet
http://www.cemef.mines-paristech.fr/staff/pierre-montmitonnet
http://www.mines-paristech.fr/Services/Annuaire/pierre-montmitonnet
https://www.kitakyu-u.ac.jp/env/lang_en/faculty/system/hiromi_matsumoto.html
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The metal solid strip is deformed in a roll-bite (a rolling zone of order ∼ O(1) mm) be-
tween two rotating cylinders (called rolls) as shown in figure 3.14. The roll-bite zone is an
elastic/plastic zone where elastoplastic deformation occurs. The originality in this model
compared with other models from literature is that it takes into account the roll deformation
with respect to the deformation of the strip at the roll-strip interface. The objective in such
rolling process is to predict friction, in order to better control (in online mode) and reduce
the solid-solid contacts severity. This is also to control and improve the final product surface
quality (the metals strip tribology) (Montmitonnet, 2006).

FIGURE 3.14: Cold metal strip rolling with thin lubrication of thickness h f
(Dbouk, Montmitonnet, and Legrand, 2014; Dbouk, Montmitonnet, Suzuki,
Takahama, Legrand, Ngo, and Matsumoto, 2014). T1 and T2 represents the

tension forces at the inlet and exit of the roll-bite, respectively.

Figure 3.16 shows the dimensionless effective friction coefficient at the roll-bite as function
of the non-dimensional lubrication film thickness H as obtained by the lubrication micro-
scopic asperity-deformation model by (Dbouk, Montmitonnet, and Legrand, 2014; Dbouk,
Montmitonnet, Suzuki, Takahama, Legrand, Ngo, and Matsumoto, 2014). The developed
asperity model (figure 3.15) was validated to the experimental measurements by (Tabary,
Sutcliffe, Porral, and Deneuville, 1996).

FIGURE 3.15: Asperity model for lubrication in thin films (see (Dbouk, Mont-
mitonnet, and Legrand, 2014; Dbouk, Montmitonnet, Suzuki, Takahama,

Legrand, Ngo, and Matsumoto, 2014)).
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FIGURE 3.16: The dimensionless effective friction coefficient at the roll-bite
as function of the non-dimensional lubrication film thickness H (see (Dbouk,
Montmitonnet, and Legrand, 2014; Dbouk, Montmitonnet, Suzuki, Takahama,

Legrand, Ngo, and Matsumoto, 2014)).

A future challenge will be how to extend this asperity modeling approach to even lower
scale to be applied as lubrication films and particles roughness models in non-colloidal sus-
pension flows.

Thus from all above, the first huge gap in the literature (3.1.1.1) was filled by quantifying
the suspension viscometric functions, explanation of N1 altering sign, importance of friction
and lubrication forces at the microscopic scale, and the measurements of the particles normal
stress components in concentrated non-colloidal suspension flows.

After all above, I was interested during my PhD (the last two years of PhD) in developing
a macroscopic (Eulerian mixture) CFD model (fed by the measured viscometric functions)
for particles transport in suspension flows (Dbouk, Lobry, Lemaire, and Moukalled, 2013)
via the Finite Volume Method (Ferziger and Peric, 2002; Versteeg and Malalasekera, 2007;
Moukalled, Mangani, and Darwish, 2015). The main mission or (benefit will be) is to pre-
dict the phenomenon of shear-induced migration in complex geometries where isodense (or
neutrally buoyant) and polydense non-colloidal suspension flows may be present as it will
be shown in the next paragraphs.

3.1.1.3 Shear-Induced Migration

What is shear-induced migration (SIM) ? When a non-colloidal suspension of neutrally
buoyant particles is under a flow, the SIM phenomenon may occur as a self-diffusion phe-
nomenon depending on the inertial forces, viscous forces, flow type, flow development
entry length (thus the geometry type), in addition to the suspension properties (viscosity,
particles roughness, particles polydispersity and the contact interactions frequency, etc).

The SIM phenomenon can be explained as a transition state towards an equilibrium. Many
researchers have been trying to accurately quantify and predict the SIM in different sus-
pension flow geometries. For example, experiments in a Couette cell showed that the SIM
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occurs from the inner to the outer cylinder, while in the parallel-plate geometry, no SIM was
observed (Chapman, 1990; Chow, Sinton, IWAMIYA, and Stephens, 1994; Merhi, Lemaire,
Bossis, and Moukalled, 2005; Bricker and Butler, 2006; Kim, Lee, and Kim, 2008).

In pressure-driven flows in channels, the SIM occurs from the wall to the centerline from a
homogeneous φ of particles at inlet toward a non-homogeneous one like in the example of
figure 3.17 (Phillips, Armstrong, Brown, Graham, and Abbott, 1992; Lyon and Leal, 1998;
Miller and Morris, 2006; Semwogerere, Morris, and Weeks, 2007). Several authors have
investigated the SIM in many different geometries like (Gadala-Maria and Acrivos, 1980;
Leighton and Acrivos, 1987a; Leighton and Acrivos, 1987b; Lhuillier, 2009; Dbouk, 2011).

γ

FIGURE 3.17: Shear-induced migration phenomenon in a pipe/channel flow.

3.1.1.4 CFD Modeling approaches of solid/liquid multiphase flows

Modeling multiphase flows (laminar and/or turbulent) in Computational Fluid Dynamics
(CFD) is a complex task due to the locally varying time and length scales in the flow. The
modeling task becomes even more complex in the case of large number of particles (e.g.
concentrated suspensions), and it is still a topic for going research and investigation. The
complexity in the modeling lies in the fact that multi-way coupling techniques must be
employed to take into account particle-particle collision/interactions that take place.

Figure 3.18 lists the different modeling approaches that can be applied in computational
Fluid Dynamics showing the increase of accuracy on the trade of an increase in the compu-
tational cost.

The advantage of the Euler-Euler Approach lies in the small computational cost compared
to the Euler-Lagrange approach. Its disadvantage lies in the validity-limit of the applied
correlations or constitutive models.

Modeling and simulation of the SIM in CFD:

For multiple years, many efforts were made to model and predict accurately the phenomenon
of SIM through Eulerian modeling mixture approach. Nevertheless the efforts by (Phillips,
Armstrong, Brown, Graham, and Abbott, 1992) based on diffusive-flux models, a huge gap
in the literature was still present because no totally physical models existed yet! For ex-
ample, the diffusive flux model principle by (Phillips, Armstrong, Brown, Graham, and
Abbott, 1992) includes numerical parameters that must be fitted for each specific case of the
suspension and flow conditions. Generally speaking, two schools in fact exist in modeling
of suspension dynamics that can predict shear-induced migration: the French school and
the American school. Both are complementary to each other. The first school tends more
towards granular rheology to describe the suspension (Boyer, Pouliquen, and Guazzelli,
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Multiphase flows
Modeling

Two-fluid 
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Model
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Mixed 
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Euler-Euler 
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Euler-Lagrange 
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FIGURE 3.18: Multiphase flows modeling approaches. DEM: Descrete Ele-
ments Method; VOF: Volume of Fluid. A focus in this manuscript is given to

the Euler-Euler approach (the Mixed Model, precisely the SBM).

2011), while the latter adopts more the liquid/solid mixture or simply the whole suspen-
sion rheology principle (Morris and Brady, 1998; Nott and Brady, 1994; Nott, Guazzelli, and
Pouliquen, 2011). Several examples in the literature showed how to well move and inter-
act between suspension rheology and granular rheology (Boyer, Guazzelli, and Pouliquen,
2011).

(Dbouk, Lobry, Lemaire, and Moukalled, 2013) followed the second school to model the
shear-induced migration in both neutrally buoyant, and polydense non-Brownian suspen-
sion flows. (Dbouk, Lobry, Lemaire, and Moukalled, 2013) applied the Suspension Balance
Model (SBM) of (Morris and Boulay, 1999; Morris and Brady, 1998; Nott and Brady, 1994;
Nott, Guazzelli, and Pouliquen, 2011) modified for the measured viscometric functions in
(Dbouk, Lobry, and Lemaire, 2013) and implemented in the open source CFD library (Open-
FOAM, 2019). OpenFOAM is a huge C++ platform based essentially on the Finite Volume
Method (FVM) (Ferziger and Peric, 2002; Versteeg and Malalasekera, 2007; Moukalled, Man-
gani, and Darwish, 2015) and C++ programming language (Stroustrup, 2013).

The SBM model is an Euler-Euler mixture model that is based on: a migration flux J that is
proportional to the divergence of the particles stress tensor Σp, such that:

J =
2a2

9η f
f (φ)[∇ · Σp] (3.9)

where f (φ) is a sedimentation hindrance function that represents the mobility of the parti-
cles phase (see (Dbouk, Lobry, Lemaire, and Moukalled, 2013)).

In the SBM model by (Dbouk, Lobry, Lemaire, and Moukalled, 2013), the equation of J
(3.9) is developed and implemented in (OpenFOAM, 2019) as a source term in a particles
transport or advection equation coupled to the continuity and momentum continuum bulk
equations to predict SIM through the variable φ (local volume fraction of particles), such
that:

∂φ

∂t
+ U · ∇φ = −∇ · J (3.10)
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where U is the suspension averaged velocity vector such that (J = φ(Up −U)) and Up the
particles averaged velocity vector (see (Nott and Brady, 1994; Morris and Boulay, 1999)).

An example of the SIM prediction, of an isodense monodisperse suspension flow in rectan-
gular cross-section channel, is illustrated in figure 3.19. The numerical results are compared
to experimental data by (Lyon and Leal, 1998). Another example for SIM phenomenon
prediction by (Dbouk, Lobry, Lemaire, and Moukalled, 2013), but in a concentric cylinders
Couette cell, is illustrated in figure 3.20.

FIGURE 3.19: Shear-induced migration prediction in a channel flow of rectan-
gular cross-section (Dbouk, Lobry, Lemaire, and Moukalled, 2013). Neutrally
buoyant monodisperse non-colloidal suspension of spherical beads in New-

tonian liquid.

The SBM solver (a first version) that i developed and implemented in (OpenFOAM, 2019)
as a new CFD solver(Dbouk, Lobry, Lemaire, and Moukalled, 2013), was intended for sim-
ple shear flows of neutrally buoyant monodisperse suspensions (where orientation of Σp

components is obligatory). Due to that restriction, i extended then the solver into a new
second version in order to account for general 2D flows of suspensions and buoyancy ef-
fects (particles-liquid density difference). This interesting contribution by (Dbouk, Lobry,
Lemaire, and Moukalled, 2013) made the orientation of the particles stress tensor compo-
nents, (Σp

11, Σp
22, Σp

22) in the directions of (velocity, velocity-gradient and vorticity, respec-
tively), to be no more an obligatory. The principle idea behind the general 2D flow modeling
of a suspension is that it can be expressed as a local flow that vary as: simple shear, exten-
sional and/or pure rotational, as illustrated in figure 3.21. For that objective, the particles
stress tensor is transformed into another general one that is rotated based on the local eigen
values/vectors of local strain rate tensor E = 0.5(∇U +∇U)T.

The CFD solver developed by (Dbouk, Lobry, Lemaire, and Moukalled, 2013) was validated
and applied to the experimental measurements case by (Rao, Mondy, Sun, and Altobelli,
2002) for viscous resuspension of polydense suspension in horizontal concentric cylinders
Couette cell as shown in figures 3.22 (CAD geometry in CFD) and 3.23 (transient CFD results
for resuspension and mixing).

My numerical programming and developments in the early versions of the (OpenFOAM,
2019) CFD platform in C++ (Stroustrup, 2013) were later rewarded after six years by the
Foam-U French Association prize : "Best PhD thesis in France in CFD, developed within
(OpenFOAM, 2019)".

http://foam-u.fr/
https://www.facebook.com/IMTLilleDouai/posts/1235054676609843
https://www.facebook.com/IMTLilleDouai/posts/1235054676609843
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FIGURE 3.20: Shear-induced migration prediction in a concentric cylinders
Couette cell rotational flow (Dbouk, Lobry, Lemaire, and Moukalled, 2013;
Phillips, Armstrong, Brown, Graham, and Abbott, 1992; Morris and Boulay,
1999). Neutrally buoyant monodisperse non-colloidal suspension of spherical

beads in Newtonian liquid. Stationary mesh or grid.

FIGURE 3.21: General 2D suspension flow is expressed as: simple shear, ex-
tension and rotation (Dbouk, 2011; Dbouk, Lobry, Lemaire, and Moukalled,

2013).

3.1.1.5 Suspension Structure Interaction: a step towards dynamic multiscale modeling

We have seen in the previous section the dynamics of suspensions as continuum media
that has been well quantified experimentally in the literature for isothermal suspensions of
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FIGURE 3.22: Geometry and boundary conditions (Dbouk, 2011; Dbouk, Lo-
bry, Lemaire, and Moukalled, 2013; Rao, Mondy, Sun, and Altobelli, 2002).

FIGURE 3.23: Resuspension evolution after several turns of the inner cylinder
(Dbouk, 2011; Dbouk, Lobry, Lemaire, and Moukalled, 2013; Rao, Mondy,
Sun, and Altobelli, 2002). [(a1), (a2)] 0 turn; [(b1), (b2)] 45 turns; [(c1), (c2)] 135
turns and [(d1), (d2)] 225 turns. ρi

p/ρi
f = 0.94, a = 397 µm, η f = 0.588 Pa · s.

monodisperse spherical beads. Moreover, a macroscopic model based on the SBM model
has been developed for SIM and particles transport prediction in general 2D suspensions
flows. The advantages of the macroscopic scale modeling approach in CFD, on Eulerian
stationary grids or meshes, is that it permits computations of a large number of particles
(≈ O(106)) transport in the carrier liquid at a very low computational cost. The number of
particles n can be estimated using (n = 3φ

4πa3 V) where V represents the total mixture volume
being in consideration.

Nevertheless the huge advantages behind the continuum modeling at a macroscopic scale,
the numerical modeling of a suspension at a microscopic scale (Euler-Lagrange) is still nec-
essary and constitutes a huge gap in the literature. It is important because, it can provide
a deeper vision and thus more understanding of the physics at the particles’ scale (particle-
particle contact), which can be then extended to the macroscopic scale where the macro
models prediction accuracy can be then enhanced. In (Dbouk, Perales, Babik, and Mozul,
2016), we investigated Fluid Structure Interaction (FSI) and conducted R&D on the numer-
ical modeling and simulation at the particles’ scale by implementing a direct-forced Im-
mersed Boundary Method (IBM) (Peskin, 1972; Peskin, 1977) in (“PELICANS software plat-
form”) in order to account for the FSI forces between the solid particles and the surrounding
fluid.
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To solve the particle-particle contacts or interactions at the particles’ scale, in (Dbouk, Perales,
Babik, and Mozul, 2016) we applied the non-smooth contacts dynamics method (NSCDM)
that was developed by (Jean, 1999). We then coupled the (“PELICANS software platform”)
framework to a Contact-Mechanics framework named LMGC90 (F Dubois, 2006) such that
the resulting CFD-NSCDM package was named Xper (Dbouk, Perales, Babik, and Mozul,
2016; Perales, Dubois, Monerie, Mozul, Babik, Dbouk, and Monod, 2015).

