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Overall objective

The CARDAMOM project aims at providing a robust modelling strategy for engineering applications involving
complex flows with moving fronts. The term front here denotes either an actual material boundary (e.g.
multiple phases), a physical discontinuity (e.g. shock waves), or a transition layer between regions with
completely different dominant flow behaviour (e.g. breaking waves). These fronts introduce a multi-scale
behaviour. The resolution of all the scales is however not feasible in certification and optimization cycles,
and not necessary in many engineering applications, while in others it is enough to model the average effect
of small scales on large ones (closure models). We plan to develop application-tailored models obtained
by a tight combination of asymptotic PDE (Partial Differential Equations) modelling, adaptive high order
PDE discretizations, and a quantitative certification step assessing the sensitivity of outputs to both model
components (equations, numerical methods, etc) and random variations of the data. The goal is to improve
parametric analysis and design cycles, by increasing both accuracy and confidence in the results thanks to
improved physical and numerical modelling, and to a quantitative assessment of output uncertainties. This
requires a research program mixing of PDE analysis, high order discretizations, Uncertainty Quantification
(UQ), robust optimization, and some specific engineering know how. Part of these scientific activities started
in the BACCHUS and MC2 teams. CARDAMOM harmonizes and gives new directions to this know how.

1 Composition of the team

• Permanent researchers:

– Heloise Beaugendre, (Assistant professor, Bordeaux INP)

– Mathieu Colin, (Assistant professor, Bordeaux INP, HdR)

– Pietro Marco Congedo, (CR1 INRIA, HdR)

– Cecile Dobrzynski, (Assistant professor, Bordeaux INP)

– Maria Kazolea, (CR2 INRIA)

– Luc Mieussens, (Professor, Bordeaux INP)

– Mario Ricchiuto, (CR1 INRIA, HdR, team leader)

• Post-docs

– G. El-Jannoun (funding: ANR MAIDESC)

– S. De Brye (funding: Labex CPU)

– G. Martalo (funding: Labex CPU)

– M. Claeys (funding: Labex CEA)

• Engineers

– A. Froehly (funding: Labex CPU)

– J. Mercat (funding: Labex CPU)

– N. Pattakos (funding: INRIA, ADT SURF++)

• PhD candidates

– L. Arpaia (funding: PIA TANDEM)

– S. Bellec (funding: Ecole Normale Supérieure de Cachan)

– U. Bosi (funding: EU project MIDWEST, EU OCEANEranet)

– A. Cortesi (funding: DGA)
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– A. Filippini (funding: 50% Région Aquitaine, 50% INRIA Cordi-S)

– X. Lin (funding: Université de Bordeaux)

– L. Nouveau (funding: EU project STORM, EU-FP7)

– S. Peluchon (funding: CEA)

– Q. Viville (funding: Labex CPU)

– N. Razaaly (funding: INRIA DPEI)

– F. Sanson (funding: 50% Région Aquitaine, 50% AIRBUS DS)
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2 Scientific context and challenges2

The objective of this project is to provide improved analysis and design tools for engineering applications
involving fluid flows, and in particular flows with moving fronts. In our applications a front is either an
actual material interface, or a well identified and delimited transition region in which the flow undergoes
a change in its dominant macroscopic character. One example is the certification of wing de anti-icing
systems, involving the predictions of ice formation and detachment, and of ice debris trajectories to evaluate
the risk of downstream impact on aircraft components [TBBH02, 83]. Another application, relevant for space
reentry, is the study of transitional regimes in high altitude gas dynamics in which extremely thin layers
appear in the flow which cannot be analysed with classical continuous models (Navier-Stokes equations)
used by engineers [BCC95, JB11]. An important example in coastal engineering is the transition between
propagating and breaking waves, characterized by a strong local production of vorticity and by dissipative
effects absent when waves propagates [Bro14]. Similar examples in energy and material engineering provide
the motivation of this project.

All these application fields involve either the study of new technologies (e.g. new design/certification
tools for aeronautics [29, 11, 54, 83] or for wave energy conversion [75]), or parametric studies of complex
environments (e.g. harbour dynamics [76], or estuarine hydrodynamics [70]), or hazard assessment and
prevention [78]. In all cases, computationally affordable, quick, and accurate numerical modelling is essential
to improve the quality of (or to shorten) design cycles and allow performance level enhancements in early
stages of development [Web12]. The goal is to afford simulations over very long times with many parameters
or to embed a model in an alert system.

In addition to this, even in the best of circumstances, the reliability of numerical predictions is limited
by the intrinsic randomness of the data used in practice to define boundary conditions, initial conditions,
geometry, etc. This uncertainty, related to the measurement errors, is defined as aleatory, and cannot be
removed, nor reduced. In addition, physical models and the related Partial Differential Equations (PDEs),
feature a structural uncertainty, since they are derived with assumptions of limited validity and calibrated
with manipulated experimental data (filtering, averaging, etc ..). These uncertainties are defined as epis-
temic, as they are a deficiency due to a lack of knowledge [aia98, Roa98]. Unfortunately, measurements
in fluids are delicate and expensive. In complex flows, especially in flows involving interfaces and mov-
ing fronts, they are sometimes impossible to carry out, due to scaling problems, repeatability issues (e.g.
tsunami events), technical issues (different physics in the different flow regions) or dangerousness (e.g. high
temperature reentry flows, or combustion). Frequently, they are impractical, due to the time scales involved
(e.g. characterisation of oxidation processes related to a new material micro-/meso- structure [81]). This
increases the amount of uncertainties associated to measurements and reduces the amount of information
available to construct physical/PDE models. These uncertainties play also a crucial role when one wants to
deal with numerical certification or optimization of a fluid based device. However, this makes the required
number of flow simulations grow as high as hundreds or even thousands of times. The associated costs are
usually prohibitive. So the real challenge is to be able to construct an accurate and computationally afford-
able numerical model handling efficiently uncertainties. In particular, this model should be able to take into
account the variability due to uncertainties, those coming from the certification/optimization parameters as
well as those coming from modelling choices.

To face this challenge and provide new tools to accurately and robustly modelize and certify engineering
devices based on fluid flows with moving fronts, we propose a program mixing scientific research in asymptotic
PDE analysis, high order adaptive PDE discretizations and uncertainty quantification.

2.1 Modelling challenges

We start by considering the issue of what type of modelling approach we have to use. The first obvious issue
to settle is whether we can use “scale resolving”, high fidelity models. This requires to know to which extent

2Note: external bibliography is reported with alphanumeric citations, while arabic is used for the team’s bibliography
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these models can be used in an operational context involving many simulations for one final output (design,
certification, etc). Not surprisingly, the choice of a scale resolving approach depends a lot on the application.

For aerodynamics, there is by far no doubt concerning the potential and the superior accuracy of Large
Eddy Simulation (LES) and/or Detached Eddy Simulation (DES) [Spa00], w.r.t. Reynolds-Averaged Navier-
Stokes (RANS) simulations commonly used in industry. However, the horizon for using LES and/or DES in
robust design cycles can be set well beyond the next decade [KLH+15, SKA+14, LW14](or worse the next
20 or 30 years foreseen in [LW14]). Cost is not the only reason. Other important issues must be solved such
as e.g. the lack of (statistical) convergence of sensitivities computed with classical (adjoint) approaches, and
some bottlenecks still present in mesh generation and in the discretization of the PDEs.

Space reentry is another multi-scale application involving several flow regimes. Due to the high altitudes,
the heat on the spacecraft can only be predicted by accounting for effects described by gas kinetic theory.
The correct model is the Boltzmann equation (BE), an integro-differential equation in 7 dimensions (time,
3d physical space and 3d particle velocity space). The BE can be solved by stochastic methods, like the
DSMC method [Bir94] or by deterministic approaches based on a direct discretization of the PDE in 7
dimensions. At lower altitudes, where air is denser, asymptotic analysis shows that the compressible Navier-
Stokes equations approximate the BE up to second order3 [Cor89]. So standard CFD approaches can be
used at low altitude, while very high altitudes can be efficiently modelled with the BE. There is however a
large transitional regime in which neither of the two approaches can be used : the Navier-Stokes equations
fail [BCC95, JB11] and solving the BE is not feasible (thin boundary layers make the use of 7-dimensional
discretization methods impossible, and DSMC is too expensive due to the O(

√
N) convergence of the Monte

Carlo method). Hybrid CFD-DSMC have so far shown no capabilities for complex 3D simulations [BD11].
As a last example, we consider free surface hydrodynamics. Asymptotic modelling and model coupling is

a well known need in the coastal and ocean engineering communities, due to the large spatial and temporal
scales involved [Bro14, LL11, DGK06] With the increase in CPU power, while full 3D CFD remains mainly
a tool for very local studies (e.g. impact on a structure), for large scale simulations, we can afford more
accurate asymptotic models. As the accuracy improves, however, the analytical complexity of these models
becomes daunting. The characterization of their properties, as well as their efficient numerical treatment
becomes a challenge. This has pushed some developments in the direction of quasi-3D models involving
well-understood 3D equations with a moving boundary condition and a coarse approximation in the vertical
[MSK12, ZS08]. Here both the continuous equations and the numerics are somehow controlled. However,
some important issues remain. For example, there is still little understanding of the interactions between
the vertical discretization and the equivalent asymptotic regime these models are suitable for. Moreover,
as for asymptotic models, we lack adequate control of non-linear processes such as wave breaking and the
related generation of vorticity [Bro14, RG15, CL14]. Things are even worse in the wave energy sector,
in which we witness an impressive distance between research and industry. Academic studies of existing
prototypes of Wave Energy Converters (WEC) are performed with 3D time dependent two-phase solvers
(VOF-RANS) or with SPH (Smoothed Particle Hydrodynamics) methods [EPKFM14, WGR+14]. These
often require massive parallelism, with CPU times of thousands of hours. Industrial design, on the other
end, is performed with linear hydrodynamics, using panel codes such as WAMIT [Inc] or Nemoh [Bar] for
the force coefficients. Numerous models use this approach (e.g. the open-source WEC-Sim [WS] or the com-
mercial Ansys-Aqwa), even though all evidence indicate that the response foreseen is wrong [YL13, PEPB13]

Scale resolving models will not be ready for robust engineering analysis before at least another decade.
We want to propose improved affordable solutions for the coming years, and, along the way, alleviate some
bottlenecks related to numerical methods and to make easier the future use of high fidelity approaches.

