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Chapter 1

Introduction

My objective is to propose new modeling, estimation and control methods for transport phenomena in
inhomogeneous media with complex interconnections.

e Transport is considered as associated with a flow of particles [J-1]', energy [J-32] or information
[J-5].

e Inhomogeneity is induced by structural modifications of the medium, for which classical models
with constant transport coefficients (e.g. diffusivity or convection) cannot capture the effect of local
variations (e.g. density, pressure, magnetic field, ...) on the flow propagation [J-4, J-31, J-1].

e The complexity of the interconnections is first induced by local feedbacks, intrinsic when several
variables interact between each other (e.g. coupling between density and temperature in gas transport
[J-33]) or exogenous when the actuators for feedback regulation have a distributed effect (e.g. plasma
controlled by wave-particles interactions using radio-frequency antennas in thermonuclear fusion [J-
16]).

o This complexity also appears with boundary interconnections, when the system topology implies the
interaction between several flows (e.g. mining ventilation [J-3] or the cooling of cryogenic power
lines for the large hadrons collider at CERN [J-33]) or the use of sensors and actuators located at the
boundaries of the flow (e.g. boundary control of a Poiseuille flow [J-12]).

Analyzing such phenomena implies to consider dynamic transport models described by partial differential
equations (PDE) with transport coefficients that vary in space and time, and/or time-varying boundary
conditions (inducing nonhomogeneous solutions of the PDEs). Such variations depend on feedback effects
and imply a coupling with other systems, which can be described by ordinary differential equations, discrete
equations (e.g. hybrid systems as in Witrant et al., 2009a; Di Benedetto et al., 2008; Prieur et al., 2012),
functional differential equations (time-delay systems in Witrant et al., 2006), partial differential equations
(PDEs) (Castillo-Buenaventura et al., 2013b, 2012b) or nonlinearities (Georges et al., 2007) that can be
described as linear parameter-varying systems (Rivas Caicedo et al., 2012a; Bribiesca Argomedo et al.,
2011).

My research topic aims to adapt complex models inferred from physical laws (Maxwell equations
for thermonuclear fusion, Euler and Navier-Stokes equations for ventilation systems and continuity for
porous media and firn) to the analytical framework of automatic control. It requires an interdisciplinary
approach combining:

I'see reference in the publication list, Section 2.2



e physics: modeling of transport phenomena with parameters capturing diffusion, convection, sink and
source varying in time and space from fluid mechanics (J-12, Witrant and Johansson, 2008; Castillo-
Buenaventura et al., 2013b), thermodynamics (J-26, Rahmani et al., 2012) or electromagnetism (J-4,
Delebecque et al., 2008);

o applied mathematics: stability analysis and optimization of dynamical systems using analytical re-
sults on distributed systems (described by partial or functional differential equations, see Witrant and
Martinerie, 2010, and J-1), linear algebra, calculus of variations (Santiago et al., 2011; Witrant et al.,
2006) and solving inverse problems (Witrant and Martinerie, 2013a, J-21, J-2, J-15);

e engineering: design of algorithms for real-time regulation or for modeling complex systems by asso-
ciating the theoretical model to experiments using automatic control methods (synthesis of feedback
control laws or identification strategies, see J-12, J-17, J-7, Mechhoud et al., 2012, 2013b), signal
processing (to use distributed sensors, communication networks and data processing in the frequency
domain as in Witrant et al., 2004, J-29, BC-5) and numerical analysis (discretization methods and
computational fluid dynamics, see J-4, J-1).

Combining these topics motivate new links between theories and application, in a problem-solving strategy
that provide clear guidelines to develop new methods or to define suitable experimental campaigns. These
problems are mostly still open, due to the lack of an explicit solution of transport PDEs with coefficients
varying in space and time (typically several orders of magnitude, impairing the use of average solutions).
The precision and real-time computing constraints on the models imply to integrate physical principles and
system dynamics in the algorithm scheme (e.g. the structure is set according to the definition of the flux
and conserved variables, to the localization of the eigenvalues spectrum despite the temporal variations, or
to the use of artificial delays associated to nonlinear components to allow using implicit linear schemes).

Systems characterized by inhomogeneous transport, due to their peculiar structure, are generally
only addressed with local models and regulation strategies. Each element is then optimized in a local
framework, without specifically considering the distribution of inhomogeneities and the complex inter-
connections. The aim of my work is to develop new approaches for modeling, analysis and control that
allow for a global integration of the dynamics. These approaches are associated to the study of transport
phenomena with a large societal impact (e.g. energy generation, global warming, pollutants emissions ... ).

The results presented in this manuscript are motivated by several physical processes for which
inhomogeneous transport appears as a major challenge to model and control the input to output map. We
consider mostly 1D transport in Cartesian or cylindrical coordinates, with space and/or time variations
of the transport coefficients and express the dynamics of the process in terms of the convection-diffusion
equation. Each physical system considered in my research was chosen to address a particular aspect of
inhomogeneous transport, with different instrumentation capabilities and distinct objectives in terms of
modeling and control. The specific results aim at providing adequate solutions to evaluate and answer the
ever increasing need of humans for more energetic resources, with a humble attempt to do it with less
environmental damage.

The manuscript is organized as follows. Chapter 2 is my curriculum vitae, providing an overview
of the steps and numerous scientific interactions that led to the presented results. The general framework of
inhomogeneous transport analysis is given in Chapter 3 as a background on conservation laws. Chapter 4
presents some specific processes involving inhomogeneous transport and the problems formulation from
an estimation and control perspective. The methods developped to solve these problems are summarized in
Chapter 5. Conclusions and perspectives are finally presented in Chapter 6. I selected specific processes and
methods from my research to illustrate the different inhomogeneities and the different classes of problems.

The structure of the manuscript reflects an answer to the common friendly remark from my col-
leagues that a sentence mixing tokamaks, car engines, ice cores, mining ventilation and cryogenics while
pretending they are all the same should be mine. I also attempted to address the discussions of the



manuscript to all the examination committee members, as key specialists in automatic control, glaciol-
ogy, inverse problems, stability analysis and thermonuclear fusion. I am most grateful and honored by
their interest in my research concerns.

As this work results from many strong collaborations with enthousiasming colleagues and students,
I will use “we” to describe indistinctly the results of interconnections and more personal contributions.
Indeed, my main reward from science comes from sharing stimulating intuitions and to watch them trans-
forming into fruitful results when processes with other people, more than contributing as an isolated mind.



Chapter 2

Curriculum Vitae

2.1 Summary

Current position and Professional Experience

Since 2007

UJF / GIPSA-LAB, GRENOBLE, FRANCE. ASSOCIATE PROFESSOR IN THE PHYSIcS DE-
PARTMENT.

Research activity on Modeling and control of transport in inhomogeneous me-
dia, Teaching at UFR PhITEM (Physique, Ingénierie, Terre, Environnement,
Mécanique). PES/PEDR (national allowance for excellent research) since 2010
> Theoretical research on heterogeneous transport modeling and control: stabilization,
identification and optimization for systems described by partial differential equations or
time-delays.