The coupling algorithm based on the IBM that i developed and the resulting software (named
"Xper" (Perales, Dubois, Monerie, Mozul, Babik, Dbouk, and Monod, 2015; Dbouk, Perales,
Babik, and Mozul, 2016)), were a success story after several scientific discussions and col-
laborations with many scientists in several national institutions, like:

• 1 - the Scientific Computation Research Group Headed by Prof. F. DUBOIS (LMGC,
Laboratory of Mechanics and Civil Engineering, University of Montpelier).

• 2 - the Laboratoire de physique et de thermomécanique des matériaux (LPTM) at the
IRSN, the Institute of Radio-protection and Nuclear Safety, Cadarache, France.

The collaborations between the above research units (1 and 2) and others, were in
the context of a huge research group named Mist (Laboratoire de Micromécanique et
Intégrité des Structures).
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FIGURE 3.24: Xper: PELICAN-LMGC90 coupling algorithm (“PELICANS
software platform”; F Dubois, 2006; Dbouk, Perales, Babik, and Mozul, 2016;
Perales, Dubois, Monerie, Mozul, Babik, Dbouk, and Monod, 2015). η is the
numerical parameter that defines a fluid/solid element cell on the computa-
tional grid. FFSI is the fluid/structure interaction force and us the immersed

solid body velocity at its mass center, and u the fluid velocity.

Validation results for Xper are obtained for a 3D settling sphere problem such that the veloc-
ity values are found to be in good agreement with data from the literature (Cate, Nieuwstad,
Derksen, and Akker, 2002; Wachs, 2010) as shown in figure 3.25.

Additionally, in (Dbouk, Perales, Babik, and Mozul, 2016), we investigated the influence
of imposing a numerical fluid cells film, around two identical settling cylindrical particles
in a stationary fluid, on the particle-particle contacts and dynamics behavior. This is an
important point, because usually many authors in literature have the habit to impose this

http://www.lmgc.univ-montp2.fr/index.php?page=pageperso&id_user=19&lang=fr
https://www.irsn.fr/FR/Larecherche/Organisation/equipes/surete-nucleaire/LPTM/Pages/Laboratoire-physique-thermomecanique-materiaux.aspx
https://www.irsn.fr/FR/Larecherche/Organisation/equipes/combustible-situations-accidentelles/mist/Pages/Laboratoire-micromecanique-integrite-structures-3775.aspx
https://www.irsn.fr/FR/Larecherche/Organisation/equipes/combustible-situations-accidentelles/mist/Pages/Laboratoire-micromecanique-integrite-structures-3775.aspx
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FIGURE 3.25: Settling velocity of a sphere in viscous fluid (Cate, Nieuwstad,
Derksen, and Akker, 2002; Wachs, 2010; Dbouk, Perales, Babik, and Mozul,

2016)

numerically to reduce numerical instabilities by adding a virtual-lubrication-like thin film
protection layer. Interestingly in (Dbouk, Perales, Babik, and Mozul, 2016) i showed that,
imposing this numerical fluid ring (of thickness of the order of a one mesh space) around
the particle to neglect friction alters the particles trajectories as illustrated in figures 3.26 and
3.27.

(a) With fluid ring (b) Without fluid ring

Figure 1: 2D Settling of two cylinders initially aligned vertically and on-
centerline at t = 0s, t = 0.5s, t = 1s, t = 1.5s, t = 2s, t = 2.5s and
t = 4s

1

FIGURE 3.26: Settling of two cylinders (Dbouk, Perales, Babik, and Mozul,
2016)

This is an interesting new finding in the literature concluding that: imposing even a small
fluid ring, the resulting dynamics is different from the real dynamics. Thus, this point must
be taken with care, because it contributes to the final macroscopic behavior when many
particles enter in contact, such as in non-colloidal suspensions flows.

The DF-IBM developed for pure-fluids in (Dbouk, Perales, Babik, and Mozul, 2016) is then
extended in (Dbouk, 2016) to account for immersed rigid bodies in concentrated suspen-
sion flow. (Dbouk, 2016) introduced to the scientific community, for the first time, a dy-
namic multiscale modeling approach, on Eulerian stationary grids, with a new terminol-
ogy named "Suspension Structure Interaction (SSI)" as illustrated in figure 3.28.
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FIGURE 3.27: Settling of two cylinders: trajectories of particles shown in fig-
ure 3.26 (Dbouk, Perales, Babik, and Mozul, 2016)

FIGURE 3.28: Suspension Structure Interaction (SSI) between a concentrated
suspension and a rigid immersed body (Dbouk, 2016)

The SSI solver developed by (Dbouk, 2016) and implemented in the (OpenFOAM, 2019)
C++(Stroustrup, 2013) CFD platform is then applied to investigate for the first time the in-
fluence of a concentrated neutrally buoyant suspension flow of monodisperse beads, on the
drag and lift coefficients of a stationary immersed cylinder in a Poiseuille flow. Figure 3.29
shows an example for the numerical results obtained by (Dbouk, 2016).

Moreover, in (Dbouk, 2016), the SSI solver was interestingly applied to investigate a new
phenomenon from the literature observed experimentally by (Haddadi, Shojaei-Zadeh, Con-
nington, and Morris, 2014) in a suspension flow over an immersed stationary cylinder inside
a microchannel (neutrally buoyant particles). As shown in figure 3.30, (Haddadi, Shojaei-
Zadeh, Connington, and Morris, 2014) observed that the wake region behind the cylinder
witnesses a pure-fluid wake (with recirculation and particles trap-release) that can extend
depending on the flow inertia or the Reynolds number.

The SSI continuum solver in (Dbouk, 2016), captured well the pure-fluid wake extension
phenomenon that was observed experimentally by (Haddadi, Shojaei-Zadeh, Connington,
and Morris, 2014) as it is illustrated in figure 3.31.

This SSI solver will be applied in further research activities such as investigating other
applications and possible phenomena that may appear when studying non-colloidal sus-
pensions flows with suspension structure interactions (both numerical and experimental
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FIGURE 3.29: Drag and average lift coefficients acting on a stationary cylinder
immersed in a concentrated suspension flow in a channel (see (Dbouk, 2016))

FIGURE 3.30: The experimental observation of the flow of a φbulk = 0.084
suspension of neutrally buoyant particles over a cylindrical obstacle confined
in a microchannel at (a) Re = 60, (b) Re = 120 and (c) Re = 300. It should be
noted that because of the geometry of the channel, which is similar to a Hele-
Shaw cell, the onset of vortex shedding is larger than that in uniform flow over
a circular cylinder, i.e. Recr ≈ 55 (Bearman and Zdravkovich, 1978; Zovatto
and Pedrizzetti, 2001). Figure from (Haddadi, Shojaei-Zadeh, Connington,

and Morris, 2014).

investigations).

FIGURE 3.31: Numerical results for the flow of a suspension of neutrally
buoyant particles over a cylindrical obstacle confined in a microchannel (see

(Dbouk, 2016))
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3.1.2 Rheology of concentrated suspensions : Introducing non-isothermal situa-
tions

So far, we have seen in the above sections that literature is rich with numerous research and
development activities conducted on the Rheology of isothermal non-colloidal suspensions,
both experimentally and numerically. However, by the early of 2018, (Dbouk, 2018a) payed
attention surprisingly that the scientific community has not been giving yet enough atten-
tion to heat transfer in non-colloidal suspension flows of monodisperse particles immersed
in a Newtonian liquid. This was identified as a huge gap in the literature that should be
filled as soon as possible. The only experimental works on this topic identified from the lit-
erature are those by (Metzger, Rahli, and Yin, 2013), and numerically by (Wu, Zhou, Aubry,
Antaki, and Massoudi, 2017).

Nevertheless the important numerical efforts by (Wu, Zhou, Aubry, Antaki, and Massoudi,
2017), their modelling was neither 100% correct nor complete. (Wu, Zhou, Aubry, Antaki,
and Massoudi, 2017) did not consider the influence of the shear rate γ̇ , volume fraction
φ and Péclet number (Ped p = γ̇d2

p/α f ) on the suspension effective thermal properties as
observed experimentally by (Metzger, Rahli, and Yin, 2013).

In (Dbouk, 2018a), I was the first to propose a more complete modeling in CFD (thanks to old
measurements on porous materials by Eucken, 1932; Russell, 1935; Ribaud, 1937; Sugawara
and Yoshizawa, 1961; Sugawara and Yoshizawa, 1962). My CFD model was validated, after
comparing my numerical results to those obtained experimentally by (Metzger, Rahli, and
Yin, 2013) as illustrated in figure 3.32.

FIGURE 3.32: Numerical results for the dimensionless suspension effective
thermal diffusivity as function of φPe (Dbouk, 2018a; Metzger, Rahli, and Yin,

2013). α∗ = αsusp.(γ̇)/αsusp.(γ̇ = 0)

The new CFD solver, developed in (Dbouk, 2018a), is then applied to investigate heat trans-
fer enhancement in channels by means of a suspension flow inside a square cross-section
conduit of aspect ratio L/Dh = 800. Interesting numerical CFD results were obtained as
it can be seen from figures 3.33 and 3.34 showing that non-colloidal suspensions may con-
tribute well to heat transfer enhancement depending on the particles/fluid thermophysical
and concentration properties, and the geometry or flow regime conditions. An advantage
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FIGURE 3.33: Suspension flow in a square cross-section channel of aspect ratio
L/Dh = 800. Local thermal properties at the steady-sate for different initial

φbulk values: (a) Local Nusselt number; (b) Local heat transfer coefficient.
The initially applied simulation data are: kp/k f = 5; n = 1; C1 = 2.3; C2 =

50 K; Tc = 180 K; dp = 100 µm; η f i = 8 · 10−7 m2 · s−1; Tf i = 293 K; β0 =

3 · 10−4 K−1; ρ f = ρp = 1180 Kg ·m−3; Cp f = Cp p ≈ 1 KJ · Kg−1 · K−1. From
(Dbouk, 2018a)

of using non-colloidal suspensions as cooling or heating fluids is that they are not harmful
to human respiratory system compared to their nano-fluids counterpart.

FIGURE 3.34: Snapshots of the local temperature at four different cross-section
locations along the flow direction at the steady-sate for different initial φb val-

ues.
The initially applied simulation data are: kp/k f = 5; n = 1; C1 = 2.3; C2 =

50 K; Tc = 180 K; dp = 100 µm; η f i = 8 · 10−7 m2 · s−1; Tf i = 293 K; β0 =

3 · 10−4 K−1; ρ f = ρp = 1180 Kg ·m−3; Cp f = Cp p ≈ 1 KJ · Kg−1 · K−1. From
(Dbouk, 2018a).

This non-isothermal innovative CFD solver by (Dbouk, 2018a) has huge potentials for
future R&D&I activities, for example for investigating other applications like new cool-
ing or thermal insulation techniques by using non-colloidal suspension flows like in the
very recent work in (Dbouk, 2019b) that will be described later.

The developments by (Dbouk, 2019b) constituted a key success element to found a new axis
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on microfluidics and to collaborate with the BioMEMS Research Group represented by Prof.
Vincent THOMY (who is co-directing a common PhD project that started on March 2019 by
the PhD student M. Masoud MOAZZEN on the cooling of electronic components by using
non-colloidal suspension flows). The BioMEMS group develops advanced technological
solutions dedicated to biosensors, microfluidics for handling and studying bio-species and
solutions to control surface wettability.

3.1.3 Rheology of non-colloidal suspensions: a continuing large field for re-
search and development

The variety of types of non-colloidal suspensions (like Newtonian vs non-Newtonian liquid
carrier (i.e. Yield-stress fluids), particles shape (spheres, fibers,..), particles polydispersity,
flow type, etc) constitute a large scientific discipline for future research, development, and
innovation where new studies can take place and emerge everyday. For example, mov-
ing from shearing flows to extensional or oscillatory flows, moving from spheres to fibers,
moving from monodisperse to polydisperese systems, very recent research activities have
been emerging in order to explore and deepen our understanding of the Rheology of non-
Brownian suspensions at different scales (A Franceschini, 2014; Snook, Davidson, Butler,
Pouliquen, and Guazzelli, 2014; Ovarlez, Mahaut, Deboeuf, Lenoir, Hormozi, and Chateau,
2015; Gamonpilas, Morris, and Denn, 2016; Bounoua, Lemaire, Férec, Ausias, and Kuzhir,
2016; Tapia, Shaikh, Butler, Pouliquen, and Guazzelli, 2017; Seto, Giusteri, and Martiniello,
2017; Tanner, 2018; Butler and Snook, 2018).

In my opinion, the Rheology of non-colloidal suspensions is still a huge discipline in Rhe-
ology science for R&D&I with many research gaps to be filled during the next decade. This
constitutes a huge potential for further R&D&I activities that if conducted at the IMT Lille
Douai, would contribute well and enhance the overall scientific network and reputation
of our department or research unit. This creates huge potential for future fundings attrac-
tions like additional industrial partners and the recruitment of junior researchers (post-docs,
PhD’s, Master’s, research engineers, etc).

Finally, i am still continuing several R&D activities and developments, on this research
Axis 1 that have huge potentials for future innovations and scientific collaborations with
national/international research units. The potentials behind this research Axis 1 are pre-
sented and discussed in chapter 4.

https://www.iemn.fr/la-recherche/les-groupes/biomems
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4 Shape and Topology Optimization

4.1 Research Axis no.2: Topology optimization and design of com-
plex thermofluid flow systems

Today, heat exchangers or thermofluid flows and heat transfer systems can be found every-
where such as in industrial or domestic heat exchangers (in home, vehicle radiators, etc),
electronic devices, aerospace and automotive industries, chemical engineering process, sub-
marines, rockets, satellites, process and food engineering, etc.

So, Design and optimization of thermofluid engineering devices to obtain better designs
that are more compact with less mass, less frictional losses and increased overall thermal
efficiency has been always a vital topic for R&D&I (Gero, 1985; Bertsekas, 1999). Design op-
timization has been very well developing the last decade thanks to the progress in computa-
tional power and technology (i.e. High Performance Computing (HPC), Cloud Computing,
Computing via Graphical Processing Units (GPU), Artificial Intelligence(AI), etc) in order
to improve the existing designs or create directly optimal intelligent ones (Bendsøe and Sig-
mund, 2004; Shah and Sekulić, 2007) and thus overcome the socioeconomic challenges (Diaz
and Murnane, 2008) efficiently. This is also important if we would like to follow correctly
the next decade energy strategies as defined by the European Union (i.e. less waste ma-
terials, energy efficient systems, less pollutant emissions, etc). One excellent solution that
may contribute well to the accomplishment of these EU objectives is Shape and Topology
Optimization (TO) which fit well in the R&D&I activities at the CERI-EE2 at the IMT Lille
Douai.

An example of shape versus topology optimization applied to solid mechanics (a struss
structure) is shown in figure 4.1. Another example but applied to CPU cooling heat sink
design is illustrated in figure 4.2. Topology optimization has been very well developed for
solid mechanics applications, but not yet well developed for thermofluid applications (see
Dbouk, 2017a).

Topology optimization is very expensive computationally compared to shape and size op-
timization due to a larger number of degrees of freedom (design variables). However, an
optimal design obtained through a shape optimization process may serve as an important
starting point for a topology optimization design process.

4.1.1 Shape Optimization Design

4.1.1.1 Vortex generators

The objective in this research activity is to find different optimal designs of vortex gener-
ators (VG) through shape optimization techniques in CFD. The goal is to enhance mixing

2Centre d’Enseignement, de Recherche et d’Innovation Energie et Environnement



68 Chapter 4. Shape and Topology Optimization

FIGURE 4.1: Size, shape and topology optimization. The initial problems are
shown at the left side and the optimal solutions are shown at the right side.