How to improve the modelling capabilities in the short term ? In order to certificate a model or a tech-
nological device or to conduce a parametric study of a physical/engineering/natural system and consider
its optimization, we want to find a critical surface in parameters space allowing to make some modelling
or engineering choices. To do this, we could “train” (parametrize) low fidelity, or even better, intermediate
fidelity models such that the response in parameters space is as close as possible to a high fidelity one. We

3w.r.t. the Knudsen number: ratio of the mean free path of the molecules over a characteristic length scale of the aircraft

6



can also (dynamically) combine these models, eventually with a few evaluations of a high fidelity model.
These multi fidelity techniques are discussed later in the document. For these techniques to be efficient,
however, we need to have an improved panel of models. In particular, we need reliable intermediate fidelity
descriptions of our system which may safely replace high fidelity computations.

One approach to do this could be to use Reduced-Order Models (ROMs) [rom14]. Reduced order mod-
elling is a powerful tool to construct operational models starting from many sources, including model equa-
tions, discrete data sets, images, etc. Several challenges still exist to make ROMs a reliable design tools.
In particular, ROMs may lack robustness with respect to parameter changes, are not cheap to generate
(especially for the applications considered here) and they need to be completely rebuilt for new geometrical
concepts. The improvement of these techniques is a promising and challenging avenue which, however, we
will not pursue inside the CARDAMOM team. Our approach will be to explicitly use the existence of scale
parameters to construct intermediate-scale asymptotic PDE approximations. These asymptotic PDEs will
constitute building blocks to be used either as reliable models or may themselves be closure models for a
larger scale (and lower fidelity) approximation. One of the main challenges here is to be able to capture
the relevant flow behaviour, which may be dominated by different physical effects: transport, mixing and
diffusion, dispersion, or dissipation. Once a physical scale is selected, and an appropriate set of PDEs ob-
tained, a main challenge becomes being able to include smaller scale effects where and if necessary (closure
problem). Moreover, depending on which scale is selected to be the relevant one, the mathematical nature of
the partial differential equations obtained will be different, thus requiring a change in the numerical method
used. Thus, a main issue is to understand the interaction of the discretization with the physical scales the
model aims at reproducing, in order to be able to control (adapt) the numerics. Finally, the robustness of
these models w.r.t. changes in the problem data (uncertainties) should be assessed.

2.2 Challenges related to the numerical approximation

We consider models which can be cast in a form involving both time dependent and time independent PDEs

∂tu +∇ ·FFF (u,σσσ;ξξξ)+S(u,σσσ,Φ;ξξξ) = 0

σσσ+L(u,∇u,∇2u, ...;ξξξ) = 0

T (Φ;ξξξ)+R(u,∇u,∇2u;ξξξ) = 0

(2.1)

The first equation represents the evolution of the vector u containing densities of conserved quantities, with
FFF being a vector of conservative fluxes, and S a source term. The second equation defines the variables
σσσ required for the flux evaluations, which may be related to the physical model (e.g. stress tensor), or to
the numerical method (reconstruction, polynomial enrichment). The last equation is an elliptic subproblem4

associated to the operator T (·) (assumed to be coercive), and providing the array Φ which may account
either for the presence of dispersive effects in the model, or associated to a continuous mesh deformation
model. The system depends on a set of external parameters ξξξ, embedding geometrical quantities (e.g. do-
main boundaries/bodies, bathymetry variations, etc.) or boundary and initial conditions (e.g. free-stream
values, incoming wave spectrum/data, etc.), model parameters (e.g. turbulence model constants, friction
terms, etc.), and so on. In this section we consider that ξξξ is given and is not a part of the problem.

What discretization technique are we going to use to approximate (2.1) ? Our focus is on problems
involving complex fronts and geometrical objects moving in/with the flow. An example, relevant to de anti-
icing systems, may be the interaction of a shed chunk of ice with the boundary layer or with the wake of
the wing. Another example is the interaction of several wave breaking fronts among themselves and with
complex bathymetry variations. We want to keep enough flexibility to handle this complexity in an accurate

4typically involving second order derivatives of the unknown
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manner. For this reason, we discard all methods based on a Cartesian discretization of the spatial domain5

and focus on unstructured mesh methods, in particular higher order adaptive unstructured mesh methods.
For aeronautics, this choice is in line with the tools in use in industry, such as the codes TAU (main devel-

oper DLR), CEDRE (ONERA), AVBP (CERFACS), N3S-NATUR (SIMULOG and then INKA-ASTEK),
AETHER (DASSAULT), to name a few. In environmental applications, unstructured meshes have found
their way in operational codes toward the end of the 90s. In hydraulics and coastal engineering we can mention
TELEMAC (EDF), Delft-3D (distributed by DELTARES in the Netherlands), Mike21 (distributed by DHI
in Denmark), the unstructured variant of the atmospheric flow model EULAG (developed by Smolarkiewicz
an co-workers for NCAR), and of the WAVEWATCH spectral model used by the NOAA (National Oceanic
ad Atmospheric Administration) and at ECMWF (European Center for Medium range Weather Forecast).

The state of the art and potential of unstructured grid numerics go well beyond the capabilities of
these codes. Higher (than second) order approximations have a strong potential for reducing the number
of unknowns for a given level or resolution. This potential has been investigated over the last 2 or three
decades for both academic and (more recently) complex flows (see e.g. [adi10, idi15, KLH+15, WFA+13]
and references therein). For applications in aeronautics this reduction may be estimated, at least for smooth
flows, to go well beyond one order of magnitude even when for “industrial” accuracy levels [KLH+15]. To our
knowledge, similar thorough studies on the advantages of higher order techniques for environmental flows
have never been performed. However, for some applications, as for example dispersive wave propagation
or large scale atmospheric/oceanographic flows, the need of low dissipation and low dispersion methods is
well established (cf. [WK95, ES03, EEKS+05, KG12] and references therein). Note also that the accuracy
improvements are made more promising by the higher locality of the computational work, which allows very
fine grain efficient parallelism (see e.g. [KG12] and references therein).

This knowledge has led to/is the result of, the development of a whole new generation of flow solvers and
general purpose CFD libraries. We may mention ONERA’s AGHORA and NXO projects, the Padge code
of the C2A2S2E center at DLR , Imperial College’s Nektar++ (by S.J. Sherwin and co-worers) and PyFR
framework (by P. Vincent and collaborators) the Argo flow solver by CENAERO in Belgium, the FEniCS
project, the SLIM project of UCL in Belgium, etc.

Some bottlenecks still need to be removed before (some of) these platforms will be ready to replace in-
dustrial/operational codes in use today [KLH+15, SKA+14]. The main issue is that real applications involve
flows which are only locally smooth, and involve moving fronts (in the sense specified in the beginning of
this proposal). High order alone will not allow modern techniques to handle real applications. Some high
level hybrid and adaptive approach, combining approximation order and mesh adaptation, is necessary to
handle these flows in an accurate and stable manner. This is one of the challenges this proposal is related
to. Two aspects need to be clarified to further discuss this issue: how to generate and adapt the mesh ; how
to approximate space derivatives and march in time, given the mesh.

Unstructured mesh generation and adaptation. The generation of unstructured grids with straight
faces can nowadays be performed routinely at industrial level using classical meshing techniques [GBF+04].
For steady problems, efficient and automatic adaptation is obtained by generating “uniform” meshes in
metric spaces, with metrics dependent on local errors computed from interpolation, or goal oriented estimates
(see e.g.[FA05, Bot04, TAAYR+00, PUdOG01, LDA10]. There exist several codes allowing isotropic and
anisotropic generation and adaptation. Among these the MMG3D platform developed in our team [52, 86], and
the meshers/remeshers Forge3d by CEMEF, MeshAdap by Shephard and collaborators, the Mom3d project
(Pratt&Whitney Canada), MAdlib by UCL in Belgium, Gamanic (Inria Gamma3 team), etc.

When considering higher order (more than second) discretizations of the PDE, however, second order
approximations of the boundaries are not enough, and high order curved meshes are necessary. Here the
state of art is much less advanced. The common approach is to generate a valid (no tangling) curved mesh
from a “straight” one. Three main families of methods exists:

5despite some adaptive capabilities exist for Cartesian methods (chimera, octree techniques etc.)
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• use of local mesh modifications : see e.g. [SLJS10, SFJ+05, ROS99] ;

• optimization of the mesh curvature based on the maximization of the determinant of the Jacobian of
the transformation to the (unit) reference element : see [RTL13] ;

• boundary curvature propagation with a PDE model (cf. [GB12, XSHM13, PP08] and our work [21].

As pointed out in [KLH+15, SKA+14], the available techniques are still far from being ready for industrial
use. Robustness is still an issue, and fully automatic generation of a valid curved mesh respecting a given
(curved) boundary is still not feasible. Moreover, there are major issues concerning adaptation. These are
firstly related to the estimators. For higher than second order, only methods strongly based on adjoint
techniques to estimate the error show promise (see e.g. [HHL11, HL15] and references therein, or the
contributions of Fidkowski and Mavriplis in [vki15] for a recent review). The efficiencies of these methods,
however, are strongly influenced from the properties of the discretization used: a discrete self-adjoint property
is essential (see e.g. [Har07]) to obtain fast convergence of the adaptation procedure. As shown in [Bar05]
and in our recent work [74], one can still develop adjoint based local error estimates for other (non self-adjoint)
dicretizations, but care must be taken in the refinement procedure, as the gain in terms of CPU time may
be hindered by the lack of super-convergence of the output functional. Estimates based on approximation
theory, as those used e.g. in [FA05, LDA10, Bot04, PUdOG01], cannot be used to construct metrics to adapt
the mesh when the underlying polynomial approximation used for the unknowns is more than linear.

For time dependent problems, mesh adaptation is an even greater challenge. Several approaches have
been proposed in the past, boiling down to the following variants of an adapt and interpolate paradigm:

1. predict the entire evolution over a time slab, remesh by adapting to all the solutions in this time
window, interpolate the old solution and recompute on the adapted mesh [AFGM07] ;

2. perform local mesh modifications (edge swaps, node insertion/deletion), followed by some form of
interpolation [CMR08, GC05, RLSF05]. A more involved variant uses a continuous model for mesh
modifications, and ALE remaps to obtained high order conservative projections [IGQ11, AO11] ;

3. redistribute mesh points according to an error density; e.g: compute displacements from a PDE whose
coefficients depend on some error indicators. ALE remaps can be used as projections [TT03, BHR09].