> Main collaborations (joint publications andfor projects):

o Information transport and networked control systems: KTH (Sweden), Un. of
L’Aquila and Sienna (Italy).

o Energy transport and large-scale instruments: CEA (IRFM-ITER)/Supélec / LISA
/LJK (France), CERN /EPFL (Switzerland), KTH, JET (UK), IIT/ UA (USA), IIT
(India).

e Chemical transport in ice cores and environmental studies: LGGE, IMAU
(Netherlands), CIC (Denmark), INSTAAR / NOAA /UC (USA), UEA (UK), Univ.
Bern (Switzerland).

o Industrial applications: mining/building ventilation, car engines: ABB / Boliden
(Sweden), Renault/PRISME (France).

> Head of the international Master 2 in Systems, Control and Information Technologies.
> Head of the Automatic Control teachings and the PhyAuto lab at UFR PhITEM.

> Co-director and head of education for the Labex Persyval-lab.

> Research coordinator for the Fédération de Recherche sur la Fusion Controlée Mag-
nétiquement.

> 2013-2014: visiting professor in the Applied Mathematics and Optimization in Eng.
Center (OPTEC) groups at Katholieke University Leuven and “collaborateur scien-
tifique” in the Laboratoire de Glaciologie at Université Libre de Bruxelles (Belgium).
Financed by CRCT from UJF and CNU, and by KUL.



Since 2002

1999-2003

Post-docs

Automatic CONTROL AND INHOMOGENEOUS TRANSPORT.

> Publications: 34 journal papers (including 2 in Nature and 1 in Nature Geoscience),
5 patents, 2 books, 3 coordinations of conf. proceedings, 8 book chapters, 51 papers in
international conference proceedings.

> Projects: 14 international, 5 national, 6 industrial, 6 regional. Project coordinator for
11.

> Advised students: 8 Ph.D. (+5 external), 3 post-docs / ATER, 17 Master 2, 5 Master 1.
> Publication chair for the 2013 IFAC Joint Conference in Grenoble (SSSC, TdS, FDA).
> Invited sessions organizer for IEEE and AIAA.

> Reviewer for key journals / international conferences in Automatic Control, Thermonu-
clear Fusion and Atmospheric studies.

Unitep TecHNOLOGIES (1 YEAR, Atranta, USA), CERN (2 MONTHS, GENEVA,

SwiTzZERLAND) AND UN1v. OF TWENTE (3 MONTHS, ENSCHEDE, NETHERLANDS). SPON-
SORED INTERNSHIPS.

2006-2007

2006

Education

Rovavr InsT. oF TecH. (KTH), StockHoLM, SWEDEN. Post-Doc IN CONTROL SYS-
TEMS (11 MONTHS).

Identification and control of networked embedded intelligent systems and dis-
tributed systems.

CEA-CaDpARACHE, FRANCE. PosT-poCc IN CONTROLLED THERMONUCLEAR Fusion (10
MONTHS).

Modeling, identification and control of the current profiles in Tokamak plasmas.

2002- 09/2005

2001-2002

1999-2001

1997-1999

GRENOBLE UNIVERSITY, FRANCE. PHD IN CONTROL SYSTEMS.
Stabilization of Network Controlled Systems. INPG best Ph.D. thesis award.

INPG/LAG, GReENOBLE, FRANCE. MASTER OF SCIENCE IN CONTROL SYSTEMS.
Thesis on Human Friendly Control: Application to the Drive-by-Wire System
(grad. with honors)

GEORGIA INSTITUTE OF TECHNOLOGY, ATLANTA, USA. BACHELOR OF SCIENCE IN
AEROSPACE ENGINEERING.

Specialization in control theories; research projects with M.P. Kamat and
P. Tsiotras. Dean’s List.

Euro AMERICAN INSTITUTE OF TECHNOLOGY, SOPHIA-ANTIPOLIS, FRANCE. B. IN
AEROSPACE ENGINEERING.

Freshman and sophomore years. Minors in Computer Sciences and Mathemat-
ics. Highest honors.



2.2 Publications

Preprints available at http://www.gipsa-lab.grenoble-inp. fr/~e.witrant/
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2.2.1 International Journal Papers

(<IF according to JCR 2011>, when available')

J-1

J-2

J-3

J-4

J-5

J-6

J-7

Top 5
E. Witrant, P. Martinerie, C. Hogan, J. C. Laube, K. Kawamura, E. Capron, S. A. Montzka, E. L. Dlu-
gokencky, D. Etheridge, T. Blunier, and W. T. Sturges, A new multi-gas constrained model of trace
gas non-homogeneous transport in firn: evaluation and behavior at eleven polar sites, Atmos.
Chem. Phys., 12, 11465-11483,2012. <IF =5.52 >
C.J. Sapart, G. Monteil, M. Prokopiou, R.S.W. van de Wal, P. Sperlich, J.O. Kaplan, K.M. Krumhardt,
C. van der Veen, S. Houweling, M.C. Krol, T. Blunier, T. Sowers, P. Martinerie, E. Witrant, D. Dahl-
Jensen and T. Rockmann: Natural and anthropogenic variations in methane sources over the last
millennia, Nature, 490, 85-88 (04 October), 2012. < IF = 36.3 >
E. Witrant, A. D’Innocenzo, G. Sandou, F. Santucci, M. D. Di Benedetto, A. J. Isaksson, K. H. Jo-
hansson, S.-I. Niculescu, S. Olaru, E. Serra, S. Tennina and U. Tiberi, Wireless Ventilation Control
for Large-Scale Systems: the Mining Industrial Case, Int. J. Robust and Nonlinear Control, vol. 20
(2), pp- 226 - 251, Jan. 2010. < IF = 1.55 >
E. Witrant, E. Joffrin, S. Brémond, G. Giruzzi, D. Mazon, O. Barana et P. Moreau, A control-oriented
model of the current profile in Tokamak plasma, Plasma Physics and Controlled Fusion 49 (2007)
1075-1105. < IF =2.73 >
E. Witrant, C. Canudas de Wit, D. Georges and M. Alamir, Remote Stabilization via Communication
Networks with a Distributed Control Law, I[EEE Trans. on Automatic Control, vol. 52, pp. 1480-
1485, Aug. 2007. < IF =2.11 >

F. Castillo, E. Witrant, V. Talon and L. Dugard, Air Fraction and EGR Proportion Control for Dual
Loop EGR Diesel Engines, Revista Ingenieria y Universidad, 19(1), 2015.