Adapted from Bendsøe and Sigmund, 2004.

FIGURE 4.2: Optimization of a CPU heat sink.

and heat transfer in channel flows at an acceptable cost of pressure drop by finding opti-
mal VG designs that adapt to flow regime (e.g. laminar, turbulent, forced, free and mixed
convection, etc).

Optimization techniques in CFD based on Surrogated-based-Models (or surface response
methods), Machine Learning (ML) or Artificial Intelligence (AI) methods (L. Hertel, 2018;
Red-Cedar-Technology, 2016) have been investigated in this purpose. A research project
in this context is the PhD of M. Hassan KARAKABA, co-supervised by the author (at
30%) with Dr. Serge RUSSEIL (25%), Dr. Charbel HABCHI (25%) from NDU University
in Lebanon, Prof. Daniel BUGEARD (10%), and Prof. Thierry LEMENAND (10%) from
Angers University.

The objective in the PhD project of M. Hassan KARAKABA is to find different optimal de-
signs of vortex generators as shown in figure 4.3 (for heat transfer intensification) where
each design can perform in an optimal way depending on the type of the flow regime (H.
Karkaba, Dbouk, Habchi, Russeil, Lemenand, and Bougeard, 2019).

This PhD project is funded as 50% from IMT Lille Douai and 50% from LIU University
of Lebanon. M. Hassan KARAKABA is now at the end of his first year PhD. The main idea
behind vortex generators to enhance heat transfer is that by perturbing the flow dynamics to
create local transitional phenomena. The latter enhance the fluid flow vortices creation that
induce heat transfer intensification enhancement (compared to similar flow but in empty
channels).
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Of course the challenge is to enhance heat transfer but at an acceptable cost in pressure drop
augmentation (e.g. a Thermal Enhancement Factor (TEF) ζ > 1). The TEF ζ is defined as :

ζ = (Nu/Nu0)( f / f0)
−1/3 (4.1)

The subscript 0 stands for the empty channel geometry, and the local Nusselt number Nux
is defined as:

Nux =
hx × Dh

k
(4.2)

The global Nusselt number Nu(= ¯Nux) (used in eqn. 4.1) is obtained after integrating Nux
along the flow direction and at different sections between inlet and outlet.

Dh is the hydraulic diameter of the channel, h the heat transfer coefficient integrated from
local hx along the flow direction (mass flow averaged), and k the thermal conductivity.

The local heat transfer coefficient hx inside the channel is defined as the following:

hx =
q”x

Tw − Tx
(4.3)

where q”x is the computed boundary heat flux, Tx the computed temperature at each section
position and TW the imposed wall temperature.

The local friction coefficient fx is defined as the following:

fx =
Px − Pin

ρu2
H
L

(4.4)

The effective friction factor f is computed by integrating fx at different sections along the
flow direction between inlet and outlet.

In the PhD of H. KARKABA, two optimization methods have been investigated: a sweep
method (with no optimization algorithm), and a SHERPA R©(L. Hertel, 2018; Red-Cedar-
Technology, 2016) artificial intelligence optimization search algorithm. The obtained Pareto-
frontier results are illustrated in figures 4.4 and 4.5 for a forced convection and laminar
flow regime (at Re = 1020). The optimal design (OD) obtained is shown in table 4.1 with
comparisons to previous designs from the literature T. and Li, 2018; Tian, He, Lei, and Tao,
2009 comparing Diagonal Vortex Generator (DVG), Rectangular Vortex Generator (RVG),
Delta Winglet Pair (DWP) and Rectangular Winglet Pair (RWP).

In the SHERPA R© artifical intelligence method, a wide range of the design parameters is
investigated by taking a smaller parameter intervals for the predefined parameters. Each
vortex generator design CFD case was run on 64 processors in parallel, and required ap-
proximately t = 6 min. as a computational time to reach the steady state. As for the compu-
tational time, the SHERPA R© method obtained the optimal design after computing a total of
1516 design cases. Using SHERPA R© method, the overall computational time of the Pareto
frontier designs was reduced by a factor of 6.18 (compared to the Pareto frontier obtained
by the sweep method and that required much more number of design cases).
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vortex generator

FIGURE 4.3: Shape optimization in CFD of a vortex generator showing the de-
sign variables in red color. From H. KARKABA PhD 2018/2021 (H. Karkaba,
Dbouk, Habchi, Russeil, Lemenand, and Bougeard, 2019). Flow direction is

along the x-axis.

N
u

FIGURE 4.4: Pareto-frontier of the shape optimization of vortex generator (H.
Karkaba, Dbouk, Habchi, Russeil, Lemenand, and Bougeard, 2019) showing
the effective Nusselt number versus the effective friction factor for the differ-
ent designs. Results from the PhD of H. KARKABA using multigroup sweep

method without an optimization algorithm.
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FIGURE 4.5: Pareto-frontier of the shape optimization of vortex generator (H.
Karkaba, Dbouk, Habchi, Russeil, Lemenand, and Bougeard, 2019) showing
the effective Nusselt number versus the effective friction factor for the dif-
ferent designs. Results from the PhD of H. KARKABA using the artificial
intelligence (IA) optimization search algorithm SHERPA R© (L. Hertel, 2018;

Red-Cedar-Technology, 2016).

Optimum Present Design (H. KARKABA et al. 2019)

Comparison to previous Designs from the literature

TABLE 4.1: Design parameters of the optimal design (OD) vortex generator
obtained by (H. Karkaba, Dbouk, Habchi, Russeil, Lemenand, and Bougeard,
2019) compared to the designs obtained by (T. and Li, 2018) and (Tian, He,
Lei, and Tao, 2009). Results from the PhD of H. KARKABA using the artificial
intelligence (IA) optimization search algorithm SHERPA R© (L. Hertel, 2018;

Red-Cedar-Technology, 2016).

4.1.1.2 Vortex generators: from micro to macro, a deep understanding of the induced
transition to turbulence

The objective in this research activity is to analyze (from a microscopic to a macroscopic
scale), both numerically and experimentally, heat transfer enhancement in channels using
vortex generators. The purpose is to own a deep understanding of the induced transition
to turbulence phenomena while employing VG inside empty channels. This will help us
to propose optimal heat exchangers (HE) configurations to be applied in the automotive
industry for a wide range of HE functionality conditions interval (e.g. different temperature
difference, Reynolds numbers, indutrial constraints, etc).

The PhD of M. Hatim BELKHOU (at 30%) started on January 2017 lies in this context (A
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confidential PhD project where the defense is expected on January 2020). This PhD project
is funded by VALEO R© Thermal Systems Research Group in the context of a 6-years indus-
trial "chair NEO R©" between our research unit and VALEO R©. This project (co-supervised
by the author at 30%) is in internal scientific collaboration and partnership with the col-
leagues: Prof. Daniel BOUGEARD (PhD director), Dr. Serge RUSSEIL and Dr. Mohammed
MOBTIL at IMT Lille Douai, and in external collaboration with M. Nicolas-Yoan FRANCOIS
at VALEO R© Thermal Systems Research Group, Paris (La Verrière).

Several work packages (WP) have been defined and investigated in the PhD of M. Hatim
BELKHOU as the following:

• Conduct CFD shape optimization on heat exchangers (HE) for better thermal perfor-
mance enhancement and pressure drop reduction (via RANS turbulence modeling ap-
proaches) (Dbouk, 2018c; Dbouk, 2018d).

• Conduct Large Eddy Simulations (LES) for turbulence (Lesieur, Métais, and Comte,
2005; Hinze, 1975) to quantify transitional flow induced by micro-ramp-roughness el-
ements, to be applied in specific HE designs for the automotive industry. The main
goal here is to validate a numerical methodology based on LES technique, by compar-
ing numerical CFD results to experimental data obtained recently by tomographic PIV
(Ye, Schrijer, and Scarano, 2016b; Ye, Schrijer, and Scarano, 2016a).

• Conduct new experimental measurements to validate the numerical models applied
above but extended for turbulent flows with heat transfer (via inverse method mea-
surements techniques).

• Finally, propose innovative solutions coupling macro and micro ramp structures fro
better heat transfer and pressure drop reduction.

According to the above mentioned work packages, LES simulations were conducted by
(Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François, 2018; Belkhou, Russeil, Dbouk,
Mobtil, Bougeard, and François, 2019) in order to induce transitional flow to turbulence by
micro-ramp-surface roughness rigid elements as shown in figure 4.6.

Preliminary results are obtained in (Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François,
2019; Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François, 2018) through Large-Eddy-
Simulations (Lesieur, Métais, and Comte, 2005; Hinze, 1975) using a CFD commercial soft-
ware. We found numerically that the backflow region behind the micro-ramp (x/h ≤ 4)
is dominated by the trailing edge pair of vortices, with a quasi-steady behavior without
any significant fluctuations. However, Kelvin-Helmholtz instabilities appear downstream
(x/h=5), and lead to vortex structures formation and fluctuations in the upper shear layer.
These fluctuations were in agreement with the presence of a momentum deficit (or inflection
point) illustrated in figure 4.7.

Moreover, as show in figure 4.8, a hairpin vortex system is formed behind the micro-ramp.
These structures are composed of a head portion and a leg portion. Moving downstream,
the swirling hairpin vortices are stretched, distorted and then break down such that their
geometrical shape moves from hairpin to ring. These vortex structures observed numeri-
cally in (Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François, 2018) are in good agree-
ment with the experimental PIV (Particles Image Velocimetry) observations published by
(Ye, Schrijer, and Scarano, 2016b; Ye, Schrijer, and Scarano, 2016a).

The contours visualization of the non-dimensional mean velocity superimposed with pro-
jected streamlines at three streamwise positions y-z(x/h=5, 15, 25) are shown in figure 4.9.
Our present LES simulations were compared to recent experimental data obtained by (Ye,



4.1. Research Axis no.2: Topology optimization and design of complex thermofluid flow
systems

73

B
la

si
u

s 
p

ro
fi

le Uinlet

ou
tl

et

air flow

micro-ramp
surface 

roughness 

x
y

?h

micro-ramp-induced transition

Laminar
Turbulent

Laminar
sublayer

FIGURE 4.6: Micro-ramp-induced transition to turbulent flow. From
(Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François, 2019; Belkhou,

Russeil, Dbouk, Mobtil, Bougeard, and François, 2018).

FIGURE 4.7: Profiles of mean streamwise velocity component in the center
plane at three positions: x/h = 5; 15; 40. From (Belkhou, Russeil, Dbouk,

Mobtil, Bougeard, and François, 2019).

Schrijer, and Scarano, 2016b; Ye, Schrijer, and Scarano, 2016a). The corresponding cross-
sectional contours of streamwise velocity fluctuations are illustrated in figure 4.10.

After the PhD of M. Hatim BELKHOU, another PhD is expected to take place early 2020 on
the topic of topology optimization, that will be introduced later as a more advanced opti-
mization technique, for designing innovative HE designs to be applied in the automotive
industry (it will be a second PhD to be funded by the industrial partner Valeo R© in the
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FIGURE 4.8: Instantaneous flow organization color coded by u/u∞; (a,b) per-
spective views at precise streamwise locations. (left) experiment by Ye, Schri-
jer, and Scarano, 2016b; (right) present LES results. From (Belkhou, Russeil,

Dbouk, Mobtil, Bougeard, and François, 2018).

FIGURE 4.9: Color contours visualization of the non-dimensional mean veloc-
ity superimposed with projected streamlines at three streamwise positions y-z
: x/h=5, 15, 25. (TRP) trailing-edge pair, (SP) secondary pair. Adopted from

(Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François, 2019).

context of our industrial chair NEO R©).
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FIGURE 4.10: Cross-sectional contours of streamwise velocity fluctuations.
Adopted from (Belkhou, Russeil, Dbouk, Mobtil, Bougeard, and François,

2019).
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4.1.2 Topology Optimization: Definition, Challenges and Techniques

Topology Optimization (TO) is a recent and emerging methodology (or science or technol-
ogy) that is not very well developed yet in the optimization of conjugate heat transfer sys-
tems or devices as shown in figure 4.11 from a recent literature review article by (Dbouk,
2017a). This makes it a huge field or discipline for investigations, developments and thus
with huge potentials for innovations, especially today thanks to the 3D-printing techniques
that can fabricate any complex design (Zegard and Paulino, 2016).

FIGURE 4.11: Number of publications for topology optimization heat transfer
systems (Dbouk, 2017a).

TO optimization is about creating a design in an optimal manner by filling some initial
volume with material points to constitute and build this optimal design (of course for pre-
defined objective functions and problem constraints) (Bendsøe and Sigmund, 2004). Mathe-
matically speaking, a TO problem can be written as the following:


min. f0(x) such that :

Gi(x) = 0, ∀i = 1, 2, ..., m
Rk(x) ≤ 0, ∀k = 1, 2, ..., e

x ∈ X

 (4.5)

where x = (x1, x2, ..., xn)T ∈ Rn are called the design variables of n degrees of freedom
(DOE).

X = x ∈ Rn|xj
min ≤ xj ≤ xj

max, j = 1, ..., n (xj
min ≤ xj

max). The design variable vector x is
thus bounded numerically such that its final value represents only one value, either xmin or
xmax. This can be seen as design variables interchanging between continuous and discrete
variables nature. Going from continuous to discrete design variables is usually achieved via
interpolation or penalization techniques like the Solid Isotropic Material with Penalization
(SIMP) technique (Bendsøe and Sigmund, 2004), Level-Set Methods (Allaire, Jouve, and
Toader, 2004; Dugast, Favennec, Josset, Fan, and Luo, 2018), coupled methods (Xia, Shi, and
Xia, 2018), etc. f0, Gi, Rk are real-valued twice continuously differentiable functions.

G1, G2, ..., Ge represents the state equations or "equality constraints" for the physical prob-
lem to be solved. In case of a pure steady heat conduction example, [G] is then the steady
heat conduction equation. In case of TO problem applied to fluid flows with no heat trans-
fer, then [G] should represent the mass and momentum conservation system equations, etc.
Moreover, [R] represents "inequality constraints" that can be defined in different manners
depending on user objectives. For example, for imposing a certain maximum volume frac-
tion of a material in the domain, [G] will be then just a maximum volume input percentage
to be satisfied under an inequality constraint.
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4.1.2.1 Optimization problems solving : Iterative Methods

In optimization, there are three basic iterative approaches to find a local or global minimum
of an objective function (Bertsekas, 1999): A: the line-search strategy approaches, B: the
trust region approaches and C: Coupled approaches.

A, B and C methods can be applied directly to unconstrained optimization problems. How-
ever, they can be applied to constrained optimization problems but after doing specific treat-
ments and obeying necessary conditions (i.e. Lagrangian multipliers, Augmented Lagrangian
multipliers, KKT (Karush-Kuhn-Tucker) conditions for equality and/or inequality constraints,
etc.).

A- Line search strategy approaches (Classical or old Methods):

Named Line-search approaches which first choose a step direction and then a step size. Such
methods obtain a search direction in each iteration, and search along this direction to obtain
a better point. The search direction is a descent direction, normally computed by solving
a subproblem that approximates the original optimization problem near the current iterate.
Therefore, unless a stationary point is reached, there always exist better points along the
search direction.