All of these techniques hold some promise, but none of them is as yet ready for routine use in real appli-
cations. A main challenge is how to reduce the time overhead due to mesh adaptation to maximize the
net gain in resolution. This is particularly an issue when considering explicit time stepping techniques.
Another issue is the handling of both smooth and discontinuous regions. It is known that h−adaptation
(or r− adaptation in the case of the third method) is generally not enough for smooth solutions, and the
h−p− techniques should be used in this case (see e.g. [GH10]). How to efficiently combine these adaptation
strategies for a given application, and eventually with curved mesh generation also remains a main challenge.

Discretization of the PDE. Existing industrial/operational codes are based on what today is referred to
as a “low order” discretization:, that is a second order (in some cases even first) order method. One of the
main building blocks that made it into several codes is the Finite Volume (FV) method, often combined
with a (limited) piecewise linear reconstruction via the MUSCL technique [vL76]. The long list of new
computational platform recalled above only partially allows to cover the amount of numerical techniques
developed to improve over this approach. The common ground of all these new methods is a recipe to
construct, on a given mesh, a continuous high order polynomial numerical approximation of the flux FFF to
compute the divergence in (2.1). Some important elements to distinguish different families of methods are
related to how much information is stored (degrees of freedom) and evolved in time, how much is instead re-
constructed from nearby values, and how all this is embedded in the local discrete definition of the divergence.

We will distinguish three main methodologies, based on the first two criteria : generalizations of the
FV method which only evolve local averages and reconstruct all the remaining missing coefficients in the
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polynomial; discontinuous approximations evolving the entire set of polynomial coefficients, with no conti-
nuity across mesh faces ; continuous approximations evolving the entire set of polynomial coefficients, but
constraining the polynomial kernel to be continuous across faces. Note that the common ground between all
these methods is that they all provide at some point a continuous polynomial approximation of the flux.

In the FV context, higher order methods are obtained by replacing the linear reconstruction with one of
a higher degree r > 2. This can be shown to lead to a continuous flux polynomial, which on cell faces ap-
proximates the values of the numerical flux in quadrature points. Early work in this direction has combined
polynomial reconstruction with monotonicity enforcement. This has led to limited reconstructions based on
a positive coefficient principle [BJ89, BF90], and to ENO and WENO schemes [HEOC87, LOC94] (see e.g.
[Abg94, HS99] for on unstructured grid implementations) which control the smoothness of the polynomial
obtained on a given stencil. The key and most complex points are here the reconstruction, and the limiting
procedure. A discussion of the last topic will be given later. Concerning the reconstruction, an improved
least squares method is discussed e.g. in [JOG13], and also in [Dum10] where on finite element cell polyno-
mial expansions are used. A method bridging FV and discontinuous finite elements, is the Spectral Volume
(SV) framework proposed by Z.J. Wang (cf. [WZL04, HW10] and references therein) in which a-priori ge-
ometrical partitions of control volumes are introduced to define universal local polynomial approximations
from sub-cell averages. This side-steps the reconstruction problem, introducing a new one: the design of
optimal and stable sub-cell partitions (see [vdAGPL09, HW10] for a discussion).

The most popular alternatives to the finite volume approach are methods evolving in time full local
(thus discontinuous) polynomial expansions. Besides the already mentioned Spectral Volume approach, one
of the most common choices is the Discontinuous Galerkin (DG) method brought to the attention of the
community by a series of papers of B. Cockburn and C.-W. Shu (see e.g. [CS98, CKS00] and the references
therein). To evolve the coefficient of the local cell-wise polynomial solution, a discrete variational statement
is obtained by multiplying by one of the bases functions of the polynomial kernel chosen, integrating by parts,
and introducing a numerical flux to accommodate for the discontinuous representation on cell boundaries
(as in the FV method), and provide stabilization [CKS00]. For higher order (at least third) computations,
alternative forms of the method have appeared over the years to reduce the cost associated the necessity of
using volume and face quadrature formulas of degree 2p for a solution expansion of degree p (≥ 2). These go
from the so-called quadrature free DG [AS98], an efficient implementation based on an explicit polynomial
expansion of the flux FFF of sufficiently high degree, and the more efficient Nodal DG method (see e.g. the
monograph [HW08]) evolving in time solution values at quadrature points. The SV method mentioned above
is another alternative allowing to remove volume integrals. Two more recent variations are based on the
same idea are the Spectral Difference (SD) and the Flux Reconstruction (FR) methods. In the SD case one
directly builds a p+ 1 degree flux polynomial, starting from a p-th degree solution polynomial, using in the
flux expansion numerical fluxes to replace values of the normal flux component on cell boundaries (cf e.g.
[WLMJ07] and references therein). This continuous flux polynomial is then used to evaluate the differential
form of the equation in all the solution points, as in the finite difference method. In the FR case, on starts
from an internal cell-wise flux polynomial of degree p (same as the solution), and modifies if with ‘correction
functions” which are polynomials of degree p+ 1, vanish away from the boundary, and allow to correct the
boundary flux values to those of a numerical flux function (see e.g. [HWV14] and references therein). These
two approaches somehow generalize the quadrature free (and nodal) DG method and have connections now
quite clear (see e.g. [May11, DGMM+14, HWV14] and references therein). To reduce the cost associate
to the discontinuous approximation in space, hybrid approaches can be used, combining local low degree
(p = 1, 2) expansions with reconstructions of the missing coefficients to obtain higher degree polynomials,
similar to the FV case (cf. [Dum10, SWZ+14, HWV14] and references therein).

Two important aspects remain to recall concerning these discontinuous methods: the treatment of non-
smooth solutions, and the approximation of elliptic PDEs.

The first aspect can be handled in several ways. Techniques based on the use of limiters and of WENO-
type approximations can be embedded (see e.g. [COG09, DKTT07]). This is a delicate operation as the
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limiter may either spoil the accuracy or not be robust enough. One solution is to locally replace the finite ele-
ment polynomial or even the discrete equation with WENO or FV approximations [ZQSD08, SM14, Cho15].
A promising approach is a post-processing technique called MOOD [DLC13], providing some automatic local
polynomial adaptation (down to first order FV) based on “physical realizability”. Very interesting work is
the work done by Prof. Shu and collaborators (cf. [ZS11] and references therein) exploiting all the elements
of the chain : the existence of an underlying polynomial expansion depending on the quantities evolved, the
use of monotone flux functions, a positive coefficient principle. Additional work involves the study of edge
detection techniques and filtering to remove high frequency oscillations [Wir14, SW13], and the definition of
and appropriate shock capturing dissipation [SCA14, PJ06]

The treatment of elliptic problems also represents a challenge, as the necessity of guaranteeing inter-
element coupling requires the derivation of a fully discrete variational form, and of “elliptic numerical fluxes”.
There are many (stable) definitions of these fluxes involving different combinations of solution and solution
derivative face penalization terms [CS08]. The algebraic system associated couples all the degrees of freedom,
and is thus quite large, already for a piecewice linear approximation. In the DG setting, an idea dealing with
this issue is now referred to the Hybridazable Discontinuous Galerkin (HDG). The HDG introduces separate
local problems for the volume unknowns, and for their traces on cell faces (cf. [NPC11, WM15, BT15] and
[PE15] and for a different implementation of the same idea). The weaker inter-element coupling obtained
allows for a reduction of the algebraic systems (coupling only the traces), and for an efficient implementation.
Despite of this improvement, the overall complexity of the method remains quite high.

The methods recalled above have attracted enormous attention, and have been more popular in the last
years compared to methods based on a continuous spatial approximation, despite of the lower number of
degrees of freedom used in the latter case. There are several reasons for this success: the flexibility of the
polynomial approximation, its locality and thus ease of implementation, the absence of any reconstruction
operator, the block diagonal (or fully diagonal) structure of the mass matrix, the use of flux functions for
stabilization purposes, and the obvious connections with the more traditional FV framework. We strongly
believe that these reasons are not enough for putting all efforts on discontinuous methods, and we claim
that investing in continuous and mixed approximations may be the winning strategy. In particular, in our
opinion several common beliefs concerning continuous finite elements are not justified.

One such beliefs is that the requirement of continuity of the approximation is too strict to guarantee
enough flexibility. However, even without considering Hermite type polynomials, there exist many families
of continuous finite element expansions. Besides standard (equi-spaced) Lagrange elements elements [Hug00,
EG04], these include geometrically hierarchical polynomials (see e.g. [sDF97, WJD03]), polynomials defined
by a quadrature/cubature grids (cf. [GT06, Xu11]), or also Bernstein and Bezier polynomials (see [Rog01]
chapter 5, and also [80]) which satisfy boundedness properties typical of Spline approximations. Another
issue often pushing people to go toward discontinuous approximations is the fact that continuous ones
often lead to the need of inverting a global mass matrix, which may represent a considerable overhead
for explicit time marching strategy. This is true in general, however elements defined on cubature grids
[GT06, Xu11] will have diagonal mass matrices (or at least will allow for mass lumping) as do Bernstein
basis polynomials. In alternative, techniques to simplify the inversion of the mass matrix inversions similar to
those proposed in [GP13] can also be used. A similar problem arises from the stabilization techniques often
used in this context. All residual based stabilizations (SUPG, GLS, VMS, etc) [HB82, HSF04] modify the
mass matrix generating a non-symmetric (and possibly nonlinear) structure. This, however, can be simplified
by introducing clever predictor-multicorrector procedures as done in the past [HT84, SHJ91]and as we have
shown even for very non-linear stabilization techniques allowing monotone shock capturing and positivity
preservation [82, 13]. There exist also other stabilization techniques which do not impact the mass matrix,
as the penalization approach of [BQS10, BEF10], and the entropy viscosity approach of [GPP11]. Another
underestimated property of continuous finite elements is the potential for handling hanging nodes and p
adaptation techniques. The use of hierarchical approximations [sDF97, WJD03] lends itself very naturally
to both local polynomial enrichment, and handling hanging nodes. For other polynomial expansions, there
are techniques based on a constrained approximation with a re-definition of basis functions allowing to
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handle hanging nodes (cf. [DORH89, AAN14]). Other techniques can also be used to this end as e.g.
cut-finite element methods [BCH+15]. We also mention work on enriching the (continuous) solution with
reconstruction techniques reminiscent of what is done in the PnPm approach [CF05, HG04], which can even
be combined with edge-limiting [Hub07].