S. Mechhoud, E. Witrant, L. Dugard and D. Moreau, Estimation of Heat Source Term and Ther-
mal Diffusion in Tokamak Plasmas Using a Kalman Filtering Method in the Early Lumping
Approach, IEEE Transactions on Control Systems Technology, 23(11), 449-463,2015. < IF =2.00 >

I'while the use of impact factors is clearly debatable, they are mentioned here due to the diversity of the research areas.
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J-8

J-9

J-10

J-11

J-12

J-13

J-14

J-15

J-16

J-17

J-18

J-19

J-20

J-21

J-22

J-23

F. Castillo, E. Witrant, C. Prieur, L. Dugard and T. Vincent, Fresh Air Fraction Control in Engines
Using Dynamic Boundary Stabilization of LPV Hyperbolic Systems, /EEE Transactions on Con-
trol Systems Technology, to appear, 2015. < IF = 2.00 >

Callens, D., Matsuoka, K., Steinhage, D., Smith, B., Witrant, E., and Pattyn, F., Transition of flow
regime along a marine-terminating outlet glacier in East Antarctica, The Cryosphere, 8, 867-875,
2014. <IF =3.77 >

J. Laube, M. Newland, C. Hogan, C. Brenninkmeijer, P. Fraser, P. Martinerie, D. Oram, C. Reeves, T.
Rockmann, J. Schwander, E. Witrant and W. Sturges, Newly detected ozone depleting substances in
the atmosphere, Nature Geoscience, 1752-0908, 9 March, 2014. < IF = 12.37 (2012)>

C. Prieur, A. Girard and E. Witrant, Stability of switched linear hyperbolic systems by Lyapunov
techniques, /EEE Trans. on Automatic Control, 59(8), pp. 2196-2202,2014. < IF =2.11 >

F. Castillo, E. Witrant, C. Prieur and L. Dugard, Boundary Observers for Linear and Quasi-Linear
Hyperbolic Systems with Application to Flow Control, Automatica, 49(11), pp. 3180-3188, 2013.
<IF=2.83>

Helmig, D., Petrenko, V., Martinerie, P., Witrant, E., Rockmann, T., Zuiderweg, A., Holzinger, R.,
Hueber, J., Stephens, C., White, J., Sturges, W., Baker, A., Blunier, T., Etheridge, D., Rubino, M., and
Tans, P, Reconstruction of Northern Hemisphere 1950-2010 atmospheric non-methane hydrocar-
bons, Atmos. Chem. Phys., 14, 1463-1483,2014.

Alamir M., Witrant E., Della Valle G., Rouaud O., Josset C. and Boillereaux L., Estimation of energy
saving thanks to a reduced-model-based approach: Example of bread baking by jet impinge-
ment, Energy, 53, 74-82,2013. < IF =3.49 >

NEEM community members (126 co-authors in alphabetical order including E. Witrant), Eemian
interglacial reconstructed from a Greenland folded ice core, Nature, 493, 489-494 (24 January),
2013. <IF =36.3 >

F. Bribiesca Argomedo, E. Witrant, C. Prieur, S. Brémond, R. Nouailletas and J.-F. Artaud, Lyapunov-
Based Distributed Control of the Safety Factor Profile in a Tokamak Plasma, Nuclear Fusion, 53,
033005, 2013. < IF = 4.09 >

F. Bribiesca Argomedo, C. Prieur, E. Witrant and S. Brémond, A strict control Lyapunov function
for a diffusion equation with time-varying distributed coefficients, /EEE Trans. on Auto. Control,
58(2),290-303,2013. < IF=2.11 >

Petrenko, V. V., Martinerie, P., Novelli, P., Etheridge, D. M., Levin, 1., Wang, Z., Blunier, T., Chap-
pellaz, J., Kaiser, J., Lang, P., Steele, L. P., Hammer, S., Mak, J., Langenfelds, R. L., Schwander, J.,
Severinghaus, J. P., Witrant, E., Petron, G., Battle, M. O., Forster, G., Sturges, W. T., Lamarque, J.-F.,
Steffen, K., and White, J. W. C.: A 60-yr record of atmospheric carbon monoxide reconstructed
from Greenland firn air, Atmospheric Chemistry and Physics, 13, 7567-7585,2013. <IF =5.52 >
Zuiderweg, A., Holzinger, R., Martinerie, P., Schneider, R., Kaiser, J., Witrant, E., Etheridge, D.,
Rubino, M., Petrenko, V., Blunier, T., and Rockmann, T.: Extreme 13C depletion of CCI2F2 in firn
air samples from NEEM, Greenland, Atmos. Chem. Phys., 13, 599-609,2013. <IF =5.52 >

J. Bock, P. Martinerie, E. Witrant and J. Chappellaz, Atmospheric impacts and ice core imprints of
a methane pulse from clathrates, Earth and Planetary Science Letters, vol. 349-350, 98-108, 2012.
<IF=4.18 >

Sapart, C. J., Martinerie, P., Witrant, E., Chappellaz, J., van de Wal, R. S. W., Sperlich, P., van der Veen,
C., Bernard, S., Sturges, W. T., Blunier, T., Schwander, J., Etheridge, D., and Rockmann, T., Can the
carbon isotopic composition of methane be reconstructed from multi-site firn air measurements?,
Atmos. Chem. Phys., 13,6993-7005, 2013. < IF = 5.52 >

J. C. Laube, C. Hogan, M. J. Newland, F. S. Mani, P. J. Fraser, C. A. M. Brenninkmeijer, P. Martinerie,
D. E. Oram, T. Rockmann, J. Schwander, E. Witrant, G. P. Mills, C. E. Reeves, and W. T. Sturges,
Distributions, long term trends and emissions of four perfluorocarbons in remote parts of the
atmosphere and firn air, Atmos. Chem. Phys., 12, 4081-4090, 2012. < IF =5.52 >

Sturges, W. T., Oram, D. E., Laube, J. C., Reeves, C. E., Newland, M. J., Hogan, C., Martinerie, P.,
Witrant, E., Brenninkmeijer, C. A. M., Schuck, T. J., and Fraser, P. J., Emissions halted of the potent
greenhouse gas SFSCF3, Atmos. Chem. Phys., 12,3653-3658,2012. <IF = 5.52 >
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J-24 7. Wang, J. Chappellaz, P. Martinerie, K. Park, V. Petrenko, E. Witrant, L.K. Emmons, T. Blunier, C.
A. M. Brenninkmeijer, and J. E. Mak, The isotopic record of Northern Hemisphere atmospheric
carbon monoxide since 1950, implications for the CO budget, Atmos. Chem. Phys., 12, Atmos.
Chem. Phys., 12, 4365-4377,2012. < IF =5.52 >

J-25 C. Buizert, P. Martinerie, V.V. Petrenko, J.P. Severinghaus, C.M. Trudinger, E. Witrant, J.L.. Rosen, A.J.
Orsi, M. Rubino, D.M. Etheridge, L. P. Steele, C. Hogan, J.C. Laube, W.T. Sturges, V.A. Levchenko,
A.M. Smith, I. Levin, T.J. Conway, E.J. Dlugokencky, P.M. Lang, K. Kawamura, T.M. Jenk, J.W.C.
White, T. Sowers, J. Schwander, and T. Blunier, Gas transport in firn: multiple-tracer character-
isation and model intercomparison for NEEM, Northern Greenland, Atmos. Chem. Phys., 12,
4259-4277,2012. <IF =5.52 >

J-26 M. Rivas Caicedo, P. Higelin, C. Caillol, O. Sename, E. Witrant, V. Talon Validation and Application
of a New 0D Flame/Wall Interaction Sub Model for SI Engines, SAE Int. J. Engines 5(3):718-733,
2012.