• Gradient-based methods: All methods that require the gradient (and/or higher or-
der gradients) or their approximations. Some examples are: Secant Method (which is
a Quasi-Newton method); Steepest Descent or Gradient Descent method; Newton’s
method; Quasi-Newton’s methods. When a Gradient-based method is applied, usu-
ally a local optimum will be found.

• Gradient-free methods: All methods that neither require the gradient nor its approx-
imation (i.e. Evolutionary Algorithms (EA) like Genetic Algorithms (GA), etc.). An
example is the Bi-Section method (two starting points are needed).

B- Trust Region strategy approaches (More Recent Methods):

Named Trust region approaches which first choose a step size (the size of the trust region)
and then a step direction (see Wenyu and Ya-Xiang, 2006; Bertsekas, 1999; Harth, Sun, and
Schafer, 2007). Trust region algorithms (TRA) are a class of relatively new algorithms. The
trust region approach is strongly associated with approximation (a solution of the approxi-
mate model can be taken as the next iterate point). In fact, most line search algorithms also
solve approximate models to obtain search directions. However, in a TRA, the approximate
model is only “trusted” in a region near the current iterate. Because of the boundedness
of the trust region, TRA’s can use non-convex approximate models. This is one of the ad-
vantages of TRA’s compared to line search algorithms. Trust region algorithms are reliable
and robust, they can be applied to ill-conditioned problems, and they have very strong con-
vergence properties. For comparisons between Line-search and trust-region methods, see
Harth, Sun, and Schafer, 2007.

C- Coupled Methods: Like Genetic Algorithms (GA) coupled to line-search-trusted-region

methods (for more details see(Xiaowei, 2007; JingHui, Rui, Donglian, Hongfang, and Shuhua,
2011)).
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4.1.2.2 Topology optimization problems solving : Specific algorithms

The topology optimization problem in (4.5) is usually a large-scale, highly non-linear, non-
convex, numerically-unstable optimization problem with equality and inequality constraints
that requires specific treatments like: optimality necessary conditions to be satisfied (like
the KKT conditions), advanced numerical techniques (like duality and convex analysis,
line search techniques, Lagrange Multipliers, adjoint methods, etc) and advanced gradient-
based optimization algorithms (like MMA, GCMMA, SNOPT, etc) (Svanberg, 1987; Svan-
berg, 2002; Gill, Murray, and Saunders, 2005; Bertsekas, 1999) to be solved efficiently and
to achieve convergence. For example, in a topology optimization problem (4.5), numerical
instabilities (Sigmund and Petersson, 1998) may arise such as:

• Checkerboards problems formation of regions of alternating solid and void elements
that are ordered in a checkerboard-like fashion,

• Mesh-dependence problems (qualitatively different solutions for different mesh-sizes
or discretizations),

• Local minima (i.e. obtaining different solutions to the same discretized problem when
choosing different algorithmic parameters),

• Etc...(Sigmund and Petersson, 1998)

4.1.3 A review of Topology Optimization Method applied to Heat transfer and
fluid flows

In (Dbouk, 2017a), I conducted a detailed review about TO solvers and algorithms applied
to heat transfer systems (see table 4.2). I found that there is still a huge gap in the literature,
where TO must be developed to the optimization of thermofluid flows and heat transfer
systems.

For that reason, since September 2014 (Dbouk, 2017a) I have been developing a recent re-
search axis on Topology Optimization applied to three-dimensional conjugate heat transfer
systems and devices. For those developments, I had the chance to supervise (at 100%) the
PhD of M. V. SUBRAMANIAM between Jan. 2016 and Dec. 2018 at our research unit. The
developments of this R&D&I axis at the IMT Lille Douai goes towards the objectives of de-
veloping an advanced numerical platform for TO. This new numerical platform is based
on the (OpenFOAM, 2019) open source (opensource.com, 2018) CFD library. I have been
coupling it to advanced optimization algorithms like the Method of Moving Asymptotes
(MMA) by (Svanberg, 1987) and the Globally Convergent Method of Moving Asymptotes
(GCMMA) by (Svanberg, 2002), and other open source interior-point optimization algo-
rithms (like the Coin-or project).

4.1.4 Internally developed CFD solver for topology optimization of heat con-
duction problems : An Experimental validation

In (Dbouk and Harion, 2015), I implemented in OpenFOAM, 2019 and investigated the
MMA algorithm performance and proposed a new strategy with new set of parameters
that performed well when solving a complex topology optimization problem (problem 1)
from the literature (Svanberg, 2002; Gomes-Ruggiero, Sachine, and Santos, 2010; Gomes-
Ruggiero, Sachine, and Santos, 2011) as illustrated in figure 4.12. The MMA algorithm is
based on a primal-dual interior point method.

https://www.coin-or.org/
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TABLE 4.2: Some topology optimization solvers developed for conjugate heat
transfer applications. All the references can be found in (Dbouk, 2017a) from

which this table was taken from.

After a deep analysis of the MMA algorithm and other existing topology optimization al-
gorithms in the literature (Svanberg, 1987; Gomes-Ruggiero, Sachine, and Santos, 2011; Gill,
Murray, and Saunders, 2005; Bertsekas, 1999), I coupled the MMA to (OpenFOAM, 2019)
and solved for TO applied to a heat conduction of bi-material volume-to-point (VP) prob-
lem (Subramaniam, Dbouk, and Harion, 2018a) using gradient-based technique based on
the continuous adjoint method (Giles and Pierce, 2000; Othmer, 2008a). The VP heat conduc-
tion topology optimization problem is known in the literature (Gersborg-Hansen, Bendsøe,
and Sigmund, 2006) as the filling of a domain in an optimal way by a first material that has
different thermal diffusivity from that of another second material. Applying a heat genera-
tion source and a heat sink at one edge of the boundary domain, the objective function is to
minimize the averaged temperature in the whole domain (thus to find the optimal structure
of the bi-material distribution) (see figure 4.13). The equality constraint is the state equa-
tion defined by the heat conduction and the inequality constraint is the volume constraint
imposed on the highly conductive material.

In order to achieve fast computations at a lower computational cost or number of iterations,
a sensitivity analysis is conducted and developed in the (OpenFOAM, 2019) platform based
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FIGURE 4.12: Performance of the MMA algorithm (Dbouk and Harion, 2015;
Svanberg, 1987; Svanberg, 2002; Gomes-Ruggiero, Sachine, and Santos, 2010;

Gomes-Ruggiero, Sachine, and Santos, 2011).

on the Continuous Adjoint Method (Othmer, 2008b; Hinterberger and Olesen, 2011). This
is in order to compute efficiently (using the same (OpenFOAM, 2019) CFD solvers) the gra-
dient of the objective function with respect to the design variables (here have the role to
be either material 1, or material 2 (black, or white, respectively)). The whole procedure of
the algorithm developed in (OpenFOAM, 2019) applied to steady heat conduction topology
optimization is illustrated in the flow chart of figure 4.13.

The optimal designs obtained by (Subramaniam, Dbouk, and Harion, 2018a) had the form
of tree-like structures as shown in figure 4.13 which is know from the literature. However,
thermal experimental validations of such structures have never been conducted before ! This
was identified as a huge gap in the literature to be filled. For that reason, (Subramaniam,
Dbouk, and Harion, 2018a) developed an experimental infra-red thermography setup for
that purpose as illustrated in figure 4.14.

The fabrication of two optimal tree-like structures obtained by the numerical TO solver was
a serious challenge. After huge efforts in selecting the appropriate materials, the tree-like
structures have been fabricated by using aluminum (cut by water jet technique) and poly-
mer resin materials. The final structures are then created as shown in figure 4.15 (after be-
ing inserted in a fitting mold where the liquid polymer solidified inside an oven at around
80 ◦C).

Since heat transfer in VP problems is manifested by an important conduction mode, then
the interface between the two materials (aluminum/polymer) was verified to ensure an ex-
cellent interface adhesion quality (observed under a microscope) as shown in figure 4.16.
The water jet cutting technique overcomed the laser jet cutting one in terms of better quality
at the interface (figure 4.16).

Interestingly, in (Subramaniam, Dbouk, and Harion, 2018a) we showed a good agreement
between the experimental measurements and the numerical results with very close values
of the objective function (average temperature at steady state), as illustrated for two tree-like
optimal designs in figures 4.17 and 4.18, respectively.
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FIGURE 4.13: Topology optimization algorithm applied to steady heat con-
duction problem in 2D (Subramaniam, Dbouk, and Harion, 2018a).

During the PhD period of V. SUBRAMANIAM at our research unit at the IMT Lille Douai,
I initiated international collaborations and network development. I conducted several sci-
entific discussions and invited Prof. J. DIRKER who is a teammate of Prof. J. MEYER who
is the Clean Energy Research group Head of Department and Division Head at the Univer-
sity of Pretoria in South Africa. Moreover a collaborative work (Dbouk, Dirker, Fachinotti,
and Page, 2019) is still going on with Prof. V. FACHINOTTI at the Computational Methods
Center Research Group at Santa Fe University, Santa Fe, Argentine. I also invited Dr. R.
HREIZ, from the Optimization and Simulation Research Group at the Process Engineering
and Reaction Laboratory (LRGP), CNRS (UMR 7274), University of Lorraine, France.

With Professors DIRKER, and FACHINOTTI (mentioned above), I initiated some collabora-
tive work in order to investigate the influence of:

• the adjoint method (Continuous Adjoint(CA) or Discrete Adjoint(DA)) for objective
function gradient computation (Giles and Pierce, 2000),

• the numerical discretization method (Ferziger and Peric, 2002) (i.e. FVM (Finite Vol-
umes Method), FEM (Finite Elements Method), FDM (Finite Differences Method)),

• the grid or mesh cells type (i.e. structured, unstructured, uniform, nonuniform, cells
shape, etc),

https://www.up.ac.za/en/mechanical-and-aeronautical-engineering/article/48434/staff
https://cimec.org.ar/foswiki/Main/Cimec/WebHome
https://cimec.org.ar/foswiki/Main/Cimec/WebHome
http://lrgp-nancy.cnrs.fr
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FIGURE 4.14: The topology optimization experimental infra-red thermogra-
phy setup developed by (Subramaniam, Dbouk, and Harion, 2018a).

• the interpolation techniques for material distribution (Bendsøe and Kikuchi, 1988;
Bendsøe, 1989; Bendsoe and Sigmund, 2013; Stolpe and Svanberg, 2001), the spatial
filters type (Guest, Prevost, and Belytschko, 2004; Sigmund, 2007),

• etc

on the optimality of the topology optimization solutions (& the robustness of TO solvers)
obtained with the MMA (Svanberg, 1987) and/or interior-point (IP) methods. This is illus-
trated in figures 4.19 and 4.20, and it is still a large filed for further research and investiga-
tions.

Very recently the team by Prof. Ole SIGMUND, at the Department of Mechanical Engi-
neering and Solid Mechanics (Technical University of Denmark), showed that the optimal
structure for these kind of heat conduction or volume-to-point problems is a hair-pins-like
structure (Yan, Wang, and Sigmund, 2018).

In this research axis no.2, I also initiated very recently for a future collaboration (as Masters-
II research project, as common internship) with Dr. Lilla KOLOSCZAR, and Prof. Jean-
Marie BUCHLIN from the Environmental and Applied Fluid Dynamics Research Group at
Von-Karman Institute for Fluid Dynamics in Belgium. This an advantage with huge po-
tentials for future collaborations especially that our two departments in Douai (North of
France) and Belgium are very close geographically to each other.

Furthermore, in another contribution through a 6-months Masters2 internship project, i su-
pervised (at 100%) the research works by T.-C. NGUYEN. During his 6-months internship
a new OpenFOAM, 2019 library has been developed and implemented for several spatial
filters (Sigmund, 2007) intended for topology optimization solvers. Such filters are essential
in topology optimization in order to have a minimum length control of the final designs
and thus better final description of the optimal structures. In (Nguyen and Dbouk, 2017),

https://www.vki.ac.be/index.php/departments/ea-department-other-menu-68/research-activities-other-menu-126
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FIGURE 4.15: Fabricated topology optimization tree-like bi-material struc-
tures. From (Subramaniam, Dbouk, and Harion, 2018a).

we investigated the influence of different spatial filters on the computational speed, on the
final tree-like structures design, and overall algorithm performance. The tree-like structures
were obtained for a 2D heat conduction topology optimization problem (or VP problem).
The strategy that we followed in the OpenFOAM, 2019 library, on generalized collocated
mesh types, is illustrated in figure 4.21.

The computational time affected by the application of the different spatial filters (Nguyen
and Dbouk, 2017) are illustrated in figure 4.22 for 104 design variable or degrees of freedom
(DOF). It can bee seen clearly that the filter’s choice and its implementation or coding in-
side OpenFOAM, 2019 affects well the computational time. An example piece-of-code is
illustrated in figure 4.23 for the HeavySide-Erode filter type (Sigmund, 2007).

The influence of filters’ type (Nguyen and Dbouk, 2017) on the final optimal structures is
shown in figures 4.24 and 4.25.
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FIGURE 4.16: Interface quality after using two cutting techniques (Subrama-
niam, Dbouk, and Harion, 2018a).

FIGURE 4.17: Thermal measurements on optimal structure of 28.6% volume
constraint applied on the aluminum material (in black). From (Subramaniam,

Dbouk, and Harion, 2018a).
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FIGURE 4.18: Thermal measurements on optimal structure of 17.92% volume
constraint applied on the aluminum material (in black). From (Subramaniam,

Dbouk, and Harion, 2018a).



86 Chapter 4. Shape and Topology Optimization

FIGURE 4.19: Steady temperature distribution of the optimal structures, with
normalized value of the thermal coefficient (lower: is better). Influence of
mesh cells type on optimal tree-like structures obtained with topology opti-
mization applied to heat evacuation volume-to-point problem (average tem-

perature minimization). From (Dbouk, Dirker, Fachinotti, and Page, 2019).
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FIGURE 4.20: Steady temperature profiles for optimal structures with value
of intermediate-material error degree (high error: lower values). Influence of
mesh cells type on optimal tree-like structures obtained with topology opti-
mization applied to heat evacuation volume-to-point problem (average tem-

perature minimization). From (Dbouk, Dirker, Fachinotti, and Page, 2019).
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FIGURE 4.21: General spatial filtering technique applied numerically on col-
located grids as Neighborhood and Levels (Nguyen and Dbouk, 2017).

FIGURE 4.22: CPU-Time increases with the neighborhood’s level for a basic
density filter (Svanberg and Svärd, 2013) using the algorithm MMA (Svan-

berg, 1987; Nguyen and Dbouk, 2017). DOF = 104.

FIGURE 4.23: A C++ piece-of-code example in OpenFOAM, 2019 for the
Erode type filter (Nguyen and Dbouk, 2017; Sigmund, 2007).
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FIGURE 4.24: Optimal structures with using an innovative "TopoStep" algo-
rithm (Nguyen and Dbouk, 2017). DOF = 104.

FIGURE 4.25: Temperature profiles of figure 4.24 (Nguyen and Dbouk, 2017).
DOF = 104.
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4.1.5 Internally developed CFD platform for topology optimization of conjugate
heat transfer systems

After the experimental validation of the heat conduction topology optimization CFD solver,
I continued developing and creating, at the research unit at IMT Lille Douai, a new topology
optimization platform in CFD (OpenFOAM, 2019) to account for topology optimization of
conjugate heat transfer systems (under forced convection steady laminar flow regimes).