These arguments show that there is a potential for continuous methods to provide performances and
flexibility similar to the discontinuous ones, albeit achieving the same accuracy with a smaller number of
unknowns. As already remarked, the winning strategy may be that of a clever hybrid formulation, trying
to treat different differential operators/unknowns with different approximations, or based on patch-wise
continuous approaches. These must be combined with a time advancement approach allowing an efficient
resolution method. Moreover, the key point is not in using high order methods, but in an effective adaptive
approach, properly profiting from high order polynomial approximations in smooth regions, while effectively
combine lower order and mesh adaptation in non-smooth areas. How to achieve this in the applications we
consider is the challenge we want to answer to.

2.3 Robust certification and optimization

We are now going to consider the impact of the set of model (or physical, or design, etc) parameters ξξξ on the
numerical outputs obtained from the discretization of our PDE model (2.1). In practice, we are interested
in determining a critical response surface in parameter space. This may be a surface along which a certain
number of engineering quantities assume optimal values, a surface separating different physical regimes, or a
boundary delimiting the safe applicability of a model. In optimization, the concept of robust design is related
to the ability to assess the impact of uncertainties on the prediction of the optimal surface (pareto front).
The goal of robust optimization is to determine a design relatively insensitive to physical and modelling
uncertainties. Here we will talk about certified modelling, or robust modelling as to the ability to assess the
impact of uncertainties on the stable prediction of critical surfaces with a given model.

To be able to provide certified modelling tools for certification/optimization/analysis of engineering de-
vices or physical systems we need to be able to: specify how to efficiently explore the space of physical
parameters to defined the critical surface we are seeking ; specify how to explore the space of uncertainties
in order to estimate their impact ; how to (and if) couple the two, and how (and if) to couple these approx-
imations to the approximation of the PDEs eventually used to represent the system.

The exploration of the space of physical parameters is what is routinely done in optimization. A cost-
effective solution to reduce the time required for model evaluations is the use of multi-fidelity approaches
coupling models relevant at different scales/of different fidelity levels. There are two strategies to obtain
multi-fidelity models: trust-region-based methods and pattern-search-based methods. In a trust-region
method, one calibrates a low fidelity model using a higher fidelity one. This surrogate model is constructed
from evaluations of the high-fidelity model and used within an adjustable trust-region. Consistency with
the high-fidelity model (e.g. obtaining the same optimum) is guaranteed by ensuring that the surrogate
have the same value and gradient (sensitivities) as the high-fidelity model at the center of the trust-region
[ALG01, MW12]. In a pattern search method, the high-fidelity model is evaluated without gradients on a
stencil in the design space called a poll step to try to find an improved design point. The stencil is constructed
on an underlying mesh whose fineness is adjusted based on the success of the poll step [Tor97]. Additional
flexibility is provided by an optional search step that precedes the poll step to find an improved design point
on the mesh by any means available. The surrogate management framework (SMF) [BJF+99] uses an inex-
pensive low-fidelity model in the search step to try to find an improved design point and skip the expensive
poll step. A fundamentally different method has been recently proposed in [WA13]. This method uses tools
of estimation theory to fuse information from multi-fidelity analyses, resulting in a Bayesian-based approach
to mitigating risk in complex system design and analysis. The approach is combined with maximum entropy
characterizations of model discrepancy to account for epistemic uncertainties. A variance-based global sen-
sitivity analysis allows to identify primary contributors to uncertainty, thus providing guidance for model
fidelity adaptation.

Despite these advances in reduction of models evaluation costs, robust optimization processes still present
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a prohibitively expensive process due to the large number of uncertainties, leading to a very large number of
evaluations of highly non-linear fitness functions. Classical methods, such as Montecarlo methods, stochastic
Galerkin methods or stochastic collocation, are affected by the so-called Curse-of-Dimensionality. When the
dimension of the uncertainties becomes high, the convergence order deteriorates, and the computational cost
cannot be handled, especially in fluid dynamics applications which involve very non-linear and costly models.

For curing the Curse-of-Dimensionality, one possibility is to evaluate the importance of different dimen-
sions and to determine whether some uncertainties could be neglected, thus reducing the size of the stochastic
problem. Several techniques have been proposed in literature.

In the literature, Global sensitivity analysis (GSA) aims at quantifying how uncertainties in the input
parameters of a model contribute to the uncertainties in its output (see for example [BATS03]), where
global sensitivity analysis techniques are applied to probabilistic safety assessment models). Sometimes,
GSA classifies the inputs according to their importance on the output variations and it gives a hierarchy of
most important ones. Traditionally, GSA is performed using methods based on the decomposition of the
output variance [Sob01], i.e. ANOVA (ANalysis Of VAriance). The ANOVA approach involves splitting
a multi-dimensional function into contributions from different groups of sub-dimensions. In [RASS99], the
authors introduced two High-Dimensional Model Reduction (HDMR) techniques to capture input-output
relationships of physical systems with many input variables. These techniques are based on ANOVA-type
decompositions. In order to avoid to perform a large number of function evaluations, several techniques have
been developed to compute the different so-called sensitivity indices at a reduced cost [Sal10], as for example
in [Sud08, CLMM09], [FK10], or [YCLK12].

Several studies are under way about the so-called Multi-level Monte Carlo methods (for a detailed review
see [Gil15]). Monte Carlo methods are a very flexible and accurate method for computing statistics. However,
they can be computationally expensive. Multi-level Monte Carlo is a recent method which could potentially
reduce the computational cost by performing the most part of the simulations with low accuracy and low
cost, with only some simulations performed at high accuracy and a high cost.

Another problem is to find an efficient representation of the stochastic solution, when the flow presents
some discontinuities, thus producing a shock evolving in the coupled physical/stochastic space. Classically,
among the UQ techniques, the polynomial chaos (PC) has shown its efficiency in the case of smooth re-
sponses (see [MK10]). Wan and Karniadakis have introduced an adaptive class of methods for solving the
discontinuity issues by using local basis functions, the multi-element generalized Polynomial Chaos (ME-
gPC) (see [FK10]). This strategy deals with an adaptive decomposition of the domain on which local bases
are employed. Another class of method is based on the stochastic collocation (SC) approach. In the work of
Agarwall [AA09], an adaptive stochastic collocation method, based on the recursive splitting of the domain,
has been proposed. In this case the splitting of the domain and the adaptivity is applied directly to the sparse
grid basis. A sparse grid collocation strategy, based on piecewise multi-linear hierarchical basis functions,
has been adopted by Ma and Zabaras [MZ10] to recover the convergence loss by a global polynomial approx-
imations in presence of discontinuities. More recently, in the context of the simplex approach, Witteveen
and Iaccarino introduced the concept of sub-cell resolution for problems in which the discontinuities in the
random space are directly related to their physical counterparts [WI13].

In order to treat discontinuous response surfaces, in [MK10] they applied a multiresolution analysis to
Galerkin projection schemes. The intrusive Galerkin approach may lead to an optimal representation of the
solution, exhibiting an exponential convergence, if a proper basis is chosen. However the intrusive Galerkin
approach results in a larger system of equations than in the deterministic case with, in addition, a different
structure that requires a new class of solver and numerical code. Despite this issue, the intrusive Galerkin
approach can be demonstrated to display substantial advantages with respect to non-intrusive approach,
not only for idealized systems, but also for large-scale applications [MK10]. Recently, an original approach
has been introduced to obtain a more efficient scheme employing a multiresolution adaptive strategy [30].
However, actually this approach is limited by the spatial and time discretization accuracy that could dominate
the overall accuracy of the global scheme.

Concerning robust optimization, scientific efforts are thus directed mainly toward the reduction of the
number of deterministic evaluations necessary for the optimization problem, and for the uncertainty quan-
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tification (UQ) of the performances of interest [Mit05]. When UQ and optimization are decoupled, the
overall cost is roughly the product of the cost of the two [Diw03]. Thus, decoupled approaches are sim-
ple but too expensive. Several methods incorporate the uncertainties into the optimization problem. For
example, the meta-model approach uses the data to build a meta-model of some robustness measures by
using a set of given design points. The meta-modelling techniques used in this context are the response
surface methodology, neural networks, and Kriging models [SJ08]. These approaches are suited when the
the number of design variables is relatively small. Another class of methods, usually referred to as the deter-
ministic approach to robust optimization, calculate explicitly the desired robustness measures. In this class,
several methods (see e.g. [SAM10]) have proven their efficiency for high-dimensional uncertain parameter
spaces. To cure the curse of dimensionality, and reduce the number of functions evaluations, two avenues
have been proposed. One is a strategy to reduce the number of quadrature points for moderate dimen-
sional problems, known as Sparse grid [SJ08]. The other is to reduce the number of stochastic dimensions
by identifying the most important uncertainties (see e.g. [SAM10]). This reduction strategy can be used
into a robust optimization framework, thus decreasing the final cost for obtaining the optimal individual.
Recently, an hybrid method, has been proposed in [41], which is based on the Simplex Stochastic Colloca-
tion (SSC) method for uncertainty quantification and Nelder-Mead algorithm (NM) for optimization. The
resulting SSC/NM method, called Simplex2 (S2M), is based on (i) a coupled stopping criterion and (ii) the
use of an high-degree polynomial interpolation in the optimization space for accelerating some NM operators.

By resuming, the challenge now is to set-up a global procedure for predicting each element of a complex
device by including its variability. This demands methods for treating a large number of uncertainties, able
to treat discontinuities, as well as methods to evaluate different models’ uncertainties, for building optimal
surrogate models, and for treating uncertainties in unsteady experimental data. These are all challenges for
the classical methods. Even though partial cures can be found (see [MK10]), still a lot of work remains to
do concerning i) unsteady discontinuities, ii) the influence of correlation among different parameters, iii) the
influence of model reduction on the final estimation of the statistics, iv) the construction of a robust meta-
model. Another problem is to account for model uncertainties in the numerical simulation. Some studies
show that Bayesian methods may be a valid option [KS10] to account for both model and experimental
uncertainties.

Figure 1: Certification/optimization cycle. Black box modelling.
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2.4 Our approach and strength

The schematic of figure 1 shows the standard way a certification study may be conducted. The red box is the
main robust certification loop which contains separate boxes involving the evaluation of the physical model,
the post-processing of the output, and the exploration of the spaces of physical and stochastic parameters
(uncertainties). The physical model itself, is composed of the 3 main elements: PDE system, mesh gener-
ation/adaptation, and discretization of the PDE (numerical scheme). There are some known interactions
taking place in the loop which are a necessary to exploit as much as possible the potential of high order
methods [KLH+15] such as e.g. h−/p−/r− adaptation in the physical model w.r.t. some post-processed
output value, or w.r.t. some sort of adjoint sensitivity coming from the physical parameter evolution box, etc.