J-27 E. Witrant, J.-M. Thiriet and N. Retiere, Establishing a Systems & ICT Master program in the
International Framework, Journal sur ’enseignement des sciences et technologies de ’information
et des systemes, 2011.

J-28 H. Ouarit, S. Brémond, R. Nouailletas, E. Witrant and L. Autrique, Validation of plasma current
profile model predictive control in tokamaks via simulations, Fusion Engineering and Design, Vol.
86, Issues 6-8, pp. 1018-1021, October 2011. < IF = 1.49 >

J-29 E. Witrant, P. Di Marco, P. Park and C. Briat, Limitations and performances of robust control
over WSN: UFAD control in intelligent buildings, IMA J. of Mathematical Control and Information,
November 2010. < IF = 0.38 >

J-30 J.C. Laube, P. Martinerie, E. Witrant, T. Blunier, J. Schwander, C.A.M. Brenninkmeijer, T.J. Schuck,
M. Bolder, T. Rockmann, C. van der Veen, H. Bonisch, A. Engel, G.P. Mills, M.J. Newland, D.E. Oram,
C.E. Reeves and W.T. Sturges, Accelerating growth of HFC-227ea (1,1,1,2,3,3,3-heptafluoropropane)
in the atmosphere, Atmospheric Chemistry and Physics, 10, 5903-5910, 2010. < IF =5.52 >

J-31 E. Witrant and S.-I. Niculescu, Modeling and control of large convective flows with time-delays,
Mathematics in Engineering, Science and Aerospace, Vol 1, No 2, 191-205, 2010.

J-32 K.E.J. Olofsson, P.R. Brunsell, E. Witrant, J.R. Drake, Synthesis and operation of an FFT-decoupled
fixed-order RFP plasma control system based on identification data, Plasma Physics and Con-
trolled Fusion, 52(10), 104005 (19pp), 2010. < IF =2.73 >

J-33 B. Bradu, P. Gayet, S.-I. Niculescu and E. Witrant, Modeling of the very low pressure helium ow
in the LHC Cryogenic Distribution Line after a quench, Cryogenics, vol. 50 (2), pp. 71-77, Feb.
2010. <IF = 0.67 >

J-34 M. Chatelier on behalf of Equipe Tore Supra (including E. Witrant), Integration of high power, long
pulse operation in Tore Supra in preparation for ITER, Nuclear Fusion 47 (2007) S579. < IF =
4.09 >

2.2.2 Patents

1. V. Talon, F. Castillo and E. Witrant, Systéme et procédé d’estimation du rapport entre la pression
en amont et la pression en aval de la turbine d’un moteur suralimenté d’un véhicule automo-
bile, WO2013120772 A1, 2013.

2. F. Castillo, V. Talon, E. Witrant and L. Dugard, Systéme et procédé de détermination de la fraction
massique de gaz frais dans le collecteur d’admission d’un moteur a combustion interne de
véhicule automobile, INPI No FR 1355045, 2013.

3. F. Castillo, E. Witrant, V. Talon and L. Dugard, Procédé de Régulation d’un Turbocompresseur a
Géométrie Variable, INPI No FR 1260352, 2012.

4. F. Castillo, V. Talon and E. Witrant, Estimation de la Pression Avant Turbine en Vue d’un Con-
trole de la Suralimentation des Moteurs a Combustion Interne, INPI No FR 1251468, 2011.
Price of the Renault Innovation Trophy, Renault SAS.
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5. F. Castillo, V. Talon and E. Witrant, Procédé d’Acquisition de la Composition des Gaz d’ Admission
dans un Répartiteur d’Air d’un Moteur a Combustion Interne, INPI No FR 2973441, 2011.

2.2.3 Books

B-1 E. Witrant, E. Fridman, L. Dugard and O. Sename (Editors), Recent results on time-delay systems:
analysis and control, series Advances in Delays and Dynamics (ADD@S), Springer, 2014. To appear.
B-2 F. Bribiesca Argomedo, E. Witrant and C. Prieur, Safety Factor Profile Control in a Tokamak, series
SpringerBriefs in Electrical and Computer Engineering, subseries Control, Automation and Robotics,

94p., ISBN 978-3-319-01957-4,2014.

2.2.4 Coordinator of conference proceedings

B-1 E. Witrant, J.J. Martinez-Molina, M. Lovera, O. Sename and L. Dugard, (Eds.), Proc. of the Sth Sym-
posium on System Structure and Control, International Federation of Automatic Control, ISBN:
978-3-902823-25-0, Feb. 6, 2013.

B-2 E. Witrant, A. Seuret, E. Fridman, O. Sename and L. Dugard, (Eds.), Proc. of the 11th Workshop
on Time-Delay Systems, International Federation of Automatic Control, ISBN: 978-3-902823-26-7,
Feb. 6, 2013.

B-3 E. Witrant, J. Sabatier, J. Tenreiro Machado, O. Sename and L. Dugard, (Eds.), Proc. of the 6th
Workshop on Fractional Differentiation and Its Applications, International Federation of Auto-
matic Control, ISBN: 978-3-902823-27-4, Feb. 6, 2013.

2.2.5 Book Chapters

BC-1 D. F. Novella-Rodriguez, E. Witrant and O. Sename, Control-Oriented Modeling of Fluid Net-
works: A Time-Delay Approach, in I. Karafyllis, M. Malisoff, F. Mazenc and P. Pepe (Eds), Recent
Results on Nonlinear Time Delayed Systems, series Advances in Delays and Dynamics (ADD@5),
Springer, 2015. To appear.

BC-2 F. Castillo, E. Witrant, C. Prieur and L. Dugard, Dynamic Boundary Stabilization of First Order
Hyperbolic Systems, in E. Witrant, E. Fridman, L. Dugard and O. Sename (Eds), Recent results
on time-delay systems: analysis and control, series Advances in Delays and Dynamics (ADD@S),
Springer, 2015. To appear.

BC-3 E. Witrant, Control of Tokamak Plasmas, in T. Samad and A.M. Annaswamy (eds.), The Impact
of Control Technology, 2nd ed., IEEE Control Systems Society, 2014. To appear.

BC-4 E. Witrant and E. Popescu, A Problem-Based Learning Approach for Green Control & IT in a
Master Program, in Leung, H.; Popescu, E.; Cao, Y.; Lau, R.-W.H.; Nejdl, W. (Eds.), Advances in
Web-based Learning - ICWL 2011, Lecture Notes in Control and Information Sciences (Artificial
Intelligence), vol. 352, Springer, pp. 273-282,2011.

BC-5 E. Witrant, P. Park and M. Johansson, Time-delay estimation and finite-spectrum assignment for
control over multi-hop WSN, in S.K. Mazumder (Ed), Wireless Networking Based Control, pp.
135-152, Springer, 2011.

BC-6 E. Witrant and N. Marchand, Modeling and Feedback Control for Air Flow Regulation in Deep
Pits, in S. Sivasundaram (Ed), Mathematical Problems in Engineering, Aerospace and Sciences,
Scientific Monographs and Text Books, Cambridge Scientific Publishers, 2008.