Some topology optimization solvers have been developing in the literature (Dbouk, 2017a)
for conjugate heat transfer systems, but they are still of very few number and limited for
simple cases (single objective, 2D, small number of design variables, uniform structured
meshes, etc). This was identified as a huge gap in literature. For that reason, to fill this huge
gap, during the PhD of V. SUBRAMANIAM (supervised by the author at 100%) we devel-
oped several numerical work packages (WP) such as: a multi-objective function derivation
for reducing pressure drop and maximizing the thermal power in a conjugate heat transfer
fluid flow problem (Subramaniam, Dbouk, and Harion, 2018b) as shown in figure 4.26. The
newly developed topology optimization platform may handle 2D and 3D configurations on
all types of grid or mesh cells, and it allows applying wide variety of different numerical
schemes and spatial filters (Sigmund and Petersson, 1998; Guest, Prevost, and Belytschko,
2004; Sigmund, 2007).

FIGURE 4.26: Two-dimensional topology optimization domain of fluid flow
with conjugate heat transfer (with boundary conditions shown). Selected

from (Subramaniam, Dbouk, and Harion, 2018b).

The objective function is:

F = ω1 J f + ω2 Jth (4.6)

where:

J f (u, p) = −
∫

Γ

(
p +

1
2
|u|2

)
u · n dΓ (4.7)

and
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Jth(u, T) =
∫

Γ
(ρCpT)u · n dΓ (4.8)

u is the fluid velocity vector field, p the pressure field, ρ the density, Cp the heat capac-
ity and n the unit normal vector to the boundary. ω is a pondering or weighting variable
(ω ∈ [0, 1]) that places like a priority degree between the two objective functions defined
in (4.7) and (4.8) depending on the users’ choice, type and/or cost of application.

The topology optimization problem is solved in (OpenFOAM, 2019) for low Reynolds num-
bers Re ∈ [3, 100] and moderate temperature differences ∆T = Tw − Tin ∈ [10− 80]. Its
mathematical description is given as the following:

Minimize:
F(u, p, T, η) (4.9a)

subject to:
∇ · u = 0 (4.9b)

(u · ∇)u = −∇p +∇ · (ν∇u)− α(η)u (4.9c)
(u · ∇)T = ∇ · (D(η)∇T) (4.9d)

1
V

nCells

∑
j=1

ηj ≤ φmax (4.9e)

where η is the design variables field (solid or fluid, see figure 4.26), D the effective thermal
diffusivity, ν the fluid kinematic viscosity, T the temperature field, φmax the maximum al-
lowed volume fraction or porosity and α stands for the Brinkman forcing or penalization
term (Khadra, Angot, Parneix, and J-P, 2000; Dbouk, Perales, Babik, and Mozul, 2016).

Material distribution technique: The final solution of the topology optimization problem
knows only discrete variable values, which is not the case with the continuous modeling
formulation. To solve this issue, the density based TO approach by (Bendsøe and Sigmund,
2004; Bendsoe and Sigmund, 2013), can overcome this issue by introducing a continuous
design field, η(x) that is modified iteratively via a material interpolation technique. This is
applied by (Subramaniam, Dbouk, and Harion, 2018b) such that the friction coefficient (α)
and the effective thermal diffusivity (D) change with η by applying a Rational Approxima-
tion of Material Properties (RAMP-type interpolation functions) (see Stolpe and Svanberg,
2001) as the following:

α(η) = αs + (α f − αs)η
1 + k
η + k

(4.10a)

D(η) = Ds + (D f − Ds)η
1 + k
η + k

(4.10b)

knowing:

(α(η), D(η)) =

{
(αs, Ds), if η = 0 (solid material)
(α f , D f ), if η = 1 (fluid material)

(4.11)
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So, for all 0 ≤ η ≤ 1, k > 0 is a parameter that governs the shape of the functions α(η) and
D(η) (for example α is interpolated between the two extrema of α f ≈ 0 and αs ≈ ∞). In the
fluid domain, the Brinkman penalization term αu approaches zero to recover the classical
Navier-Stokes equation in 4.9. However in the solid domain, α has a very large value in
order to force the local velocity to approach zero (α f ≈ 0 and αs ≈ 105 were considered in
Subramaniam, Dbouk, and Harion, 2018b).

Pareto Frontier for Multi-Objective Topology OptimizationPareto Frontier for Multi-Objective Topology Optimization

R
e

c
o

v
e

ra
b

le
 t

h
e

rm
a

l 
p

o
w

e
r 

(W
)

R
e

c
o

v
e

ra
b

le
 t

h
e

rm
a

l 
p

o
w

e
r 

(W
)

0.2

0.4

0.6

0.8

1

1.2

1.4

Fluid dissipated power (W)Fluid dissipated power (W)

0 1×10−8 2×10−8 3×10−8 4×10−8 5×10−8 6×10−8

Jth = 6.71×1021Jf 
3 − 9.456×1014Jf 

2 + 4.38×107Jf + 5.635×10-1

ω = 0

ω = 0.3

ω = 0.92

ω = 0.5

ω = 0.94

ω = 0.97

ω = 0.99
ω = 0.7

ω = 0.9

FIGURE 4.27: Topology optimization problem of conjugate heat transfer sys-
tem (steady state - Pareto front: bi-objective function). Selected from (Subra-

maniam, Dbouk, and Harion, 2018b).

The optimal thermofluid designs obtained after solving the topology optimization problem
in (4.9) are shown in figures 4.27 and 4.28. They represent the multi-objective Pareto-Frontier
(or Pareto-Set) of the steady state designs with their local dimensionless temperature and
velocity values defined as the following:

T̃ =
T − Tin

Tw − Tin
(4.12)

ũ =
|u|
|uin|max

(4.13)

where Tin is the fluid temperature at the inlet boundary and Tw is the temperature at the top
and bottom walls boundaries Γw (see figure 4.26). |uin|max is the maximum fluid velocity at
inlet and |u| is the velocity magnitude.

In the PhD works by V. SUBRAMANIAM, we investigated the influence of different con-
ditions on altering the final optimal designs such as the Reynolds number, temperature
boundary value, and the influence of the thermal diffusivity ratio ( Ds

D f
) as shown in fig-

ure 4.29 (Subramaniam, Dbouk, and Harion, 2018b). From figure 4.29 it can be observed
clearly that when the diffusivity of the solid material is imposed initially lower than that of
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the fluid, the optimization algorithm places fluid branches or cells, more near to the bound-
ary upper and lower walls, so that to enhance heat transfer (and thus the thermal power
maximization objective at ω = 0.9).

4.1.6 Topology optimization of thermofluid components: a continuing field for
research, development and innovation

My R&D&I activities are continuing on the research Axis 2 for both topology and shape
design optimization, that have huge potentials for future innovations, funding attractions
(from public, private, region, national, international R&D associations) and thus future job
opportunity creation for junior researchers.

This research axis no.2 constitute an important perspective for expanding and founding new
further industrial and scientific national/international collaboration networks.

This will importantly contribute to the research unit scientific reputation, and to the next
HCERES research committee evaluations of our research unit.

Some additional potentials and new ideas for future developments and strategies behind
this research Axis no.2 will be presented and discussed in chapter 6.
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FIGURE 4.28: Topology optimization designs performance (Pareto front of fig-
ure 4.27). Selected from (Subramaniam, Dbouk, and Harion, 2018b).
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for: for:

FIGURE 4.29: Topology optimization designs: Influence of the thermal diffu-
sivity ratio ( Ds

D f
). Selected from (Subramaniam, Dbouk, and Harion, 2018b).
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5 Fluid flows in complex porous
media

5.1 Research Axis no.3: Multi-component fluid flows in adsorbent
porous media

The demand in energy is keep rising every day where the consumption of fossil fuels (as
energy usual sources) has lead to huge amounts of greenhouse gases emissions. CO2 in
coal is an attractive carbon sequestration technology with huge potentials. It enhances CH4
as methane natural gas production from coal-beds, and it has a potential to result or be a
carbon neutral or a carbon sink (Harris and Zoback, 2008).

After a literature study (Gautier, Dbouk, Campesi, Hamon, Harion, and Pré, 2018), we found
that the most modeling and simulation techniques that exist in the literature are based on
one- or two- dimensional simplified models with a huge need for developing 3D CFD mod-
els for gas separation by pressure and/or temperature swing adsorption (PSA, TSA) in ad-
sorbent packed beds of porous material. Another gap identified is that the existing gas sep-
aration systems should be optimized for enhancing the adsorption capacity, and thus the
quantity of gas being separated per unit time (of course with control on the local tempera-
ture in beds and the temperature front optimal local distribution). All these were identified
as a huge gap in the literature that should be filled rapidly.

For that reason, this research axis no. 3 has been emerging three years ago at our research
unit, and it is thus less scientifically mature compared to axes no.1 and no.2 with huge
potentials for further investigations and developments. This R&D axis no.3 is focused on
developing 3D CFD robust models (to be experimentally validated) for multi-component
gaseous flow in adsorbent porous media including heat transfer and optimization in CFD.

The applications in this research axis are mainly oriented towards:

• A - Gas separation processes (Gautier, Dbouk, Campesi, Hamon, Harion, and Pré,
2018; Gautier, Dbouk, Harion, Hamon, and Pré, 2018) (i.e. for CO2 gas emissions
reduction and storage, methane CH4 gas production and storage, and recovery of oil
and natural gas, etc),

• B - Pollutants transport in air prediction and thus control,

• C - Pollutants reduction in indoor and outdoor environments such as in industrial in-
door zones, airplanes cabins, vehicles and buildings by using both: adsorbent porous
walls/materials and air ventilation systems (Kassou, Gautier, and Dbouk, 2018),

• D - Natural and/or BioGaz production and storage (energy storage applications).

In the first application A mentioned above (Gas separation processes and storage), i had
the opportunity to supervise (at 100%) and guide a first R&D activity of a one-year postdoc
(April 2015 - April 2016). This project was funded by IMT where the Postdoc researcher was



98 Chapter 5. Fluid flows in complex porous media

Dr. R. GAUTIER (today recruited as a permanent researcher at our research unit in Douai).
This Postdoc project has been developing in an external collaboration with Prof. Pasca-
line PRÉ and Dr. Lomig HAMON, from the Energy and Environmental Systems research
Group at the IMT Atlantique. A 3D CFD macroscopic model (validated experimentally) has
been developed for simulating pressure swing adsorption (PSA) process in a packed bed of
isotropic porous media (Gautier, Dbouk, Campesi, Hamon, Harion, and Pré, 2018; Gautier,
Dbouk, Harion, Hamon, and Pré, 2018). The porous material is based on carbon molecular
sieves (for CO2 adsorption or separation from a bi-component CO2/CH4 gaseous mixture).

In this 3D CFD modeling (Gautier, Dbouk, Campesi, Hamon, Harion, and Pré, 2018; Gau-
tier, Dbouk, Harion, Hamon, and Pré, 2018), only the adsorption kinematics with exo(-
endo)thermic heat release(-absorb) have been considered such that chemical reactions are
neglected. Another drawback is that this 3D model is limited to bi-component or binary
adsorption in packed beds in a commercial CFD code.

Due to the above limiting reasons, further R&D efforts have been conducted very recently
to extend the modeling into multi-components adsorption and chemical reactions. A com-
putational platform has been developed in that purpose to account for multi-component
adsorption and reactive flows in OpenFOAM R© (Dbouk, 2019c; Dbouk, 2019d).

5.1.1 CFD modeling and simulation of gas separation by pressure swing adsorp-
tion in packed beds

Separation processes (physical and chemical) are very important in chemical engineering,
chemical manufacturing, petroleum processing, and other engineering and industrial pro-
cesses. Due to the new industries that are emerging every day such as in intelligent mate-
rials, biotechnology, oil and natural gas production and storage, gas separation process is a
continuing important R&D topic in chemical and process engineering (Wankat, 1994) and
design optimization.

Most separation processes are governed by Heat and Mass transfer where one or more com-
ponents migrate from one phase to the interface between the two phases in contact (Welty,
Wicks, Rorrer, and Wilson, 2007). In adsorption processes, the components remain at the in-
terface, however in gas absorption and liquid-liquid extraction processes, the components
penetrate the interface, and then moves into the second phase bulk (Welty, Wicks, Rorrer,
and Wilson, 2007). In multi-components or gaseous mixtures, mass transfer is governed by
a macroscopic transport mode that is "molecular diffusion" (convection independent), such
that the transport phenomena can be deduced from the kinetic theory of gases (Welty, Wicks,
Rorrer, and Wilson, 2007).

Adsorption can be of two type Physisorption (physical) or Chemisorption (chemical). But i
will focus only on physical adsorption where chemical reactions are not considered. In ad-
sorbent porous materials (porous so that to have a high internal surface area for solute ad-
sorption), molecular diffusion takes place inside the porous material pores or solids. The
adsorptive molecules attaches onto the surface (adsorbent) and become (adsorbate or ad-
molecules), and desorption is when adsorbate detaches from the adsorbent (spontaneously
or induced) as shown in figure 5.2. The amount of the substance adsorbed at equilibrium
depends mainly on: the temperature, the gas vapour pressure, and the specific surface
area of the solid (adsorbent).

According to (Do, 1998), three are 3 different kinds of pores as the following:

• Micropores such that Dpores ≤ 2 nm,

https://www.imt-atlantique.fr/en/school/departments/energy-and-environmental-systems
https://www.imt-atlantique.fr/en/school/departments/energy-and-environmental-systems
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• Mesopores such that 2 ≤ Dpores ≤ 50 nm,

• Macropores such that Dpores ≥ 50 nm.

Almost all adsorption isotherms (Physisorption) can be classified according to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) as it is shown in figure 5.1.

FIGURE 5.1: The six types of physisorption according to the IUPAC (Interna-
tional Union of Pure and Applied Chemistry), 1: adsorption, 2: desorption, B:
beginning of multimolecular layers adsorption. Adapted from (Sing, 1985).

In fact, at low pressure values, all types are known as referred to by Henry’s Law. The other
types can be described as the following:

• Type I: reversible, adsorption limit, referred to as Langmuir isotherm.

• Type II: reversible, multilayer adsorption on a non-porous or macroporous adsorbent.
Point B indicates beginning of multimolecular layers adsorption.

• Type III: curve convex to the partial pressure curve (rare and uncommon).

• Type IV: adsorption with hysteresis, i.e. for capillary condensation in mesopores.
Again, point B indicates beginning of multimolecular layers adsorption (with an ad-
sorption limit).

• Type V: similar to type III (with an adsorption limit and hysteresis) (rare and uncom-
mon).

• Type VI: stepwise multimolecular layers adsorption takes place at this type, on a uni-
form non-porous surface. Monomolecular layer capacity: height of each step.

Additionally, in an adsorption process, when a component or solute attaches onto the solid
surface that is attractive to this solute, this defines what is known by "material selectivity for
a component" (as shown in figure 5.3).

Figure 5.4 shows the different types of porous diffusion where DAe represents the effective
diffusivity of species A in a binary mixture of A and B (Welty, Wicks, Rorrer, and Wilson,
2007), and DKA the Knudsen diffusivity for diffusing species A (kinetic theory of gases). It
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FIGURE 5.2: Physical adsorption and desorption mechanisms. Adopted from
(Keller, 2005).