In practical applications the flow is only locally smooth, with regions involving very strong variations,
and even discontinuities. As a consequence, we will not be able to take advantage of the potential of
high order numerical techniques and of hierarchical (multi-fidelity) robust certification approaches without
some very aggressive adaptive methodology, mixing high and low order methods, sensitivity analysis, mesh
adaptation, etc. Such a methodology, will require interactions between e.g. the uncertainty quantification
methods and the adaptive spatial discretization, as well as with the PDE modelling part. Such a strategy
cannot be developed, let alone implemented in an operational context, without completely disassembling
the scheme of the figure, and letting all the parts of the interact as in figure 2. This is what we want to
do in CARDAMOM . We have the unique combination of skills which allows to explore such an avenue: PDE
analysis, high order numerical discretizations, mesh generation and adaptation, optimization and uncertainty
quantification, specific issues related to the applications considered.

Figure 2: CARDAMOM unified strategy

Our strength is also our unique chance of exploring the interactions between all the parts, thanks to
a team composition which mixes know how in PDE analysis (M. Colin), adaptive discretizations and mesh
generation and adaptation (H. Beaugendre, C. Dobrzynski, M. Kazolea and M. Ricchiuto), Uncertainty
Quantification, Optimization and PDE problems embedding multi-dimensional parameter spaces (P.M. Con-
gedo and L. Mieussens), plus experience in specific modelling issues in the applications considered, shared
by many of the team’s members. This will allow us to answer some fundamental questions related to the
following aspects

• What are the relations between PDE model accuracy (asymptotic error) and scheme accuracy, and
how to control, and possibly exploit these relations to minimize the overall physical approximations in
the discrete model a given computational effort ;
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• How to effectively exploit the small number of degrees of freedom of continuous finite element based
methods, while allowing for an agressive mesh and order adaptation technique, allowing to chose the
best approach in complex situations ;

• How to devise and implement effective adaptation techniques (r−, h−, and p−) for time dependent
problems, guaranteeing an efficient time marching procedure (minimize CPU time at constant error),
and accommodating straight as well as curved meshes, depending on the need ;

• How to exploit the vast amount of information available in optimization and uncertainty quantifica-
tion loops to construct aggressive adaptation strategies in physical, parameter/stochastic space, and
eventually to improve the physical model itself ;

These research avenues related to the PDE models and numerical methods used, will allow us to have an
impact on the applications communities targeted which are

• Aeronautics and aerospace engineering (de-anti icing systems, space re-entry) ;

• Energy engineering (organic Rankine cycles and wave energy conversion) ;

• Material engineering (self healing composite materials) ;

• Coastal engineering (coastal protection, hazard assessment etc.).

The main research directions related to the above topics are discussed in the following section.

3 Research directions

3.1 Discrete asymptotic modelling

The objective of this activity is to provide computationally affordable, yet physically relevant, models tailored
to some of the specific applications considered in the project. We aim at providing improved modelling
capabilities for some of our applications, as of a greatly improved understanding of the interactions between
asymptotic analysis and numerical discretization.

In particular, many of the applications we consider may benefit from the availability of intermediate
fidelity models which can be derived using an asymptotic expansion of a scale resolving model, and possibly
some homogeneization step (averaging). This is true for many applications considered here involving flows
in/of thin layers (free surface waves, liquid films on wings generating ice layers, oxide flows in material cracks,
etc). The standard resulting systems of PDEs are often very complex and their characterization, e.g. in
terms of stability, may be difficult to translate into discrete stability criteria. To go further, the main
principle we want explore here is the idea that an asymptotic expansion is nothing else than a discretization
(some sort of truncated Taylor development) in terms of a small parameter. A discretization of the starting
full scale PDE system is may also be seen as a truncated expansion in space involving as a small parameter
the mesh size. What is the interaction between these two ? Can we exploit this idea to use the spatial
discretization (truncation error) as a physical modelling tool, filtering the right amount of undesired small
scales, instead of having to explicitly derive very complex PDEs for the large scales ?

To understand these issues, we will reverse the standard procedure by first writting a semi-discretization
version of the original equations and then investigating the properties of asymptotic expansions of a full
scale resolving model in view of obtaining a fully asymptotic discrete model. We will compare them to
the discrete asymptotic model obtained discretizing a continuous asymptotic PDEs. Initial results for free
surface waves [73] have demonstrated that asymptotic discrete models may be much more accurate. We will
generalize our initial analysis to more complex cases, and to other applications. The improved understanding
of the interactions between discretization and truncated asymptotic expansions will also be used to design
simplified full models. For example, for thin layer flows (free surface waves, liquid films, etc) we may replace
the asymptotic expansion by a clever coarse discretization of the original (well understood) equations across
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the thin layer. Our long term goal is to be able to control the asymptotic accuracy by means of purely
numerical techniques (adaptation in the thin layer). This activity will be used to improve our modelling
in coastal engineering as well as for de-anti icing systems, wave energy converters, composite materials (cf.
next sections). In parallel to these developments, improved PDE models will be proposed for some of the
applications considered (e.g. de-anti icing systems, wave energy systems, self healing composites, etc.).

This work will involve and benefit from M. Colin’s know how in PDE analysis, with the contributions
of H. Beaugendre, P.M. Congedo, M. Kazolea and M. Ricchiuto on all the aspects related to numerical
discretizations, and application specific issues.

3.2 High order discretizations on moving adaptive meshes

Our guiding principle here is to get the best possible result with the minimal number of operations and
unknwowns. For this reason we will focus on continuous finite elements, and try to provide the flexibility
and robustness required in our applications.

More specifically, we will work on both the improvement of high order mesh generation and adaptation
techniques, and the construction of more efficient, adaptive high order discretisation methods.

Concerning curved mesh generation, we will focus on two points. First propose a robust and automatic
method to generate curved simplicial meshes for realistic geometries. The untangling algorithm we plan to
develop is a hybrid technique that gathers a local mesh optimization applied on the surface of the domain
and a linear elasticity analogy applied in its volume. Second we plan to extend the method proposed in [21]
to hybrid meshes (prism/tetra).

For time dependent adaptation we will try to exploit as much as possible the use of r−adaptation tech-
niques based on the solution of some PDE system for the mesh. We will work on enhancing the initial results
of [77, 71] by developing more robust nonlinear variants allowing to embed rapidly moving objects. For this
the use of non-linear mesh PDEs (cf e.g. [PP08, TO04, BHR09]), combined with Bezier type approximations
for the mesh displacements to accommodate high order curved meshes [21], and with improved algorithms to
discretize accurately and fast the elliptic equations involved. For this we will explore different type of relax-
ation methods, including those proposed in [MN14, Nis14, Nis10] allowing to re-use high order discretizations
techniques already used for the flow variables. All these modelling approaches for the mesh movement are
based on some minimization argument, and do not allow easily to take into account explicitly properties
such as e.g. the positivity of nodal volumes. An effort will be made to try to embed these properties, as well
as to improve the control on the local mesh sizes obtained. Developments made in numerical methods for
Lagrangian hydrodynamics and compressible materials may be a possible path for these objectives (see e.g.
[DKR14, WMC+14, VMA14] and references therein). We will stretch the use of these techniques as much
as we can, and couple them with remeshing algorithms based on local modifications plus conservative, high
order, and monotone ALE (or other) remaps (cf. [AO11, IGQ11, WP15, 31] and references therein).

For curved meshes, the issue of the local estimation of the error arises. We will explore different avenues.
First, we will exploit adjoint methods, as we have done in [15, 74]. For time dependent problems, however,
we will try to benefit from the know how in derivative free optimization, and sensitivity analysis existing in
the team (cf. [3, 14] and references therein). Ad-hoc high order generalizations of available techniques will
also be explored.

The development of high order schemes for the discretization of the PDE will be a major part of our
activity. To best treat complex flows with moving fronts, our main objective is to understand how to
cleverly combine low order (second) schemes on adaptive meshes, with locally high order approximations, in
the framework of residual methods relying on a continuous finite element approximation. We will work from
the start in an Arbitrary Lagrangian Eulerian setting, so that mesh movement will be easily accommodated,
and investigate the following main points:

• the ALE formulation is well adapted both to handle moving meshes, and to provide conservative, high
order, and monotone remaps between different meshes. We want to address the issue of cost-accuracy
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of adaptive mesh computations by exploring different degrees of coupling between the flow and the
mesh PDEs. Initial experience has indicated that a clever coupling may lead to a considerable CPU
time reduction for a given resolution [71, 77]. This balance is certainly dependent on the nature of the
PDEs, on the accuracy level sought, on the cost of the scheme, and on the time stepping technique.
All these elements will be taken into account to try to provide the most efficient formulation ;

• the conservation of volume, and the subsequent preservation of constant mass-momentum-energy states
on deforming domains is one of the most primordial elements of Arbitrary Lagrangian-Eulerian formu-
lations. For complex PDEs as the ones considered here, of especially for some applications, there may
be a competition between the conservation of e.g. mass, an the conservation of other constant states,
as important as mass. This is typically the case for free surface flows, in which mass preservation is
in competitions with the preservation of constant free surface levels [72]. Similar problems may arise
in other applications. Possible solutions to this competition may come from super-approximation (use
of higher order polynomials) of some of the data allowing to reduce (e.g. bathymetry) the error in the
preservation of one of the competing quantities. This is similar to what is done in super-parametric
approximations of the boundaries of an object immersed in the flow, except that in our case the data
may enter the PDE explicitly and not only through the boundary conditions. Several efficient solutions
for this issue will be investigated to obtain fully conservative moving mesh adaptive methods;

• an issue related to the previous one is the accurate treatment of wall boundaries. It is known that even
for standard lower order (second) methods, a higher order, curved, approximation of the boundaries
may be beneficial. This, however, may become difficult when considering moving objects, as in the case
e.g. of the study of the impact of ice debris in the flow. To alleviate this issue, we plan to follow on with
our initial work on the combined use of immersed boundaries techniques with high order, anisotropic
(curved) mesh adaptation. In particular, we will develop combined approaches involving high order
hybrid meshes on fixed boundaries with the use of penalization techniques and immersed boundaries
for moving objects. We plan to study the accuracy obtainable across discontinuous functions with
r−adaptive techniques, and otherwise use whenever necessary anisotropic meshes to be able to provide
a simplified high order description of the wall boundary (cf. [LDFA07]). The use of penalization will
also provide a natural setting to compute immediate approximations of the forces on the immersed
body [54, 69]. An effort will be also made on improving the accuracy of these techniques using e.g.
higher order approaches, either based on generalizations of classical splitting methods [JL11], or on
some iterative Defect Correction method (see e.g. [CLX15]) ;