BC-7 E. Witrant, D. Georges, C. Canudas de Wit and O. Sename, Stabilisation des systéemes commandés
par réseau : une approche prédictive, in J.-P. Richard & T. Divoux (Eds), Syst¢mes commandés
en réseau, vol. IC2 Hermes: systemes automatisés, Lavoisier, Feb. 2007.

BC-8 E. Witrant, D. Georges, C. Canudas de Wit and M. Alamir, On the use of State Predictors in
Networked Control Systems , in J. Chiasson & J.-J. Loiseau (Eds), Applications of Time-Delay
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Systems, Lecture Notes in Control and Information Sciences, vol. 352, Springer, pp. 17-36, Mars
2007.

2.2.6 Papers in Proceedings of International Workshops or Conferences

International peer-reviewed papers. The typical format is 6 pages, double-column.

IEEE Conf. on Decision and Control / Control Applications / Automation Science and Engineering 8/2/4

IEEE International Conference on System Theory, Control and Computing 1 (best paper award)
IEEE Conférence Internationale Francophone d’ Automatique 5
American / European Control Conference 4/5

IFAC World Congress / Conferences / Workshops 2/5/5

SAE World Congress 4

Other Control Conferences or Workshops 6

Thus a total of 51 contributions, including 15 as 1*' author, 29 where the 1% author is one of my Ph.D. or
Master students and 19 invited papers.

2.3 Projects

6 I8 Project coordinator Co Prime investigator Bl Local coordinator Il Contributor

Number of projects

International National Industry Regional

International Projects

2006-2007 Contributor at KTH for 3 EU projects: SOCRADES (FP6, “Service-Oriented Cross-
layer infRAstructure for Distributed smart Embedded deviceS””), HYCON (Network of Excellence,
“HYbrid CONtrol: taming heterogeneity and complexity of networked embedded systems”) and
FeedNetBack (FP7, “Feedback Design for Wireless Network Systems”).

e 2008-2012 DeSIRE2 (Atlantis EU/US): “Dependable Systems International Research and Educa-
tional Experience”. Collaboration with 3 US and 2 EU Universities. Leader of UFR PhITEM node.
2009-2011 Brancusi (PHC): “Commande prédictive coopérative des systemes complexes. Modéli-
sation et gestion d’énergie pour le batiment intelligent”. Col. with Supélec (PI) and Univ. of Craiova.
Leader of GIPSA-lab node.

2009-2012 NEEM ice coring project: “North Greenland Eemian Ice Drilling”. International project
involving 14 nations. Contributor on firn modelling and analysis.
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2010-2013 Project coordinator for 4 yearly projects FR-FCM (EURATOM) (Fédération de
Recherche Fusion par Confinement Magnétique, financed by EURATOM and CNRS, in collabora-
tion with CEA-IRFM) on “Optimal control of the safety factor profile in tokamaks” (2010), “Safety
factor profile control and infra-red hot spots detection” (2011), “Plasma profiles identification and
control: theoretical analysis (2012) and experimental application (2013)”.

2010-2014 Network of Excellence HY CON2 (FP7-ICT) : “Highly-Complex and Networked Con-
trol Systems”. Leader of GIPSA-lab node in WP1 - Analysis of complex systems and WP7 - Train-
ing.

2011-2013 Project coordinator for a Chateaubriand fellowship: 10 months of Ph.D. scholarship
for A. Gahlawat, enrolled in joint supervision between Illinois Institute of Technology and Université
de Grenoble (first joint Ph.D. degree with the USA of the EEATS doctoral school in Grenoble)
on “Application of sum-of-squares polynomials and convex optimization for controller synthesis of
infinite dimensional systems”.

2012-2013 Tournesol (PHC): “Controle frontiere de systemes hyperboliques: application a la régu-
lation d’un réseaux de canaux et de conduites”. Col. with Facultés Universitaires Notre-Dame de la
Paix (FUNDP, Namur, Belgique). Contributor.

2012-present GARI DelSys: “International Group of Research on Time Delays Systems”. Contribu-
tor.

National Projects

2008-2012 ANR-ALIA BRAISE: “Boulangerie RAISonnée et Efficacité énergétique” (GEPEA,
LTN, LIMATB, INRA, EDF, INBP, BONGARD, GIPSA-lab). Contributor.

2010 PEPS CNRS/INSIS MODELINEVE: “Modélisation par identification pour le transport des
gaz trace dans le névé” (LGGE, GIPSA-lab, L2S). Co prime investigator with P. Martinerie.
2012-2013 Labex PERSYVAL-lab: “Pervasive systems and algorithms at the convergence of the
physical and digital worlds” (GIPSA-lab, G-SCOPE, INRIA, IF, LETI, LIG, LJK, TIMA, TIMC,
Verimag). Co-directeur and head of education.

2012-2015 ANR-BLANC TORID: “Tokamak cOntrol of plasma Radial profiles in Infinite Dimen-
sional setting” (CEA, GIPSA-lab, LISA). Leader of GIPSA-lab node.

2014-2018 ANR-SEED CryoGreen: “Innovative advanced control of large cryogenic systems to
save energy and reduce carbon emission” (contréle commande innovant de grands systemes CRYO-
Géniques pour I’optimisation ENergétique et la diminution de I’'impact caRbone) (CEA, CERN,
GIPSA-lab, 3A Alpes automatic). Contributor.

2015-2018 LEFE NEVE-CLIMAT: “Impact de la physique du névé sur les enregistrements clima-
tiques de traces gazeuses dans les carottes de glace” (LGGE, LSCE, GIPSA-lab, SIMAP). Contrib-
utor.

Industrial contracts and regional projects

2009-2015 Project coordinator of 6 industrial contracts with Renault: 4 expertises (contrdle
EGR BP moteur essence in 2009, identification modele OD moteur diesel pour le controle Euro VI
in 2010, Modeéle thermique d’un Catalyseur and Algorithme d’optimisation multi-objectif pour le
moteur in 2014-2015) and 2 CIFRE (Modélisation pour contrdle du moteur a allumage commandé
pour Euro VI and Modélisation / Controle de la chaine d’air des moteurs HCCI pour Euro VII).
2010-2013 Project coordinator for 2 regional projects: BQR Grenoble-INP (Contrdle des profils
et des barrieres internes de transport en fusion thermonucléaire : application aux plasmas tokamak
pour ITER) and UJF LAUTO (Expériences de TP d’ Automatique pour la Licence).

2008-2014 Co Principal Investigator on 4 regional projects: BQR Grenoble-INP COGESI (Com-
mande optimale de générateurs électrochimiques et de stockage il6té), BQR GIPSA-lab (Hybrid
Control for Intelligent Buildings), Carnot-LSI (Optimisation énergétique temps-réel de 1’aérologie
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des batiments intelligents), CIBLE Rhone-Alpes COHYBA (Controle Hybride pour les Batiments
Verts).