FIGURE 5.3: Derived IAST (Ideal Adsorbed Solution Theory (LeVan and
Vermeulen, 1981; Myers and Prausnitz, 1965)) equilibrium data of a binary
CO2/CH4 mixture: adsorbed quantities and CO2 selectivity versus CO2 ini-
tial molar fraction. Adopted from (Gautier, Dbouk, Campesi, Hamon, Harion,

and Pré, 2018).

is important to note that the Knudsen diffusion is usually significant only at low pressure
values and small pore diameters. Nevertheless, in some instance both Knudsen diffusion
and molecular diffusion (DAB) can be important.

Figure 5.5 shows an example of the adsorbent packed bed with the 3D CFD CAD model and
boundary conditions for CO2 adsorption from bi-component CO2/CH4 gaseous mixture.
The adsorption process in this packed bed is a pressure-swing-adsorption (PSA) multistage
or cyclic process where each cycle is made of 4-steps sequence as shown in figure 5.6.

Figures 5.7 shows the transient 3D CFD results of the temperature filed, adsorption quantity
and adsorption rate in the adsorbent packed bed column. Figure 5.7 illustrates the numerical
predictions of the local temperature profiles which are in good agreement with the ones
measured experimentally.

The linear driving force (LDF) model (considers diffusion inside spherical particles, (Glueck-
auf and Coates, 1947; Glueckauf, 1955)) was used and implemented in the CFD package
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FIGURE 5.4: Types of porous diffusion. Shaded areas represent nonporous
solids. Adopted from (Welty, Wicks, Rorrer, and Wilson, 2007).

FIGURE 5.5: CO2 adsorption or CH4 separation and production from a bi-
component CO2/CH4 gaseous mixture. Adsorbing packed bed experiment
(left), and 3D CFD CAD model and boundary conditions (right). From (Gau-

tier, Dbouk, Campesi, Hamon, Harion, and Pré, 2018).

SIEMENS R© StarCCM+ R© to compute the adsorption rate in the packed bed as the follow-
ing:
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FIGURE 5.6: Pressure Swing Adsorption Process. (1) Pressurization or Feed
in, (2) CO2 adsorption or CH4 production, (3) CO2 desorption or evacuation
or blow-down and (4) Vacuum regeneration. From (Gautier, Dbouk, Campesi,

Hamon, Harion, and Pré, 2018).

d
dt
(q) = kp,i

(
q∗m,i − qi

)
(5.1)

where qi is the adsorbed quantity or concentration (mol · kg−1), q∗m,i is the equilibrium
adsorbed quantity of the adsorbed phase for component i for binary mixture, and kp,i is the
mass transfer coefficient (s−1) for the ith component.

For the adsorption isotherm equilibrium models, the Ideal Adsorbed Solution Theory (IAST)
model by (LeVan and Vermeulen, 1981) was implemented in the CFD model by (Gautier,
Dbouk, Campesi, Hamon, Harion, and Pré, 2018; Gautier, Dbouk, Harion, Hamon, and Pré,
2018) and compared to other two simpler models (Langmuir, and extended-Langmuir) as
shown in figure 5.9. The adsorption isotherm correlates, at a constant temperature, between
the adsorbed amount of gas and the equilibrium gas pressure.

In (Gautier, Dbouk, Harion, Hamon, and Pré, 2018) several sensitivity analysis have been
conducted using the 3D CFD model developed in (Gautier, Dbouk, Campesi, Hamon, Har-
ion, and Pré, 2018). This is in order to investigate the sensitivity of the CFD model to differ-
ent physical and numerical parameters like: the effective thermal conductivity value of the
adsorbent packed bed (KS) as shown in figure 5.10, the mass transfer coefficient (see figure
5.11), the heat transfer coefficient at the packed bed wall, etc.
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FIGURE 5.7: 3D CFD simulation results at different time steps of the PSA cy-
cle. Streamwise direction is downward. (a) Temperature fields. (b) Adsorbed
quantity. (c) Adsorption rate. From (Gautier, Dbouk, Campesi, Hamon, Har-

ion, and Pré, 2018).
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FIGURE 5.8: Time evolution of temperature for packed bed thermocouples
T1, T2, T3 and T4 (see fig. 5.6) at steady-state cycle for different four operating
conditions. (Left): entire cycle; (Right): zoom in over pressurization, adsorp-
tion and blowdown steps. Adopted from (Gautier, Dbouk, Campesi, Hamon,

Harion, and Pré, 2018).
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FIGURE 5.9: Comparisons of isotherm models using Langmuir isotherm with
or without mixture assumption. (left) Temperature for thermocouple T2;
(middle) outlet mass flow rate; (right) outlet molar fraction of CO2. Adopted

from (Gautier, Dbouk, Campesi, Hamon, Harion, and Pré, 2018).

FIGURE 5.10: Influence of adsorbent thermal conductivity KS on the local
temperature profiles inside the bed. (left): At position T1; (middle): at position
T2; (right): at position T3 (See figure 5.5). From (Gautier, Dbouk, Harion,

Hamon, and Pré, 2018).

FIGURE 5.11: Influence of the mass transfer coefficient kpCH4
in (s−1) on: the

pressurization step (left); the temperature profile at T2 (center) and the outlet
molar fraction of CO2 (right). From (Gautier, Dbouk, Harion, Hamon, and

Pré, 2018).
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5.1.2 Pollutants transport in air and their reduction in indoor environments by
adsorbent materials and air ventilation

The second and third applications C, D (in section 5.1), on pollutants transport prediction
and reduction, is a very recent and rising application at our research unit. It is very impor-
tant and goes well with the new structuring R&D strategies defined by the IMT Lille Douai
research direction (CERI-EE3).

Since July 2018, I have been developing another new R&D activity on this research axis no.3.
We had 5-months Masters’ internship project (funded by IMT Lille Douai), where I super-
vised (at 50%) the works of M. Amine KASSOU. The objective is to apply the 3D CFD ad-
sorption models, developed previously in (Gautier, Dbouk, Campesi, Hamon, Harion, and
Pré, 2018; Gautier, Dbouk, Harion, Hamon, and Pré, 2018), but to investigate the potentials
behind the CFD models to predict well pollutant transport in air, and pollutants reduction
(i.e. by applying adsorbent walls in indoor environment).

In (Kassou, Gautier, and Dbouk, 2018) masters internship, preliminary CFD results were ob-
tained for reducing toluene pollutant in air by applying (indoor) an adsorbent wall, in the
presence of air ventilation. Several investigations have been conducted such as the influ-
ence of the flow rate and the adsorbent wall capacity on the characteristic time of pollutant
reduction (i.e. below the international indoor threshold) as shown in figures 5.12 and 5.13.
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FIGURE 5.12: 3D CFD simulation results for pollution emission of toluene
from the ground (left), and its reduction by applying adsorbent wall combined

with air ventilation (right). From (Kassou, Gautier, and Dbouk, 2018).

The works by (Kassou, Gautier, and Dbouk, 2018) were limited to binary adsorption in
commercial CFD code. For that reason, very recently a new computational platform has
been developed in order to account for multi-component adsorption and reactive flows in
OpenFOAM R© applied to pollutants reduction in indoor environment (Dbouk, 2019d).

3Centre d’Enseignement, de Recherche et d’Innovation Energie et Environnement
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FIGURE 5.13: Influence of air change rate ventilation (in Vairroom · h−1) on the
characteristic time (in τ (hours)) of toluene pollution reduction. Adapted from

(Kassou, Gautier, and Dbouk, 2018).

5.1.3 Gas production and energy storage applications

Concerning the fourth application D (in section 5.1) in my research axis no.3, it is also a re-
cent research activity that i have been contributing to its development 18 months ago. It is
in the context of an industrial project named "EcoStock-II c©" funded by the industrial part-
ner EcoTech-CERAM R©. I have been working on this confidential project at our research
unit where the main objective is to develop a macroscopic numerical model in CFD to pre-
dict (and optimize) the energy-charge-discharge time and thermal behavior (with pressure
drop) in plug-and-play container-unit (the "EcoStock-II c©") (for example see figure 5.14).
The developed CFD model is validated experimentally through measurements by the in-
dustrial partner. Optimization in CFD (see figure 5.15) has been conducted in attempts to
find innovative novel designs (e.g. material storage thermophysical properties, immersed
particles diameter, etc) as new waste heat energy storage systems.

kW MW GW
For different 
Applications

(Energy demand)

FIGURE 5.14: An example of plug-and-play energy storage system.
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FIGURE 5.15: An example of plug-and-play energy storage system optimiza-
tion.
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5.2 Conclusion of Part II

As a conclusion of Part II, we have seen three different R&D&I axes that the author is in-
volved in their developments, with several scientific contributions, students supervision
(Postdoc, PhD, Masters students) and huge potentials for further developments and scien-
tific collaborations (see figure 2.2). Moreover, it can be observed that there is a good synergy
between these three axes and the author’s scientific profile which is oriented towards: nu-
merical coding and developments, scientific computing, optimization techniques, which all
converge to the "Topology Optimization and MultiPhysics Multiscale Modeling & Simula-
tion of Complex Thermofluid flows and Systems" which is the title of this manuscript. In
fact the axis no.2 which is focused on Topology Optimization constitutes a joint core that can
feed (and get feeded from) both axis no.1 and axis no.3, and even other possible future axes
or scientific themes as illustrated in figure 5.16. Of course with the attention not to disperse
a lot towards new research axes.

axis 2
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is 

1

axis 3

4

5etc.

FIGURE 5.16: Evolutionary Research: core axis no.2 (Topology optimization)
and its interconnecting links with the other research axes.
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6 Perspectives for further R&D&I

In this chapter 6, i will introduce some of my research and development project-plans, new
ideas and perspectives for the next decade, and their position in the new CERI-EE1 and in
the new research strategies defined recently by the IMT Lille Douai.

6.1 Research strategy and targets for the year 2030

The recent strategy presented by IMT Lille Douai’s new director of research, through a pro-
gram entitled "Lille Douai 2030" will change clearly the scientific identity of the institution.
IMT Lille Douai was born in January 2017 after merging Mines-Douai and Telecom-Lille.
Some vital points as a summary of this new research and development strategy are :

6.1.1 Research units and governance plan

Research at the IMT Lille Douai will be grouped into main research, innovation and teaching
centers (named CERI2), coordinated by the Research and Innovation Department and linked
to the IMT’s main areas of expertise: digital and communication systems in industry, energy and
environment, and materials and processes. The new governance will include the setting up of
an internal scientific council, representative of the CERI2, whose mission will be to guide the
research strategy inside each CERI2.

6.1.2 IMT : leadership in strong themes

The "IMT Lille Douai 2030" research strategy plans intend to structure the institution re-
search strengths around a few strong scientific themes, in order to gain a national (and in-
ternational) leadership that meets the strategic plan of the IMT (as for example in the fields
of Digital Manufacturing).

With the aim to improve the visibility and image of IMT Lille Douai, the Research and Inno-
vation Department wants to put in place tools which enable scientists to target Horizon 2020
ERC Grants and 2030 Appeals and young-researchers projects at the ANR (French National
Research Agency). For this purpose, competitive calls for projects will be organized inter-
nally to identify research subjects and scientists, potential winners at the ERC and Young
Researchers of the ANR in the coming few years.

1Centre d’Enseignement, de Recherche et d’Innovation Energie et Environnement
2Centre d’Enseignement, de Recherche et d’Innovation

http://fablab.imt-lille-douai.fr/#!/
http://www.agence-nationale-recherche.fr/en/
http://www.agence-nationale-recherche.fr/en/
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6.1.3 Partnerships and the influence of IMT Lille Douai

The "IMT Lille Douai 2030" strategy is so ambitious such that the college wants to strengthen
its partnership research, by sustaining its industrial partnerships through industrial chairs
and joint laboratories.

To broaden its scientific offer, IMT Lille Douai wants, on one hand, to be part of a unifying
regional dynamic research, and on the other hand an innovation player seeking to join other
regional research teams (CNRS, universities, research institutes, etc.).

More generally, the main goal is to no longer to have an "isolated" research teams by 2030
but to promote exchanges of IMT researchers, with French academic partners, international,
and industrial researchers. IMT will be setting up a new welcome program to encourage
well for visiting researchers worldwide.

My future R&D activities are presented below, contributing well to the CERI-EE3 R&D
activities and reputation. Moreover, they contribute also to the overall scientific com-
munity (i.e. future scientific collaborations opportunities, research projects and funding
plans, industrial sectors targeting, etc). My research and development activities converge
to (and fit inside) the research strategies and targets for the year 2030, as they were defined
by the IMT4.

6.2 Perspectives and potentials: research axis no.1

After my R&D activities presented in chapter 3 section 3.1 on non-colloidal suspension
flows, very recently, I identified another huge gap in the literature related to non-colloidal
suspension flows where the dynamics is induced by thermal heating (i.e. thermally natu-
ral or thermally free-convective suspension flows). This new research activity is of huge
potential at the CERI-EE3 for treating several interesting research topics of many potential
for further applications and industrial aspects (plumes, volcanic eruptions, crystallization
problems, oil and gas production, slurry flows, etc).

6.2.1 Non-isothermal non-colloidal suspension flows (free laminar convection)

Immersed granular beds (IGB) are weak solids that can be remobilized, and thus may be
seen as concentrated suspension. The dynamics of settled particle beds arises in geophysical
situations, as sediments and wet soils, as well as in water treatment and process engineer-
ing applications. Various phenomena are observed when liquid flows through these beds:
these include plumes, chimney formation and local bed fluidization during the passage of
water through a sandy environment (Zoueshtiagh and Merlen, 2007); advection of particles
by the rise of bubbles and the formation of craters (G. Varas and Géminard, 2009; C. Picard
and Joubaud, 2016); and destabilization of an immersed granular bed (IGB) by buoyancy (C.
Morize and Sauret, 2017; E. Herbert, 2018). While this is a long-standing problem, new tools
are being applied in this field of study. For example, M. Houssais and Morris, 2019 recently
experimentally investigated in a microscale model of a sediment bed the slow dynamics and
eventual rapid destabilization induced by an imposed Darcy flow. This use of lab-on-chip
technology allows understanding of the particle rearrangement and the bed compaction and

3Centre d’Enseignement, de Recherche et d’Innovation Energie et Environnement
4Institut Mines-Télécom
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dilation mechanisms in different flow regimes. Natural convection in miscible two viscous
fluids had been studied in the literature by (Bars and Davaille, 2002; Bars and Davaille,
2004). They quantified the interface deformation as a result of chemical diffusion through a
critical effective buoyancy number. However, Rayleigh-Bénard convection in particle-laden
liquids was rarely studied in the literature. It goes back to the early works by T. Girasole
and Roze, 1995 who studied the influence of polystyrene particles (solid volume fraction
between 1% and 10% and diameters from 0.1 to 100 µm) on the first Rayleigh-Bénard bifur-
cation. They observed a growth of the thermal relaxation time and decrease of the buoyancy
time due to an increase of the convective threshold with the volume fraction.