• the proper treatment of different physics may be addressed by using mixed/hybrid schemes in which
different variables/equations are approximated using a different polynomial expansion. A typical ex-
ample is our work on the discretization of highly non-linear wave models [2] in which we have shown
how to use a standard continuous Galerkin method for the elliptic equation/variable representative of
the dispersive effects, while the underlying hyperbolic system is evolved using a (discontinuous) third
order finite volume method. This technique will be generalized to other classes of discontinuous meth-
ods, and similar ideas will be used in other context to provide a flexible approximation. Such mathods
have clear advantages in multiphase flows but not only. A typical example where such mixed meth-
ods are beneficial are flows involving different species and tracer equations, which are typically better
treated with a discontinuous approximation. Another example is the use of this mixed approximation
to describe the topography with a continuous polynomial even in a discontinuous method. This allows
to greatly simplify the numerical treatment of the bathymetric source terms ;

• the enhancement of stabilized methods based on a continuous finite element approximation will remain
a main research topic for the team. We will further pursue the study on the construction of simplified
stabilization operators which do not involve any contributions to the mass matrix. We will in particular
generalize our initial results [82, 6, 13] to higher order spatial approximations using cubature points,
or Bezier polynomials, or also hierarchical approximations. This will also be combined with time
dependent variants of the reconstruction techniques initially proposed by D. Caraeni [CF05], allowing
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to have a more flexible approach similar to the so-called PnPm method [Dum10, SWZ+14]. How to
localize these enhancements, and to efficiently perform local reconstructions/enrichment, as well as
p−adaptation, and handling hanging nodes will also be a main line of work. A clever combination of
hierarchical enrichment of the polynomials, with a constrained approximation will be investigated. All
these developments will be combined with the shock capturing/positivity preserving construction we
developed in the past. Other discontinuity resolving techniques will be investigated as well, such as
face limiting techniques as those partially studied in [Hub07] ;

• time stepping is an important issue, especially in presence of local mesh adaptation. The techniques
we use will force us to investigate local and multilevel techniques. We will study the possibility
constructing semi-implicit methods combining extrapolation techniques with space-time variational
approaches. Other techniques will be considered, as multi-stage type methods obtained using Defect-
Correction, Multi-step Runge-Kutta methods [BGG+14], as well as spatial partitioning techniques
[KMR13]. A major challenge will be to be able to guarantee sufficient locality to the time integration
method to allow to efficiently treat highly refined meshes, especially for viscous reactive flows. Another
challenge will be to embed these methods in the stabilized methods we will develop.

These activities will combine the know how on grid generation brought to the team by C. Dobrzynski, with
the experience in construction of unstructured mesh discretization methods of H. Beaugendre, M. Kazolea,
L. Mieaussens and M. Ricchiuto, and with modern techniques providing high order sensitivity estimates
developed by P.M. Congedo.

3.3 Coupled approximation/adaptation in parameter and physical space

The main objective here is to formulate a scheme in the coupled physical/stochastic space in order to perform
an efficient simulation of fluid flows with uncertainties on adaptive meshes.

As already remarked, classical methods for uncertainty quantification are affected by the so-called Curse-
of-Dimensionality. Adaptive approaches proposed so far, are limited in terms of efficiency, or of accuracy.
We will focus on both non-intrusive and intrusive approaches.

Simple non-intrusive techniques to reduce the overall cost of simulations under uncertainty will be based
on adaptive quadrature in stochastic space with mesh adaptation in physical space using error monitors
related to the variance of to the sensitivities obtained e.g. by an ANOVA decomposition. For steady state
problems, remeshing using metric techniques is enough. For time dependent problems both mesh deformation
and re-meshing techniques will be used. This approach may be easily used in multiple space dimensions to
minimize the overall cost of model evaluations by using high order moments of the properly chosen output
functional for the adaptation (as in optimization). Also, for high order curved meshes, the use of high order
moments and sensitivities issued from the UQ method or optimization provides a viable solution to the lack
of error estimators for high order schemes.

Despite the coupling between stochastic and physical space, this approach can be made massively parallel
by means of extrapolation/interpolation techniques for the high order moments, in time and on a reference
mesh, guaranteeing the complete independence of deterministic simulations. This approach has the addi-
tional advantage of being feasible for several different application codes due to its non-intrusive character.

To improve on the accuracy of the above methods, intrusive approaches will also be studied. To propagate
uncertainties in stochastic differential equations, we will use Harten’s multiresolution framework, following
[18]. This framework allows a reduction of the dimensionality of the discrete space of function representation,
defined in a proper stochastic space. This reduction allows a reduction of the number of explicit evaluations
required to represent the function, and thus a gain in efficiency. Moreover, multiresolution analysis offers
a natural tool to investigate the local regularity of a function and can be employed to build an efficient
refinement strategy, and also provides a procedure to refine/coarsen the stochastic space for unsteady prob-
lems. This strategy should allow to capture and follow all types of flow structures, and, as proposed in [18],
allows to formulate a non-linear scheme in terms of compression capabilities, which should allow to handle
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non-smooth problems. The potential of the method also relies on its moderate intrusive behaviour, compared
to e.g. spectral Galerkin projection, where a theoretical manipulation of the original system is needed.

Several activities are planned to generalize our initial work, and to apply it to complex flows in multiple
(space) dimensions and with many uncertain parameters.

The first is the improvement of the efficiency. This may be achieved by means of anisotropic mesh
refinement, and by experimenting with a strong parallelization of the method. Concerning the first point,
we will investigate several anisotropic refinement criteria existing in literature (also in the UQ framework),
starting with those already used in the team to adapt the physical grid. Concerning the implementation,
the scheme formulated in [18] is conceived to be highly parallel due to the external cycle on the number
of dimensions in the space of uncertain parameters. In principle, a number of parallel threads equal to the
number of spatial cells could be employed. The scheme should be developed and tested for treating unsteady
and discontinuous probability density function, and correlated random variables. Both the compression
capabilities and the accuracy of the scheme (in the stochastic space) should be enhanced with a high-order
multidimensional conservative and non-oscillatory polynomial reconstruction (ENO/WENO).

Another main objective is related to the use of multiresolution in both physical and stochastic space.
This requires a careful handling of data and an updated definition of the wavelet. Until now, only a weak
coupling has been performed, since the number of points in the stochastic space varies according to the
physical space, but the number of points in the physical space remains unchanged. Several works exist on
the multiresolution approach for image compression, but this could be the first time i in which this kind of
approach would be applied at the same time in the two spaces with an unsteady procedure for refinement
(and coarsening). The experimental code developed using these technologies will have to fully exploit the
processing capabilities of modern massively parallel architectures, since there is a unique mesh to handle in
the coupled physical/stochastic space.

These activities will involve the know how of P.M. Congedo and L. Mieussens in uncertainty quantifica-
tion methods and multi-dimensional modelling in presence of embedded parameter spaces, combined with
experience in adaptive grid generation and high order approximation of C. Dobrzynski and M. Ricchiuto.

3.4 Robust multi-fidelity modelling for optimization and certification

The main objective of this task is to formulate very low-cost methods for merging information coming from
stochastic and design space, by using the multi-fidelity notion for targeting real engineering applications.

Due to the computational cost, it is of prominent importance to consider multi-fidelity approaches gather-
ing high-fidelity and low-fidelity computations. Note that low-fidelity solutions can be given by both the use
of surrogate models in the stochastic space, and/or eventually some simplified choices of physical models of
some element of the system. Procedures which deal with optimization considering uncertainties for complex
problems may require the evaluation of costly objective and constraint functions hundreds or even thousands
of times. The associated costs are usually prohibitive. For these reason, the robustness of the optimal so-
lution should be assessed, thus requiring the formulation of efficient methods for coupling optimization and
stochastic spaces. Different approaches will be explored. Work will be developed along three axes:

1. A robust strategy using the statistics evaluation will be applied separately, i.e. using only low or
high-fidelity evaluations. Some classical optimization algorithms will be used in this case. Influence
of high-order statistics and model reduction in the robust design optimization will be explored, also
by further developing low-cost methods for robust design based on the Simplex2 method [41] . In
particular, the computation of high-order statistics can be extremely important, since the variance is
not a universal criterion for ranking variables, and non symmetric outputs could require higher order
statistics for their description and analysis;

2. A multi-fidelity strategy by using in an efficient way low fidelity and high-fidelity estimators both in
physical and stochastic space will be conceived, by using a Bayesian framework for taking into account
model discrepancy and a PC expansion model for building a surrogate model ;
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3. Develop advanced methods for robust optimization. Two ways will be explored. The first one is based
on a strategy to deal with the error affecting the objective functions in uncertainty-based optimization.
We refer to the problems where the objective functions are the statistics of a quantity of interest
computed by an uncertainty quantification technique that propagates some uncertainties of the input
variables through the system under consideration. In real problems, the statistics are computed by a
numerical method and therefore they are affected by a certain level of error, depending on the chosen
accuracy. The errors on the objective function can be interpreted with the abstraction of a bounding
box around the nominal estimation in the objective functions space. In addition, in some cases the
uncertainty quantification methods providing the objective functions also supply the possibility of
adaptive refinement to reduce the error bounding box. The novel method relies on the exchange of
information between the outer loop based on the optimization algorithm and the inner uncertainty
quantification loop. In particular, in the inner uncertainty quantification loop, a control is performed
to decide whether a refinement of the bounding box for the current design is appropriate or not.
A second way will be focused on the Simplex2 method, which will be modified for introducing a
hierarchical refinement with the aim to reduce the number of stochastic samples according to a given
design in an adaptive way.

This work will fuel the EU project MIDWEST (P.M. Congedo and M. Ricchiuto) and several other
projects with DGA, AIRBUS, SAFRAN-HERAKLES, and VKI.