2.4 Supervised students

Ph.D. (supervised) Ph.D. (committees/collaborations) Masters
1

Tokamaks

Cryogenics

Car engines '
Ventilation for mines/buildings 3

Others

H B 0 B B

Ph.D. students (supervised)

e Federico BRIBIESCA ARGOMEDO, Ph.D. Thesis: Modeling and control of nonhomogeneous
transport phenomena: application to tokamak plasmas, 2009-2012. Co-supervisor.

e Felipe CASTILLO BUENAVENTURA, Ph.D. Thesis: Air path modeling and control of HCCI en-
gines for Euro 7, 2010-2013. Col. RENAULT. Co-supervisor.

o Aditya GAHLAWAT, Ph.D. Thesis: Application of sum-of-squares polynomials and convex opti-
mization for controller synthesis of infinite dimensional systems, 2011-2014, Illinois Institute of
Technology, USA. Co-supervisor.

e Bojan MAVKOV, Ph.D. Thesis: Modeling and control of coupled transport dynamics in thermonu-
clear fusion, 2013-2016. Co-supervisor.

e Sarah MECHHOUD, Ph.D. Thesis: Transport analysis and plasma control in thermonuclear fusion,
2010-2013. Col. CEA. Co-supervisor.

e Pierre-Jean MEYER, Ph.D. Thesis: Hybrid control for green buildings, 2012-2015. Col. LIK. Main
supervisor.

e Alexandre MOREAU, Ph.D. Thesis: Investigation on dynamic performances and processes stability
of the future cooling systems for the LHC trackers, 2009-2010. Col. CERN. Co-supervisor.

e Maria RIVAS, Ph.D. Thesis: Modeling and control for spark ignited Euro VI engines, 2009-2012.
Col. RENAULT and Institut PRISME (Université d’Orléans). Co-supervisor.

Ph.D. students (scientific or defense committees, strong collaboration)

e Benjamin BRADU, Ph.D. Thesis: Modélisation Simulation et Contrdle des installations cryogéniques
du CERN, 2007-2010, Université de Paris-Sud XI. Collaborator.

o Sumanth CHINTHALA, Ph.D. Thesis: Near Field Simulation of PM 10 Dispersion in Open Pit Coal
Mines, 2011-, Indian Institute of Technology, Dehli. Member of the scientific committee.

e Miguel-Angel HERNANDEZ-PEREZ, Ph.D. Thesis: LPV control of Poiseuille flows, 2012-2015.
Col. Instituto Politécnico Nacional, Mexico. Collaborator.

e David F. NOVELLA RODRIGUEZ, Ph.D. Thesis: Time-delay compensation in flow networks,
2012-2015. Col. Instituto Politécnico Nacional, Mexico. Collaborator.
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Erik OLOFSSON, Ph.D. Thesis: Closed-loop control and identification of resistive shell magneto-
hydrodynamics for the reversed-field pinch, 2007-2012, Alfven lab, KTH, Stockholm. Member of
the scientific committee.

Menno LAURET, Ph.D. Thesis: Control of Mixing and Oscillations in Plasmas and Fluids, 2014,
TU Eindhoven, Netherlands. Member of the Ph.D. defense committee.

Post-docs / ATER

Xiao Dong LI, Post-Doc: Bread oven optimization and inverse modeling for firn air transport, 2012-
2013.

Fabrice BABET, ATER: design and operation of an experimental benchmark for intelligent building
ventilation, 2009-2010.

Basma TOUIL, ATER: Infrared hot spots detection in tokamaks, 2010-2011.

Masters 2:

Corentin BRIAT, Master 2 Thesis: Synthesis of a control-dedicated network, 2005.

Mateu CASTELLS, Master 2 Thesis: Design of linear quadratic regulators for bootstrap current
maximization in tokamaks, 2015.

Felipe CASTILLO BUENAVENTURA, engineer internship : Experiment design for advanced con-
trol methodologies in intelligent building ventilation, 2009. Master 2 Thesis: Air path modeling for
an EGR Diesel Euro VI engine, 2010. Col. RENAULT.

Ambre CORREARD, Master 2 Thesis: Embedded control and wireless networks design for intelli-
gent buildings, 2013.

Nicolas COUDURIER, engineer internship : UFAD pour batiments intelligents: analyse des outils
de modélisation, 2010.

Pierre MORTELMANS, Master 2 Thesis: Embedded control with wireless sensing capabilities for
UFAD automation, 2010.

Chakib MOUHOUBI, Master 2 Thesis: Design of human-machine interface and programmable logic
controller for flow and vibration processes with addaptive methods, 2015.

Hosein NAZARPOUR, Master 2 Thesis: Modeling, identification and control of an experimental
benchmark for intelligent building ventilation, 2013. Col. LJK.

Magdalena POLAC, Master 2 Thesis: Estimating the heat and density transport properties in a toka-
mak plasma, 2014. Col. KU Leuven.

Mustapha Amine RAHMANI, Master 2 Thesis: Non-homogeneous transport in two-phase flows:
improving dynamic performances of a CO2 LHC-tracker cooling plant, 2011, Col. CERN.

Maria RIVAS, Master 2 Thesis: FART EGR BP air path modeling, linearization and control, 2009.
Col. RENAULT.

Enrique SANTIAGO, Master 2 Thesis: Blind identification of the plasma edge electron density in
Tore Supra, 2010. Col. CEA-Cadarache.

Fateh TAIBI, Master 2 Thesis: Aerology optimization experiments for intelligent building ventila-
tion, 2010.

Amgad TAREK, Master 2 Thesis: Model predictive control strategies for bootstrap current maxi-
mization in tokamaks, 2015.

Nhat-Quang TRAN, Master 2 Thesis: Identification tools for Diesel Euro VI engines, 2010. Col.
RENAULT.

Jacques WEYDERT, Master 2 Thesis: Source determination in non homogeneous dissipative media,
2009. Col. CEA-Cadarache.

Fairouz ZOBIRI, Master 2 Thesis: Modeling and optimization of interconnected heat flows in ther-
mal exchangers for cryogenics, 2015.

17



2.5

Masters 1:

Jonathan CLAIRET, Master I Thesis: Air quality control in a convective flow benchmark, 2012.
Ambre CORREARD, Master I Thesis: Distributed control over wireless networks for intelligent
buildings ventilation, 2012.

Mohamad EL-ACHKAR, Master 1 Thesis: Conception d’un micro-actionneur magnétique a grande
échelle pour des expériences de commande, 2008.

Farshid SARRAFIN-ARDEBILI, Master 1 Thesis: Air quality control in a convective flow, 2011.

Laure TREMILLION, Master I Thesis: dsPIC programming and Scicos embedded control for green
buildings, 2010.

Other international activities

Organization of invited sessions and contributions to international conferences

Organizer of the invited sessions “Ventilation Control in Large-Scale Systems” for the IEEE Con-
ference on Automation Science and Engineering and “Computational Methods for Nonlinear and
Time-Delayed Systems with Applications” for the 7th International Conference on Mathematical
Problems in Engineering, Aerospace and Sciences, 2008.

Head of the program committee “Systémes a dimension infinie & systeme a retards” for the IEEE
Conférence Internationale Francophone d’ Automatique (CIFA), Grenoble, 2012.