The phenomenon of destabilization has been considered previously for pure fluids in a
number of scenarios, but in the case of a settled bed of solid particles, a range of differ-
ent phenomena and mechanisms are observed, including particle transport and sedimenta-
tion, multiphase Rayleigh-Bénard-like convection and particle resuspension (C. Morize and
Sauret, 2017). Similar multiphase phenomena can be found in nature as plume eruptions
or black smokes (V. S. Solomatov and Stevenson, 1993; Martin and Nokes, 1988; Martin
and Nokes, 1989), as well as in process and chemical engineering, in underground stratified
oil and gas layers, and micro-bubbles in biogas production (G. Lavorel and Bars, 2009; F.E.
Loranca-Ramos and Pacheco-Vázquez, 2015).

Improved knowledge on natural convection and the associated IGB dynamics will thus af-
fect an important number of R&D topics.

From a physics point of view, in analogy with a pure-fluid, thermal convection in a con-
centrated suspension medium (i.e. IGB of initial height h0) can be seen as heat transport by
mass transport phenomenon. It can be explained as a competition between a driving force
(gravitational acceleration) and resistance forces (thermal and viscous suspension diffusion).

The driving force inside the IGB witnesses a characteristic response time τg as the following:

τg =

√
h0

g β0
s ∆T

(6.1)

The thermal diffusion that tends to reduce the temperature gradients inside the fluid has a
characteristic time given by:

τα =
h02

α0s
(6.2)

The characteristic time corresponding to the resistance viscous diffusion is:

τν =
h02

ν0s
(6.3)

α0
s, β0

s and ν0
s represent the suspension initial properties at φ0 = 0.66, and ∆T = Th − Tc.

Based on the above three characteristic times, a dimensionless suspension Rayleigh number
Ras can be defined as the following:

Ras =
τν × τα

τg2 (6.4)
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In this study, the bed destabilization behavior is quantified by its sequential mode period
τn, partial (td,onset) and total (td,total) characteristic times as a function of h0 and Ras.

In this context, in a very recent work in (Dbouk and Bahrani, 2019; Bahrani, Morris, and
Dbouk, 2019), a new solver in OpenFOAM, 2019 (intended only for forced-convective non-
colloidal suspension flows) has been developed to take into account thermally free-convective
non-colloidal suspension flows, and resuspension and mixing induced by thermal heating
(see figure 6.1). It has been developed (Dbouk and Bahrani, 2019; Bahrani, Morris, and
Dbouk, 2019) with experimental validations to investigate the resuspension, of an immersed
compact suspension bed, induced by thermal heating. The objective was to understand the
Rayleigh-Bénard-like instabilities in such kind of complex non-isothermal concentrated sus-
pensions. Some examples of the preliminary results are illustrated in figure 6.2 showing the
destabilization modes phenomenon.

g

FIGURE 6.1: The geometry and boundary conditions applied in the numerical
CFD simulations. Twall = 20◦C, S, and Jt is the total flux detailed in Dbouk,
2018a. Adopted from (Dbouk and Bahrani, 2019; Bahrani, Morris, and Dbouk,

2019).

FIGURE 6.2: Measured local temperature T for h0/H = 0.38 illustrating mul-
tiple destabilization modes. Each mode includes a characteristic period τ.
Critical temperature Tcr measured at different τ, illustrating the correspond-
ing images for the local destabilization of the immersed granular bed, and the
steady state denoting no further change in the bed/liquid interface. The onset
or partial destabilization time td,onset represents the characteristic time at which
the IGB destabilization onset occurs. The total destabilization time td,total de-
scribes the time where a first complete particles removal occurs in the zone
where heating is applied at the bottom (b × w). Adopted from (Dbouk and

Bahrani, 2019; Bahrani, Morris, and Dbouk, 2019).

To better quantify the instability induced in IGB by thermal heating, two modified critical
numbers Rayleigh Ra∗cr and Buoyancy B∗cr, based on the IGB destabilization onset (t = t∗)
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(a) (b)

(c) (d)

FIGURE 6.3: Frontal views at plane y = 0 and as captured by the camera
for the particles ejection and local bed surface deformation with time for im-
mersed granular bed initially at hi = 15 mm. (a) Experiment image captured
at t = 400 seconds, (b) Numerical CFD results at t = 400 seconds. (c) Ex-
perimental image captured at t = 700 seconds, (d) Numerical CFD results at
t = 700 seconds. White: rigid particles, black: liquid. Adopted from (Dbouk

and Bahrani, 2019).

and its local volume fraction (φ̂), have been defined respectively as:

Ra∗cr(φ̂, t = t∗) =
gβ̂s∆Tcr H3

ν̂sα̂s
, t∗ = td,onset (6.5)

B∗cr(φ̂, t = t∗) =
∆ρ0

ρ̂s β̂s∆Tcr
, t∗ = td,onset (6.6)

where the local volume fraction φ̂ is computed as:

φ̂ =
1
S

∫∫
S=h0×w

φ(x, z) dx dz (6.7)

ρ̂s, β̂s, ν̂s and α̂s are the thermophysical properties of the IGB (or suspension) that depend
on φ̂ in the local zone [S = h0 × w] (see figure 6.1).

ζ̂s =
1
S

∫∫
S=h0×w

ζs(x, z) dx dz (6.8)

where ζs is a mathematical operator that is applied to ρ, ν, β and α such that:

ζs = ζpφ + (1− φ)ζl (6.9)
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with βp = 8 · 10−4 K−1 and αp = 10−7 m2· s−1. αl and βl are, respectively, water thermal
diffusivity and thermal expansion coefficients that depend on the temperature; we neglect
the influence of the salt on these properties.

Figure 6.4 shows the numerical CFD predictions obtained for the critical Buoyancy number,
compared to the recent experiments by (E. Herbert, 2018; C. Morize and Sauret, 2017;
Bahrani, Morris, and Dbouk, 2019).
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Morize et al. 2017 experiment (dp=250 µm)
Present CFD (Morize et al. 2017)
Bahrani et al. 2019 experiment (dp=550 µm)
Present CFD (Bahrani et al. 2019)

FIGURE 6.4: Critical Buoyancy number as function of initial h0/H (h0 = hi).
Right side arrow: stable immersed granular beds for (B > Bc). Left side
arrow: Unstable immersed granular beds for (B < Bc). Adopted from (Dbouk

and Bahrani, 2019).

A thermal phase stability diagram (TPSD), with the novel feature that it is based on the
modified critical Rayleigh number (Ra∗cr) as a function of hi/H for immersed granular beds
of polydispersed particles, is illustrated in figure 6.5 (black circles and black dashed line).
The critical Rayleigh number for the pure fluid case is shown by the black crosses, corre-
sponding to the case of hi = 0. This TPSD defines two regimes: “stable" (blue region in
figure 6.5) and “unstable" (red region in figure 6.5) depending on Ra∗cr versus hi/H. For
Ra < Ra∗cr the IGB is stable meaning that there is zero deformation of the initial bed surface
in the presence of the applied thermal heating source. However, for Ra > Ra∗cr the IGB be-
comes unstable such that the bed surface starts to deform and destabilization onset occurs,
upon reaching a critical threshold temperature Tcr(φ′, t = t∗).

This new recent innovative research activity, on free convection in non-colloidal suspension
flows, adds an important value to our research unit, and opens a window for future topics
for R&D&I where suspensions (as intelligent materials) may invade other interdisciplinary
scientific domains like, medical science (blood flows), biomechanics, electronics, telecom-
munication, geology, chemistry, etc.

This recent R&D activity have been mounted with a new external collaboration with Prof.
Jeffrey. F. Morris at the Complex Fluids Research Group at the Levich Institute of Technol-
ogy, City College University of New York. Another internal collaboration have been started
on this topic with Dr. Amir BAHRANI from IMT Lille Douai.

GDR objective: An objective is to create soon (around 2019/2020) a new GDR (Groupe
de Recherche) in order to animate, and better develop this new research activity in France

http://www-levich.engr.ccny.cuny.edu/~jmorris/index.html
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FIGURE 6.5: Thermal phase stability diagram (TPSD), (a) for the modified
Ra∗cr as a function of initial bed’s height h0/H, (b) for Ra∗cr as a function of the

modified B∗cr, (c) for the classical Racr versus the classical Bcr.
Classical Racr: experimental measurements (red squares) versus numerical
simulations (red solid line). Modified Ra∗cr : experimental measurements
(black circles) versus numerical simulations (black solid line). The Rayleigh
number value for a pure fluid (black x point). Adopted from (Bahrani, Morris,

and Dbouk, 2019).

concentrated around heat transfer in non-colloidal suspensions. This will gather several
junior and senior researchers, which can attract also several regional and external industrial
partners in the future (further research network development).



120 Chapter 6. Perspectives for further R&D&I

6.2.2 Cooling of electronic components (forced laminar convection)

End 2016 early 2017, we have recently created and launched the idea for a new window
for R&D&I in the topic of cooling of electronic components (i.e. see Enveloppes Souleau
(Dbouk, 2017b; Dbouk, 2017c), and Dbouk, 2019b).

In very recent R&D&I efforts in Dbouk, 2019b, a novel heat sink design was proposed for
CPU cooling applications, based on non-colloidal suspension flows. The attraction behind
non-colloidal suspensions applied as new coolant, lies in the fact that: non-colloidal sus-
pensions (made of micro-particles) are usually human health and environmentally friendly
compared to nano-fluids counterparts (threshold PM10, PM2.5, see RespireAsso, 2018). An
example of this new heat sink design (& working and boundary conditions, and installation
circuit) are illustrated in figures 6.6, 6.7 and 6.8 (Dbouk, 2019b).
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FIGURE 6.6: A schematic representation of the 3D geometry of the CPU cool-
ing device. (A): Diverging nozzle zone; (B): CPU zone with heat generation;

(C): Converging nozzle zone. H = 0.2L; L = 0.05 m. From (Dbouk, 2019b).
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FIGURE 6.7: The boundary conditions (BC) applied in the present CFD simu-
lations with Tin = 293 K and Q̇CPU = 3800 W m−2. From (Dbouk, 2019b).

Figures 6.10 and 6.11 show as an example that upon increasing the CPU power from 9.5 W
to 47.5 W, the suspension at kp = 100k f is still very well performing in terms of cooling
where the mean CPU temperature holds Tmean = 296.06 K (a Tmax = 298.23 K ). However
at such high CPU power of 47.5 W, the suspension at kp = k f is less performing in terms of
maximum point temperature that reaches 365.33 K, but still accepted (Tmean = 326.19 K) by
being below the maximum usually allowed temperature for CPU units.
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CPU

suspension

inlet outlet

pump

cooling unit

Q

FIGURE 6.8: A schematic representation of the CPU cooling device installation
in a circuit of circulating suspension flow within different components. From

(Dbouk, 2019b).

(a)

(b) (c)

FIGURE 6.9: Temperature profiles at the steady state (t=100 s). (a) Pure water
fluid; (b) Suspension no.1 of table 6.1; (c) Suspension no.2 of table 6.1. From

(Dbouk, 2019b).

On March 2019, a new PhD thesis was launched at our department, to deepen our under-
standing in this new emerging field of non-colloidal suspension being as new coolants (nu-
merical and experimental investigations). It is external collaboration with Prof. Vincent
THOMY at the BioMEMS Research Group at IEMN (Institut d’Électronique, de Microélec-
tronique et de Nanotechnologie, Lille, France). Prof. THOMY has a wide experience in the

https://www.iemn.fr/la-recherche/les-groupes/biomems
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FIGURE 6.10: Influence of imposed heat flux on the CPU maximum temper-
ature using the different cooling-fluids applied in table 6.1. From (Dbouk,

2019b).
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(Dbouk, 2019b).

field of microelectronics and microfluidic research applied to different applications (like in
physical and life sciences).
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Pure fluid: Water Suspension no.1 Suspension no.2
φb = 0 φb = 0.35; dp = 50 µm φb = 0.35; dp = 50 µm

k f = 0.6 W m−1 K−1 kp = k f kp = 100 k f
ρ f = 103 Kg m−3 ρp = ρ f ρp = ρ f

cp f = 900 J kg−1 K−1 cp p = 4180 J kg−1 K−1 cp p = 4180 J kg−1 K−1

Re = 2 · 103 ReS = 294 ReS = 294
(Uin = 0.16 m s−1) (Uin = 0.1 m s−1) (Uin = 0.1 m s−1)

TABLE 6.1: Operating conditions using three different CPU cooling-fluids.
From (Dbouk, 2019b).
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6.2.3 Research toward turbulence modeling in non-colloidal suspensions

In the PhD project of Mme. C. OCTAU (hosted externally at LAMIH laboratory, University
of Valenciennes) that i have been supervising (at 30%) since 3 years (defense expected in
September 2019), I have been working on turbulence modeling in non-colloidal suspensions
(to consider particles-induced turbulence with particle-particle and particles-fluid interac-
tions, knwon as 4-way coupling).

The project of the PhD program of Mme C. OCTAU is funded by the industrial partner
ALSTOM R© (thèse CIFRE) and it is in collaboration between my research unit and the LAMIH,
UMR CNRS 8201 (Laboratoire d’Automatique, de Mécanique et d’Informatique Industrielles
et Humaines).

The main objective in the PhD of C. OCTAU is to develop and validate numerical models in
CFD (Euler-Euler and/or Euler-Lagrange), for predicting particles transport emitted after
rail-way braking of a train (i.e. high speed trains (TGV4)). Due to the complexity of the
problem, a first approach was followed, where we studied suspension jet in cross-flow of
water, both experimentally and numerically.

In the PhD project of Mme. C. OCTAU, (macroscopic modeling in CFD, including RANS
turbulence models, particles/fluid drag coefficients, lift, etc) (Gidaspow, 1986; Bouillard,
Lyczkowski, and Gidaspow, 1989; Schiller and Naumann, 1933), primarily results were
obtained in (Octau, Dbouk, Watremez, Meresse, Lippert, Schiffler, Keirsbulck, and Dubar,
2019).

Compared to single-liquid and liquid-liquid jets in crossflow (JICF), liquid-solid two-phase
JICF is rarely studied in the literature. Modeling multiphase turbulent flows is a complex task
due to the locally varying time and length scales in the flow. The modeling task becomes
even more complex in the case of large number of particles (which is the present case of
this contribution), and it is still a topic for research and investigation. The complexity in the
modeling lies in the fact that 4-way coupling technique must be employed so that the mod-
eling to be complete, for different ratios of the particle response time τp to the Kolmogorov
time scale τK, as illustrated in figure 6.12 by (Elghobashi, 1994) for different regimes. The
one-way coupling regime means that particles have negligible effect on turbulence. In other
words, it means that particle dispersion depends on the state of turbulence of the continu-
ous phase, due to very low particles concentration (the particles to turbulence momentum
transfer posses insignificant effect on the flow). The two-ways coupling regime means that
momentum transfer from the particles is large enough to modify the local turbulence struc-
tures (e.g. an increase in the turbulence energy dissipation rate, or enhanced production
of turbulence energy depending on the particles diameter). The four-way coupling regime
dense suspensions) means that in addition to the two-way coupling between the particles
and turbulence, particle-particle collision/interactions takes place.

Modeling of turbulent multiphase flows in CFD might be achieved, at an accepted accuracy
level versus acceptable computational cost, depending on the modeling approach that is
adopted.