3.5 Contributions to engineering applications

De-anti icing systems. Impact of large ice debris on downstream aerodynamic surfaces and ingestion by
aft mounted engines must be considered during the aircraft certification process. It is typically the result
of ice accumulation on unprotected surfaces, ice accretions downstream of ice protected areas, or ice growth
on surfaces due to delayed activation of ice protection systems (IPS) or IPS failure. This raises the need for
accurate ice trajectory simulation tools to support pre-design, design and certification phases while improving
cost efficiency. Present ice trajectory simulation tools have limited capabilities due to the lack of appropriate
experimental aerodynamic force and moment data for ice fragments and the large number of variables that
can affect the trajectories of ice particles in the aircraft flow field like the shape, size, mass, initial velocity,
shedding location, etc... There are generally two types of model used to track shed ice pieces. The first type
of model makes the assumption that ice pieces do not significantly affect the flow. The second type of model
intends to take into account ice pieces interacting with the flow. We are concerned with the second type
of models, involving fully coupled time-accurate aerodynamic and flight mechanics simulations, and thus
requiring the use of high efficiency adaptive tools, and possibly tools allowing to easily track moving objects
in the flow. We will in particular pursue and enhance our initial work based on adaptive immerse boundary
capturing of moving ice debris, whose movements are computed using basic mechanical laws.

In [58] it has bee proposed to model ice shedding trajectories by an innovative paradigm that is based on
CArtesian grids, PEnalization and LEvel Sets (LESCAPE code). Our objective is to use the potential of high
order unstructured mesh adaptation and immersed boundary techniques to provide a geometrically flexible
extension of this idea. These activities will be linked to the development of efficient mesh adaptation and
time stepping techniques for time dependent flows, and their coupling with the immersed boundary methods
we started developing in the FP7 EU project STORM [17, 69]. In these methods we compensate for the
error at solid walls introduced by the penalization by using anisotropic mesh adaptation [84, LA11, LDFA07].
From the numerical point of view one of the major challenges is to guarantee efficiency and accuracy of the
time stepping in presence of highly stretched adaptive and moving meshes. Semi-implicit, locally implicit,
multi-level, and split discretizations will be explored to this end.

Besides the numerical aspects, we will deal with modelling challenges. One source of complexity is the
initial conditions which are essential to compute ice shedding trajectories. It is thus extremely important
to understand the mechanisms of ice release. With the development of next generations of engines and
aircraft, there is a crucial need to better assess and predict icing aspects early in design phases and identify
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breakthrough technologies for ice protection systems compatible with future architectures. When a thermal
ice protection system is activated, it melts a part of the ice in contact with the surface, creating a liquid
water film and therefore lowering ability of the ice block to adhere to the surface. The aerodynamic forces
are then able to detach the ice block from the surface [BVST14]. In order to assess the performance of such
a system, it is essential to understand the mechanisms by which the aerodynamic forces manage to detach
the ice. The current state of the art in icing codes is an empirical criterion. However such an empirical
criterion is unsatisfactory. Following the early work of [85, 83] we will develop appropriate asymptotic PDE
approximations allowing to describe the ice formation and detachment, trying to embed in this description
elements from damage/fracture mechanics. These models will constitute closures for aerodynamics/RANS
and URANS simulations in the form of PDE wall models, or modified boundary conditions.

In addition to this, several sources of uncertainties are associated to the ice geometry, size, orientation
and the shedding location. In very few papers [PYS07], some sensitivity analysis based on Monte Carlo
method have been conducted to take into account the uncertainties of the initial conditions and the chaotic
nature of the ice particle motion. We aim to propose some systematic approach to handle every source of
uncertainty in an efficient way relying on some state-of-art techniques developed in the Team. In particular,
we will perform an uncertainty propagation of some uncertainties on the initial conditions (position, orien-
tation, velocity,...) through a low-fidelity model in order to get statistics of a multitude of particle tracks.
This study will be done in collaboration with ETS (Ecole de Technologies Suprieure, Canada). The longterm
objective is to produce footprint maps and to analyse the sensitivity of the models developed.

These activities involve contributions from H. Beaugendre (modelling and schemes), M. Colin (modelling),
P.M. Congedo (UQ), C. Dobrzynski (mesh adaptation) and M. Ricchiuto (schemes and mesh adaptation).

Space re-entry. As already mentioned, atmospheric re-entry involves multi-scale fluid flow physics including
highly rarefied effects, aerothermochemistry, radiation. All this must be coupled to the response of thermal
protection materials to extreme conditions. This response is most often the actual objective of the study, to
allow the certification of Thermal Protection Systems (TPS).

One of the applications we will consider is the so-called post-flight analysis of a space mission. This
involves reconstructing the history of the re-entry module (trajectory and flow) from data measured on the
spacecraft by means of a Flush Air Data System (FADS), a set of sensors flush mounted in the thermal
protection system to measure the static pressure (pressure taps) and heat flux (calorimeters). This study
involves the accurate determination of the freestream conditions during the trajectory. In practice this means
determining temperature, pressure, and Mach number in front of the bow shock forming during re-entry.
As shown by zur Nieden and Olivier [zNO07], state of the art techniques for freestream characterization
rely on several approximations, such as e.g. using an equivalent calorically perfect gas formulas instead
of taking into account the complex aero-thermo-chemical behaviour of the fluid. These techniques do not
integrate measurement errors nor the heat flux contribution, for which a correct knowledge drives more
complex models such as gas surface interaction. In this context, CFD supplied with UQ tools permits to
take into account chemical effects and to include both measurement errors and epistemic uncertainties, e.g.
those due to the fluid approximation, on the chemical model parameters in the bulk and at the wall (surface
catalysis).

Rebuilding the freestream conditions from the stagnation point data therefore amounts to solving a
stochastic inverse problem, as in robust optimization. Our objective is to build a robust and global framework
for rebuilding freestream conditions from stagnation-point measurements for the trajectory of a re-entry
vehicle. To achieve this goal, methods should be developed for

• an accurate simulation of the flow in all the regimes, from rarefied, to transitional, to continuous ;

• providing a complete analysis about the reliability and the prediction of the numerical simulation
in hypersonic flows, determining the most important source of error in the simulation (PDE model,
discretization, mesh, etc)
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• reducing the overall computational cost of the analysis .

Our work on the improvement of the simulation capabilities for re-entry flows will focus both on the
models and on the methods. We will in particular provide an approach to extend the use of standard
CFD models in the transitional regime, with CPU gains of several orders of magnitude w.r.t. Boltzmann
solvers. To do this we will use the results of a boundary layer analysis allowing to correct the Navier-Stokes
equations. This theory gives modified (or extended) boundary conditions that are called ”slip velocity” and
”temperature jump” conditions [Cor89, Son07]. This theory seems to be completely ignored by the aerospace
engineering community. Instead, people rather use a simpler theory due to Maxwell [Max79] that also gives
slip and jump boundary conditions: however, the coefficients given by this theory are not correct [LSB08].
This is why several teams have tried to modify these coefficients by some empirical methods [LREB04], but
it seems that this does not give any satisfactory boundary conditions [LSB08].

Our project is twofold. First, we want to revisit the asymptotic theory, and to make it known in
the aerospace community. Second, we want to make an intensive sensitivity analysis of the model to the
various coefficients of the boundary conditions. Indeed, there are two kinds of coefficients in these boundary
conditions. The first one is the accomodation coefficient: in the kinetic model, it gives the proportion of
molecules that are specularly reflected, while the others are reflected according to a normal distribution
(the so-called diffuse reflexion). This coefficient is a data of the kinetic model that can be measured by
experiments: it depends on the material and the structure of the solid boundary, and of the gas. Its
influence on the results of a Navier-Stokes simulation is certainly quite important. The other coefficients
are those of the slip and jump boundary conditions: they are issued from the boundary layer analysis, and
we have absolutely no idea of the order of magnitude of their influence on the results of a Navier-Stokes
solution. In particular, it is not clear if these results are more sensitive to the accomodation coefficient or to
these slip and jump coefficients.

In this project, we shall make use of the expertise of the team on uncertainty quantification to investigate
the sensitivity of the Navier-Stokes model with slip and jump coefficients to these various coefficients. This
would be rather new in the field of aerospace community. It could also have some impacts in other sciences
in which slip and jump boundary conditions with incorrect coefficients are still used, like for instance in
spray simulations: for very small particles immersed in a gas, the drag coefficient is modified to account for
rarefied effects (when the radius of the particle is of the same order of magnitude as the mean free path in
the gas), and slip and jump boundary conditions are used [E10, CN45].

Another application which has very close similarities to the physics of de-anti icing systems is the mod-
elling of the solid and liquid ablation of the thermal protective system of the aircraft. This involves the
degradation and recession of the solid boundary of the protection layer due to the heating generated by
the friction. As in the case of de-anti icing systems, the simulation of these phenomena need to take into
account the heat conduction in the solid, its phase change, and the coupling between a weakly compress-
ible and a compressible phase. Strong numerical coupling between the different phases has been discussed
by [Bir09, KHP01, RJM14], but Fluid/Solid coupling methods are generally based on a weak approach. Here
we will both study, by theoretical and numerical techniques, a strong coupling method for the interaction
between the fluid and the solid, and, as for de-anti icing systems, attempt at developing appropriate asymp-
totic models. These would constitute some sort of thin layer/wall models to couple to the external flow
solver. If necessary, the methods proposed in [ACK02, CGK14, Gal03] will be adapted to hadle the weakly
compressible-strongly compressible interfaces.

These modelling capabilities will be coupled to high order adaptive discretizations to provide high fidelity
flow models. One of the most challenging problems is the minimization of the influence of mesh and scheme
on the wall conditions on the re-entry module. To reduce this influence, we will investigate both high order
adaptation across the bow shock, and possibly adaptation based on uncertainty quantification high order
moments related to the heat flux estimation, or shock fitting techniques [BGPS13, MPLD15]. These tools
will be coupled to our robust inverse techniques. One of our objectives is to development of a low-cost
strategy for improving the numerical prediction by taking into account experimental data. Some methods
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have been recently introduced [OR10] for providing an estimation of the numerical errors/uncertainties. We
will use some metamodels for solving the inverse problem, by considering all sources of uncertainty, including
those on physical models. We will validate the framework sing the experimental data available in strong
collaboration with the von Karman Institute for Fluid dynamics (VKI). In particular, data coming from
the VKI Longshot facility will be used. We will show application of the developed numerical tool for the
prediction in flight conditions.

These activities will benefit from our strong collaborations with the CEA and with the von Karman
Institute for Fluid Dynamics and ESA.

Main contributors to this application are P.M. Congedo (UQ) and L. Mieussens (modelling and schemes),
with some interactions with M. Colin (ablation modelling) and C. Dobrzynski and M. Ricchiuto on adaptive
methods and shock fitting.

Energy engineering. We will develop modelling and design tools, as well as dedicated platforms, for
Rankine cycles using complex fluids (organic compounds), and for wave energy extraction systems.