Publication chair for the IFAC Joint conference: 5th Symposium on System Structure and Control,
11th Workshop on Time-Delay Systems, and 6th Workshop on Fractional Differentiation and Its
Applications, Grenoble, 2013.

Member of the technical committees IEEE CSS Power Generation and IFAC Modeling & Control
of Environmental Systems.

Plenary talks and invitations

Plenary/invited talks on

— “Opportunities and challenges in distributed embedded control”, ARTEMIS Annual Confer-
ence, Berlin, Germany, 2007.

— “Profiles Control and Stability in Thermonuclear Fusion: Some Issues for ITER”, Journées
Nationales MACS, Angers (France), 2009.

— “Control-oriented models and feedback control of the temperature and current profiles in Toka-
mak plasma” and “Stability analysis and model-based control in EXTRAP-T2R with time-
delay compensation”, Workshop on Control for Nuclear Fusion, Eindhoven Unibersity of Tech-
nology, Netherlands, 2008.

Invitations at:

— Royal Institute of Technology (KTH, Stockholm, Sweden) for multiple stays (= 2x 1 or 2
weeks per year) between 2008 and 2012 to collaborate on networked controlled systems and
controlled thermonuclear fusion.

— Illinoi Institute of Technology (Chicago, USA) for 1 month to collaborate on controlled ther-
monuclear fusion, 2010.

— Dahlousie University (Halifax, Nova Scotia, Canada) for 1 week for a seminar on controlled
thermonuclear fusion and to collaborate on passive control of transport phenomena, 2011.
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— Universidad Nacional Autonoma de Mexico (Mexico city) for 2 weeks to collaborate on the
stabilization of tidal effects on petroleum platforms, 2013.

— Universidad Pedagogica y Tecnologica de Colombia (Sogamoso, Colombia) for 2 weeks
as an international representative for the 20" birthday of the university and to collaborate on
mining ventilation control and on defining a new master program, 2013.

— Katholieke University of Leuven and Université Libre de Bruxelles (Belgium) as a visiting
professor to collaborate on applied mathematics, control and numerical analysis for transport
optimization (KUL) and inverse modeling of ice transport from radar measurements (ULB),
2013/2014.

Teaching in international schools for Ph.D. students and colleagues

e An Introduction to System Identification (15h), llinois Institute of Technology (Chicago, USA),
May 2010.

e Mining ventilation control (15h), Universidad Pedagogicay Tecnologica de Colombia (Sogamoso),
April 2013.

e Modeling and estimation for control (21h), HYCON2-EECI Graduate School on Control (L’Aquila,
Italy, in May 2013 and Paris-Saclay, February 2015).

e Control-oriented modeling of inhomogeneous transport (2h) and Time-delays in physics: from
advection to time-delay systems (3h), 33th and 34th International Summer School of Automatic
Control (Grenoble), 2012/2013.

e Inverse problems and environment: some new tools for atmospheric studies (scientific coordi-
nator and 5h30 of classes), Ph.D. school Math and Complex, University of Namur, Belgium, March
10-12,2014.

e Control-oriented modeling and system identification (18h), Graduate School in Systems, Opti-
mization, Control and Networks, KU Leuven, Belgium, April 22-25, 2014.

2.6 Involvements in Academia and Teaching

Figure 2.1: Pedagogical platform PhyAuto (from left to right): climate control over wireless networks
in intelligent buildings, LEGO Mindstorm experiment (stabilizing an inverted half cube), quarter-scale
vehicle for disturbance rejection with semi-active dampers, flow tube with heat and humidity regulation,
magnetic suspension of a ball, and Programmable Logic Controllers for the quarter-scale vehicle and the
flow tube.

New classes given at UJF (all these classes were new topics at UFR PhITEM and taught in English)

e Feedback Control for SISO Systems: Design and Limitations (Master 1, 2009-2013): 15h lectures,
9h ex., 12h labs
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o Optimization and Optimal Control (Master 2, 2008-present): 21h lectures, 15h labs

e Multivariable Robust Control (Master 2, 2008-2011): 14h lectures, 16h labs

e Modeling and Estimation for Control (Master 2, 2008-present): 24h lectures, 27h labs
e Design projects on automation and systems (Master 2, 2008-present): 48h labs

e Linear systems: an geometric approach (Master 2, 2011-2012): 21h lectures

Curriculum design at UFR PhITEM

Since 2007 Head of Automatic Control at UFR PhITEM (program definition and internships for Bachelor and
Master students).

Since 2008 Definition and head of the international M2 in Systems, Control and Information Technologies®
(MiSCIT), with a professional track Industrial Processes Automation (since 2008) and a research
track Systems & Control Theories (since 2011).

Since 2008 Definition and set-up of the new experimental plateform PhyAuto® for learning and research. See
pictures above.

Other management responsibilities

Since 2007 Leader or active contribution for new programs in international student exchanges:

— with the US through the international programs DeSIRE2 (Embry Riddle Aeronautical Univer-
sity, University of Arizona and University of Central Florida), 2008-2012.

— new ERASMUS agreements with Slovakia (Technical University of Kosice), Poland (AGH
University of Science and Technology in Cracow and Silesian University of Technology), Bel-
gium (Haute Ecole de la Province de Liege), Turkey (Bilkent University), Italy (University of
L’ Aquila) and Czech Republic (Brno University of Technology).

— new international exchange agreements with Colombia (UPTC), Mexico (Tech. Monterrey),

India (LNMIIT, IIT Dehli), Indonesia (IT Sepuluh Nopember), Lebanon (Université Libanaise,
definition of a double diploma).

Since 2011 Elected member of the lab council at GIPSA-lab.

Since 2012 Co-director and head of education for the Labex Persyval-lab*: to motivate interdisciplinary
pedagogical actions on experimental platforms, attracting M2 student and innovating at the under-
graduate level.

Since 2013 Research coordinator for FR-FCM (Fédération de Recherche sur la Fusion Contrdlée Magné-
tiquement): academic representative in a team (10 colleagues) and responsible for promoting the
interactions with the automatic control and signal processing communities.

2http://physique—eea.uj f-grenoble. fr/intra/Formations/M2/EEATS/PSPI/home_obj.php

3http://physique-eea.ujf-grenoble. fr/intra/Formations/M2/EEATS/PSPI/projects_PhyAuto_over.php

4which involves 10 labs in Grenoble (GIPSA-lab, G-SCOPE, INRIA, IF, LETI, LIG, LJK, TIMA, TIMC, Verimag),
http://www.persyval-lab.org/education.html
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Chapter 3

Background on conservation laws

A physical system is modeled in relation with the scale of interest, e.g. events occurring at the subatomic,
atomics or molecular, microscopic, macroscopic or astronomical scale. In fluid dynamics, the modeling
objective is to study the interactive motion and behavior of a large number of elements, defined for a specific
scale and possibly including simplified representations of the events occurring at the smaller or larger
scales. The motion is then captured by a dynamical system of elements interacting as a spatially-distributed
continuum in a given volume and media or environment. For example, consider an elementary volume
containing a sufficiently large number of molecules with well defined mean velocity and mean kinetic
energy. At each point in the volume we can define specific variables (e.g. velocity, temperature, pressure,
entropy etc.) that determine the state and evolution of the physical system. This section presents a classical
representation of the macroscopic behavior of fluid particles. The resulting mathematical formulation will
provide the structure to classify inhomogeneous transport problems and their modeling and control methods
presented in the next chapters.