A new experimental setup has been developed to investigate a vertical jet of liquid-solid
mixture in water turbulent crossflow. A 6% volume fraction of rigid micro particles in wa-
ter is injected vertically in a horizontal pure-water turbulent flow. The jet trajectory, pen-
etration and the particles concentration were recorded via a high resolution camera with

4Train à Grande Vitesse

http://www.uphf.fr/LAMIH/fr/presentation
http://www.uphf.fr/LAMIH/fr/presentation
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particles tracking technique. Three-dimensional CFD simulations have been conducted us-
ing two different Eulerian models: a Two-Fluid model in the commercial CFD code Star-
CCM+ R© , and a new CFD solver developed in the opensource code OpenFOAM R© based
on a Mixture model to predict the hydrodynamics, jet trajectory and the particles trans-
port. A modified-k − ε model (to account for particle induced turbulence, and turbulent
dispersion), and a modified-buoyant-k − ε model have been employed in the commercial
and open-source codes, respectively. The developed new solver Mixture Model in the open-
source CFD package captured better the Liquid-solid jet’s bend compared to the Two-Fluid
Model in the commercial CFD code. It constitutes a better compromise due to its good ac-
curacy associated with a computational cost that is reduced by a factor of 7.

(a)

(b)

FIGURE 6.12: (a) The vortical structures of a jet in a crossflow, adopted from
(Fric and Roshko, 1994). (b) Map of regimes of interaction between particles-

in-fluid and turbulence, reproduced from (Elghobashi, 1994).

Figure 6.13 shows the experimental setup developed during the PhD period of Mme C.
OCTAU (2016-present).

Figure 6.14 shows the geometry of the 3D channel and the applied boundary conditions in
OpenFOAM R© and Star-CCM+ R©.

The concentration profiles for the liquid-solid jet’s bend are shown in figure 6.15. It can be
clearly observed that the numerical results are very close to the experimental data at the
different times 400, 800 and 2500 ms. The new solver developed in OpenFOAM R© as a new
mixture model predicted better the jet’s bend or jet’s trajectory at all time steps compared to
the experimental data as shown in figure 6.15-(j,k,l).

For local analysis, three points of the experimental concentration field located at the jet’s
bend were considered: A (x/h = 0, y/h = 0.1), B (x/h = 0.05, y/h = 0.25) and C (x/h = 0.1,
y/h = 0.3) as shown in figure 6.15. These three points correspond to local line probes po-
sitions that have been considered at each point (A, B, and C) rather than only local single
points. This is in order to do an averaging of the concentration values in the direction per-
pendicular to the plane of visualization by the camera.

The obtained normalized local concentration values located at these points A, B and C are
plotted as function of time as shown in figure 6.16. The new solver in OpenFOAM R© based
on a modified Mixture Model is found to predict better the averaged concentration values
at different local positions (points A, B and C) compared to experimental data.
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FIGURE 6.13: (a) Hydrodynamic channel description and apparatus. (b)
Sketch of the shadowgraphy technique applied to the field of view. Adopted
from (Octau, Dbouk, Watremez, Meresse, Lippert, Schiffler, Keirsbulck, and

Dubar, 2019).

Using the new solver Mixture model developed in opensource CFD code OpenFOAM R©
(for simulating a total physical time of 4 seconds), the solution required 22.08 hours as com-
putational time, solved in OpenFOAM R© in parallel on a cluster of 32 intel processors (each
2.3 GHz).

Using the Two-Fluid model in the commercial CFD code Star-CCM+ R© required more ad-
ditional computational time of about 142.4 hours, solved in parallel on the same cluster of
same number of processors.

The new developed CFD solver via a mixture model approach in OpenFOAM R© required a
computational time that is reduced by a factor of 7, compared to the commercial Two-fluid
model in Star-CCM+ R© . Further investigations are still going on in attempts to improve the
overall accuracy of the models.
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FIGURE 6.14: (a) The geometry of the 3D channel and the applied boundary
conditions. (b) Volume fraction φ*(t) boundary condition imposed at the ver-
tical injection inlet 2 (φmax = 6%). Adopted from (Octau, Dbouk, Watremez,

Meresse, Lippert, Schiffler, Keirsbulck, and Dubar, 2019).
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FIGURE 6.15: Experimental and numerical normalized concentration fields
at t=400, 800 and 2500 ms. a-f) experimental results; g-i) numerical results at
z = 0 applying the Mixture model new solver in OpenFOAM R©; j-l) numerical
results at z = 0 applying the Two-Fluid model in Star-CCM+. Adopted from
(Octau, Dbouk, Watremez, Meresse, Lippert, Schiffler, Keirsbulck, and Dubar,

2019).
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y/h = 0.3) as function of time using the Mixture model in OpenFOAM R©,
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(Octau, Dbouk, Watremez, Meresse, Lippert, Schiffler, Keirsbulck, and Dubar,

2019).
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6.2.4 Mixing enhancement (solid-particles-liquid multiphase flows)

Recently, in Dbouk and Habchi, 2019, I started applying for the first time in our research
unit, non-colloidal suspension in chaotic advection flows in multifunctional heat exchangers
(Habchi, Ouarets, Lemenand, Della Valle, Bellettre, and Peerhossaini, 2009; Habchi, Leme-
nand, Della Valle, and Peerhossaini, 2009). The major objective is to study numerically in
CFD the potential of chaotic and helical pipes in mixing of non-colloidal isodense suspensions
of rigid microparticles as illustrated in figure 6.17. The idea is to place static mixers to solve
the problem of shear-induced migration in concentrated non-colloidal isodense suspension
flows.

This new research activity at our research unit, I launched recently in collaboration with Dr.
Charbel HABCHI from the Notre-Dame University, in Lebanon. It is also good to mention
that i previously conducted research and development activity on similar research topic
in the past (during my early Master-II-research studies at the research unit: LTEN, UMR
CNRS 6607, at the University of Nantes), where i worked on the numerical modeling and
simulation of liquid-liquid dispersion in a chaotic advective flows.

Shear-induced migra�on in
straight pipe flow of

concentrated suspension

Mixing enhancement in helical pipe and 
chao�c twisted pipe sta�c mixers

FIGURE 6.17: Shear-induced migration and mixing enhancement in helical
pipe and chaotic twisted pipe static mixers. Solid particles are in black; New-
tonian liquid is in white. A graphical abstract adopted from (Dbouk and

Habchi, 2019).

In this research study, to quantify the mixing process, we adopted the mixing index MI
based on the coefficient of variation (CoV) of the particles concentration as follows:

MI = 1− CoVoutlet

CoVinlet
(6.10)

where the coefficient of variation CoV is obtained as follows:

CoV =
σφ

φ̂b
(6.11)
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σφ is the standard deviation of the volume fraction at outlet with respect to the mean value
φ̂b. The mixing index is represented in % and it is directly related to the degree of homo-
geneity of the particles which is quantified by the CoV. Good mixing is reflected by high
values of MI, and vice-versa.

Some examples of the numerical CFD results obtained on mixing in isodense suspensions,
via an advanced new solver that was developed internally in OpenFOAM, 2019, are illus-
trated in figures 6.18 and 6.19 (i.e. mixing index MI).
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FIGURE 6.18: Non-colloidal isodense suspension: mixing in multi-functional
heat exchangers; (right-hand-side) at exit of the 7th elbow; Dp = 400 µm; Re =
100; inlet volume fraction = 0.35 (steady state). From (Dbouk and Habchi,

2019).
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the volume fraction φ and the Reynolds number (steady state). From (Dbouk

and Habchi, 2019).
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6.2.5 Adaptive Mesh Refinement Techniques

In a recent effort, I have been also working on the topic of adaptive mesh refinement (AMR)
techniques on hexahedral mesh (in both 2D and 3D) and their applications in the CFD
solvers that i have developed previously for non-colloidal suspension flows (with and with-
out heat transfer). The importance behind AMR techniques is the allowance for compu-
tational time reduction versus an increase in accuracy, especially at the suspension/liquid
interface regions in the computational domain.

The new developed algorithm intended for the recent developed AMR technique is illus-
trated in figure 6.20.

Mesh

a <  Rc  < b

NoYes

Rc < UL

Refine

No

Yes

Rlevel = Rmax

Ncells<Nmax

Yes

Unrefine

FIGURE 6.20: The flow chart of the Adaptive Mesh Refinement algorithm.
Adopted from (Dbouk, 2019a).

If we look again to the mixing and resuspension case of figure 3.23, presented in Chapter 3,
it solved again but applying now an advanced 2D AMR technique as illustrated in figures
6.21 and 6.22.

A similar example but applied to shear-induced migration in a channel flow is illustrated in
figure 6.23.

Finally, i can state that my research axis no.1 is still full of huge potentials for further
developments and new applications to be developed at IMT Lille Douai, such as in au-
tomotive industry (electric vehicles, battery cooling, etc), medical science field applica-
tions (blood flow Rheology), geological and civil engineering applications (cement flow,
volcanic eruptions, undersea level plumes, petroleum extraction, etc) and chemical and
process engineering, etc.
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FIGURE 6.21: The particle concentration maps as (1-c) values versus 2D
adaptive mesh refinement; From left, to right at: 0, 45, 135, and 225 turns
of the inner cylinder, respectively. Suspension Properties: a = 397 µm,
ρ0 = 1.253 g/cm3, ρp = 1.18 g/cm3, µ0 = 0.588 Pa · s. Adopted from (Dbouk,

2019a).
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perimentally by (Rao, Mondy, Sun, and Altobelli, 2002) (upper row); numeri-
cal solver with AMR technique (middle row); numerical solver without AMR
technique (lower row).From left, to right at: 405, 495 and 585 turns of the inner
cylinder, respectively. Suspension Properties: a = 397 µm, ρ0 = 1.253 g/cm3,

ρp = 1.18 g/cm3, µ0 = 0.588 Pa · s. Adopted from (Dbouk, 2019a).
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FIGURE 6.23: Dimensionless particles concentration inside the channel at the
steady state. The AMR technique reduces the computational cost importantly
by a factor of 4 (for an initial uniform mesh of base D/30 cells) while retaining
a very good accuracy of results for the shear-induced migration prediction.

Adopted from (Dbouk, 2019a).
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6.3 Perspectives and potentials: research axis no.2

6.3.1 Topology Optimization Design

Some perspectives for the topology optimization R&D&I axis, are the extension of the actual
topology optimization solvers, that I have been developing, into:

• Large-scale 3D problems with optimization algorithms that can perform efficiently in
parallel runs over multiple CPU and GPU units. For example, very recently, a one-
year extendable Postdoc recruitment position is opened, November 2018, (click here
to see this postdoc tasks description) to contribute to the development of this R&D
task at our research unit, funded by the industrial partner VALEO R© Thermal Systems
Research Group (in the context of the industrial chair "NEO").

• MultiPhysics applications (such as turbulent flows with heat transfer), fluid structure
interaction, thermo-mechanical stresses, adsorbent porous media, energy storage, gas
separation, etc).

6.4 Perspectives and potentials: research axis no.3

Some of my future objectives for axis no.3 (on Multi-component fluid flows in adsorbent
porous media) are as the following:

• First objective is to pursuit our collaboration with the team at IMT Atlantique in order
to extend our previous research activity in (Gautier, Dbouk, Campesi, Hamon, Harion,
and Pré, 2018; Gautier, Dbouk, Harion, Hamon, and Pré, 2018) towards new innova-
tive design of multi-functional adsorbent-heat-exchangers (AHE) (i.e. see figure 6.24).

• Second objective is to validate experimentally the recent works by (Kassou, Gautier,
and Dbouk, 2018) on air pollution reduction and pollutant transport prediction in in-
door environment (bi-component adsorption). This mission can be done in internal
collaboration with researchers from the Atmospheric and Environmental Research De-
partment at IMT Lille Douai, and it fits well in the new strategies defined for the new
CERI-EE3.

• Third objective is to initiate future international collaborations with other researchers
who are working on similar topics in CFD applied to pollution prediction and reduc-
tion by adsorbent materials in various applications (vehicles, industry zones, airplane
cabins, residential buildings).

• Fourth objective is to validate the recent CFD solvers for multi-component adsorption
developed in (Dbouk, 2019c; Dbouk, 2019d).

• Final objective is to apply the topology optimization solvers that I have been devel-
oping to the optimization and design of thermofluid systems where adsorption (&
desorption) phenomena may be present. This will be in attempts to approach and ini-
tiate a collaboration with the researchers: (Amigo, Prado, Paiva, Hewson, and Silva,
2018) (at Imperial College, London) who are working recently on a similar R&D topic.

3Centre d’Enseignement, de Recherche et d’Innovation Energie et Environnement

http://imt-lille-douai.fr/content/uploads/2017/02/Postdoc_Valeo_2018.pdf
http://imt-lille-douai.fr/content/uploads/2017/02/Postdoc_Valeo_2018.pdf
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FIGURE 6.24: An example of an innovative multi-functional adsorbent-heat-
exchanger prototype. A collaboration project with Prof. PRÉ, at IMT Atlan-

tique, University of Nantes.

6.5 Conclusion

As a final conclusion, since September 2014 which is the date of my arrival to IMT Lille
Douai:

• I have been both teaching and directing research through intense supervision of sev-
eral Postdoc, PhD and Masters research students inside and outside the hosting re-
search unit, and their good insertion into a prospective successful future R&D&I ca-
reer (Dr. R. GAUTIER, Dr. V. SUBRAMANIAM, M. H. BELKHOU, Mme. C. OCTAU,
M. H. KARKABA, M. M. MOAZZEN, M. T.C. NGUYEN, M. A. KASSOU and M. V.
VALLANT)

• I have brought and introduced new research axes into my hosting research unit ECSP
(CERI-EE): (Dbouk, 2018a; Dbouk, 2019b),

• I have been adding value by contributing to the hosting research unit overall scientific
reputation, development, research direction and orientation, research supervision/co-
supervision and scientific collaborations (Dbouk2019preprintbb; Dbouk and Harion,
2015; Dbouk, Perales, Babik, and Mozul, 2016; Dbouk, 2016; Dbouk, 2017a; Nguyen
and Dbouk, 2017; Subramaniam, Dbouk, and Harion, 2018a; Gautier, Dbouk, Campesi,
Hamon, Harion, and Pré, 2018; Gautier, Dbouk, Harion, Hamon, and Pré, 2018; Dbouk,
2018a; Dbouk, Dirker, Fachinotti, and Page, 2019; Dbouk and Habchi, 2019; Dbouk,
2019a; Dbouk, 2019c; Dbouk, 2019d; Dbouk and Bahrani, 2019; Kassou, Gautier, and
Dbouk, 2018; Vaillant, Gautier, and Dbouk, 2019; Octau, Dbouk, Watremez, Mer-
esse, Lippert, Schiffler, Keirsbulck, and Dubar, 2019; Belkhou, Russeil, Dbouk, Mobtil,
Bougeard, and François, 2019; H. Karkaba, Dbouk, Habchi, Russeil, Lemenand, and
Bougeard, 2019),

• I have been also generating new ideas (Dbouk, 2017b; Dbouk, 2017c; Dbouk, 2018c;
Dbouk, 2018d), as innovative research topics for future research projects develop-
ments and new applications, national and international scientific collaborations and
networking with both academia and industry (Dbouk, 2019b),
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• I have been also mounting a new Masters program on intelligent buildings, and a
new course for postgraduate students (Dbouk, 2018b) on pinch analysis and process
integration methods, for a better and efficient use of energy resources (such as the
optimization of energy consumption in different applications, and in the context of a
future environment-friendly socioeconomic world).

• The last 5 years, I contributed importantly to the preparations of last wave of French
HCERES research committee evaluations (with good synergy between my different
R&D activities and those present at the hosting research unit).
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