3.1 General form of a conservation law

The conservation of a quantity can be generally defined as the variation of a conserved (intensive) flow
quantity in a given volume resulting from internal sources and from the external action of a quantity, the
flux, crossing the boundary. Fluxes and sources depend on space-time coordinates and are defined by
the fluid motion. Not all the flow quantities obey conservation laws. For example, fluid flows are fully
described by the conservation of mass, momentum (3-D vector) and energy, leading to five equations that
fully define the behavior (state) of the flow. Other quantities (e.g. concentration, velocity, temperature,
etc.) can be used but will not necessarily take the form of a conservation law.

Consider a scalar quantity per unit volume U enclosed in an arbitrary volume € fixed in space (the
control volume) which is bounded by a closed surface S (control surface) crossed by the fluid flow F,

with surface sources Qs and volume sources Q,, as depicted in Fig. 3.1. The main physical variables are
summarized in Table 3.1. We can then define:

o the total amount of U inside Q as fQ UdQ, its variation per unit time is % fQ UdQ;

o the flux as the amount of U crossing S per unit time: F,dS = F - dS with dS outward normal, and
its net total contribution (¥ > 0 when entering the domain) is — 5@ F-dsS;

e the net total contribution of volume and surface sources as fQ OydQ + f& Qs -dS.
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Figure 3.1: Conservation of a flow quantity affected by sources and a flux (exerpt from Hirsch, 1989)

The variation of the total amount of U is fully determined by the net total contributions of the flux
and sources, which provides the integral conservation form for the quantity U as:

ﬁfUdQ+9§ﬁ-d§=fQVdQ+56Q”S-d§ (3.1)
ot Jo S Q S

Note that this conservation law is valid for all fixed surfaces and volumes, and at any point in the flow
domain. The internal variation of U depends only on the fluxes through S, not on the fluxes that may
appear inside the reference volume. As no derivative or gradient of F appear in (3.1), the flow may be
discontinuous and admit shock waves. Finally, the conservative property of the dynamics is used to define
conservative numerical scheme at the discrete level (i.e. to constrain a simulation algorithm).

The flow dynamics is more often described using the differential form of a conservation law, ob-
tained using Gauss’ theorem (5@ F.dS = fQ V. ﬁdQ) as:

6—U+6'ﬁ=Q‘/+€'Q—)S
ot
(9U =3 = =
@E+V~(F—Qs)=Qv (3.2)

where V- is the divergence operator (e.g. in the 3D Euclidean space with basis {0, f, Kyand F = F,i+F yf+
F ZE, V.F=0F «/0x+0F,/0y+0F,/0z, using the subscripts to denote each spacial component of the vector
F ). Note that the effective flux (F) - és) appears exclusively in the divergence operator, which is a way to
recognize conservation laws. The differential form is more restrictive than the integral form as the flux and
surface sources have to be differentiable in (3.2) (which excludes shock waves). The precise definition of
the flux and sources depend specifically on the quantity considered and are typically defined as functions
of U and its gradient, as detailed in the next section. The previous descriptions (3.1)-(3.2) generally extend
to systems of ny scalar variables (e.g. U € R"), possibly with internal couplings and nonlinearities (if F,
QS and Qy are nonlinear functions of U).
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U scalar quantity per unit volume

Q arbitrary volume fixed in space (control volume)

S surface enclosing the volume of interest (control surface)
D diffusivity (m?/s)

X, Y, z | coordinates in Euclidean space with basis {7, f, 1?} (m)

X measurements location (m)

t time (s or yr), possibly limited by initial and final values #y and ¢,

r radius in cylindrical coordinates (m)

F, subscript x to denote a spacial component of the vector
F fluid flow vector
F, c convective flux
F D diffusive flux

G Green’s function (impulse response)
Qs surface sources

o, volume sources

v velocity field

ol fluid density (kg/m? of void space)
dm local mass flow rate (kg/s)

q quantity per unit mass

V. divergence operator

\Y gradient operator

dot (scalar) product

Table 3.1: Most relevant physical variables and units.
3.2 Convection-diffusion form of a convection law

While the specific definition of the flux term is problem dependent, there is a general interest to describe it in
terms of a combination of convective and diffusive transports, which encompass the behavior of numerous
processes and can be modeled using a limited number of well-established physical laws. The total flux is
then the sum of a convective flux F, ¢ and a diffusive flux F D:

ﬁzﬁc+ﬁp

Convection is defined by the amount of U carried away or transported by the flow. Denoting the flow
velocity as V, the convective flux is obtained as Fc =7vU. For example, considering the fluid density U = p
(e.g. kg/m?), the local flux through dS is the local mass flow rate di, calculated as F - dS = pv- ds = dm
(e.g. kg/s). Another example is provided by the conservation of a concentration U = pg, where ¢ is the
quantity per unit mass: in this case Fc-dS = oqv - ds = q dni. F¢ is also used to describe how the
fluid motion is affected by exogenous (e.g. gravity) or endogenous (e.g. internal pressure) forces. While
convection generally describes the movement of the fluid, the specific transport of particles due to the
fluid’s bulk motion is typically referred to as advection. If the flow carrying U is incompressible, then
Vi = ﬁO (by continuity of the transporting fluid) and the equation of motion writes in the specific form (e.g.
with Fp = 0):

ou

= +#.VU=0 3.3
at+v (3.3)

where V is the gradient operator (e.g. in the 3D Euclidean space with basis {7, f, l?}, then VU = dU /6x7+
oU /6yf+ oU/oz l?). The transport equation (3.3) describes the behavior of U along a streamline defined
by the velocity field V.
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Diffusion represents the macroscopic effect of a gradient, for example on concentration or on heat.
This transport goes from large to small values of U, in all directions, proportional to the quantity gradient
(Fick’s laws). The resulting flux writes with the general form Fp=-D VU where D is the diffusivity (e.g.
m?/s). Note that diffusivity can also be used to describe a mixing of U due to transport phenomena that
counteract the effect of a sustained gradient, such as the averaged effect of turbulences on a flow modeled
at a slower time-scale (turbulent mixing).

Combining both effects provides the convection-diffusion form of a transport equation as:

%—?:ﬁ-(DﬁU—VU+Q”S)+QV (3.4)

The terms QS and Qy act as sources or sinks depending on their signs (positive or negative quantities,
respectively, U being positive by definition as a physical quantity). Sources may be controlled inputs, inputs
from other conserved quantities or production by some internal reactions, while sinks may be associated
to a distributed removal of U (e.g. trapping) or to a consumption by internals reactions (e.g. reaction-
diffusion process when Q, is expressed as a function of U). The transport equation (3.4) provides the
backbone of mathematical modeling for fluid flow phenomena. It combines both parab