Organic Rankine Cycles (ORCs) use heavy organic compounds as working fluids. This results in superior
efficiency over steam Rankine cycles for source temperatures below 900 K. ORCs typically require only a
single-stage rotating component making them much simpler than typical multi-stage steam turbines. The
strong pressure reduction in the turbine may lead to supersonic flows in the rotor, and thus to the appearance
of shocks, which reduces the efficiency due to the associated losses. To avoid this, either a larger multi stage
installation is used, in which smaller pressure drops are obtained in each stage, or centripetal turbines are
used, at very high rotation speeds (of the order of 25,000 rpm). The second solution allows to keep the
simplicity of the expander, but leads to poor turbine efficiencies (60-80%) - w.r.t. modern, highly optimized,
steam and gas turbines - and to higher mechanical constraints. The use of dense-gas working fluids, i.e.
operating close to the saturation curve, in properly chosen conditions could increase the turbine critical
Mach number avoiding the formation of shocks, and increasing the efficiency. Specific shape optimization
may enhance these effects, possibly allowing the reduction of rotation speeds. However, dense gases may have
significantly different properties with respect to dilute ones. Their dynamics is governed by a thermodynamic
parameter known as the fundamental derivative of gas dynamics

Γ = 1 +
ρ

c

(
∂c

∂ρ

)
s

, (3.2)

where ρ is the density, c is the speed of sound and s is the entropy. For ideal gas Γ = (γ + 1)/2 > 1. For
some complex fluids and some particular conditions of pressure and temperature, Γ may be lower that one,
implying that (∂c/∂ρ)s < 0. This means that the acceleration of pressure perturbations through a variable
density fluids may be reversed and become a deceleration. It has been shown that, for Γ << 1, compression
shocks are strongly reduced, thus alleviating the shock intensity. This has great potential in increasing the
efficiency. This is why so much interest is put on dense gas ORCs.

The simulation of these gases requires accurate thermodynamic models, such as Span-Wagner or Peng-
Robinson (see [61]). The data to build these models is scarce due to the difficulty of performing reliable
experiments. The related uncertainty is thus very high. Our work will go in the following directions:

1. develop deterministic models for the turbine and the other elements of the cycle. These will involve
multi-dimensional high fidelity, as well as intermediate and low fidelity (one- and zero-dimensional),
models for the turbine, and some 0D/1D models for other element of the cycle (pump, condenser, etc) ;

2. validation of the coupling between the various elements. The following aspects will be considered:
characterization of the uncertainties on the cycle components (e.g. empirical coefficients modelling the
pump or the condenser), calibration of the thermodynamic parameters, model the uncertainty of each
element, and the influence of the unsteady experimental data ;
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3. demonstrate the interest of a specific optimization of geometry, operating conditions, and the choice of
the fluid, according to the geographical location by including local solar radiation data. Multi-objective
optimization will be considered to maximize performance indexes (e.g. Carnot efficiency, mechanical
work and energy production), and to reduce the variability of the output.

This work will provide modern tools for the robust design of ORCs systems. It benefits from the direct
collaboration with the SME EXOES (VIPER Project), and from a collaboration with LEMMA.

Wave energy conversion is an emerging sector in energy engineering. The design of new and efficient Wave
Energy Converters (WECs) is thus a crucial activity. As pointed out by Weber [Web12], it is more economical
to raise the technology performance level (TPL) of a wave energy converter concept at low technology
readiness level (TRL). Such a development path puts a greater demand on the numerical methods used. The
findings of Weber also tell us that important design decisions as well as optimization should be performed
as early in the development process as possible. However, as already mentioned, today the wave energy
sector relies heavily on the use of tools based on simplified linear hydrodynamic models for the prediction
of motions, loads, and power production. Our objective is to provide this sector, and especially SMEs, with
robust design tools to minimize the uncertainties in power production, loads, and costs of wave energy.

Following our initial work [75], we will develop, analyse, compare, and use for multi-fidelity optimization,
non-linear models of different scales (fidelity) ranging from simple linear hydrodynamics over asymptotic
discrete nonlinear wave models, to non-hydrostatic anisoptropic Euler free surface solvers. We will not work
on the development of small scale models (VOF-RANS or LES) but may use such models, developed by our
collaborators, for validation purposes. These developments will benefit from all our methodological work
on asymptotic modelling and high order discretizations. As shown in [75], asymptotic models foe WECs
involve an equation for the pressure on the body inducing a PDE structure similar to that of incompressible
flow equations. The study of appropriate stable and efficient high order approximations (coupling velocity-
pressure, efficient time stepping) will be an important part of this activity. The flow-floating body interaction
formulation introduces time stepping issues similar to those encountered in fluid structure interaction prob-
lems, and require a clever handling of complex floater geometries using adaptive ALE techniques.

Once available, we will use this hierarchy of models to investigate and identify the modelling errors, and
provide a more certain estimate of the cost of wave energy. Subsequently we will look into optimization
cycles by comparing time-to-decision in a multi-fidelity optimization context. In particular, this task will
include the development and implementation of appropriate surrogate models to reduce the computational
cost of expensive high fidelity models. Here especially artificial neural networks (ANN) and Kriging response
surfaces (KRS) will be investigated. This activity on asymptotic non-linear modelling for WECs, which has
had very little attention in the past, will provide entirely new tools for this application. Multi-fidelity robust
optimization is also an approach which has never been applied to WECs.

This work is the core of the EU OCEANEranet MIDWEST project, which we coordinate. It will be
performed in collaboration with our European partners, and with a close supervision of European SMEs in
the sector, which are part of the steering board of MIDWEST (WaveDragon, Waves4Power, Tecnalia).

These activities involve contributions from H. Beaugendre (turbulence modelling), M. Colin (wave mod-
elling), P.M. Congedo (complex thermodynamics, UQ and optimization), C. Dobrzynski (mesh adaptation),
M. Kazolea (schemes and wave modelling) and M. Ricchiuto (schemes, adaptation, and modelling).

Material engineering. Because of their high strength and low weight, ceramic-matrix composite materials
(CMCs) are the focus of active research for aerospace and energy applications involving high temperatures,
either military or civil. Though based on brittle ceramic components, these composites are not brittle due
to the use of a fibre/matrix interphase that preserves the fibres from cracks appearing in the matrix. Recent
developments aim at implementing also in civil aero engines a specific class of Ceramic Matrix Composite
materials (CMCs) that show a self-healing behaviour. Self-healing consists in filling cracks appearing in
the material with a dense fluid formed in-situ by oxidation of part of the matrix components. Self-healing
(SH) CMCs are composed of a complex three-dimensional topology of woven fabrics containing fibre bundles
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immersed in a matrix coating of different phases. The oxide seal protects the fibres which are sensitive to
oxidation, thus delaying failure. The obtained lifetimes reach hundreds of thousands of hours [Reb14].

The behaviour of a fibre bundle is actually extremely variable, as the oxidation reactions generating the
self-healing mechanism have kinetics strongly dependent on temperature and composition. In particular,
the lifetime of SH-CMCs depends on: (i) temperature and composition of the surrounding atmosphere;
(ii) composition and topology of the matrix layers; (iii) the competition of the multidimensional diffu-
sion/oxidation/volatilization processes; (iv) the multidimensional flow of the oxide in the crack; (v) the
inner topology of fibre bundles; (vi) the distribution of critical defects in the fibres. Unfortunately, experi-
mental investigations on the full materials are too long (they can last years) and their output too qualitative
(the coupled effects can only be observed a-posteriori on a broken sample). Modelling is thus essential to
study and to design SH-CMCs.

In collaboration wit the LCTS laboratory (a joint CNRS-CEA-SAFRAN-Bordeaux University lab de-
voted to the study of thermo-structural materials in Bordeaux), we are developing a multi-scale model in
which a structural mechanics solver is coupled with a closure model for the crack physico chemistry. This
model is obtained as a multi-dimensional asymptotic crack averaged approximation fo the transport equa-
tions (Fick’s laws) with chemical reactions sources, plus a potential model for the flow of oxide [81, 42, 79].
We have demonstrated the potential of this model in showing the importance of taking into account the
multi-dimensional topology of a fibre bundle (distribution of fibres) in the rupture mechanism. This means
that the 0-dimensional model used in most of the studies (se e.g. [CBLM09]) will underestimate appreciably
the lifetime of the material. Based on these recent advances, we will further pursue the development of
multi-scale multi-dimensional asymptotic closure models for the parametric design of self healing CMCs.
Our objectives are to provide: (i) new, non-linear multi-dimensional mathematical model of CMCs, in which
the physico-chemistry of the self-healing process is more strongly coupled to the two-phase (liquid gas) hydro-
dynamics of the healing oxide ; (ii) a model to represent and couple crack networks ; (iii) a robust and efficient
coupling with the structural mechanics code ; (iv) validate this platform with experimental data obtained
at the LCTS laboratory. The final objective is to set up a multi-scale platform for the robust prediction
of lifetime of SH-CMCs, which will be a helpful tool for the tailoring of the next generation of these materials.

These activities involve contributions from M. Colin (PDE modelling), C. Dobrzynski (mesh generation
from tomographies of the material), and M. Ricchiuto (schemes and modelling).

Coastal and civil engineering. Our objective is to bridge the gap between the development of high order
adaptive methods, which has mainly been performed in the industrial context and environmental applications,
with particular attention to coastal and hydraulic engineering. We want to provide tools for adaptive non-
linear modelling at large and intermediate scales (near shore, estuarine and river hydrodynamics). We will
develop multi-scale adaptive models for free surface hydrodynamics. Beside the models and codes themselves,
based on the most advanced numerics we will develop during this project, we want to provide sufficient know
how to control, adapt and optimize these tools.

We will focus our effort in the understanding of the interactions between asymptotic approximations and
numerical approximations. This is extremely important in at least two aspects. The first is the capability
of a numerical model to handle highly dispersive wave propagation. This is usually done by high accuracy
asymptotic PDE expansions. Here we plan to make heavily use of our results concerning the relations between
vertical asymptotic expansions and standard finite element approximations. In particular, we will invest
some effort in the development of xy+z adaptive finite element approximations of the incompressible Euler
equations. Local p−adaptation of the vertical approximation may provide a “variable depth” approximation
exploiting numerics instead of analytical asymptotics to control the physical behaviour of the model.

Another important aspect which is not understood well enough at the moment is the role of dissipation in
wave breaking regions. There are several examples of breaking closure, going from algebraic and PDE-based
eddy viscosity methods [KKD00, RCK10, Nwo96, DZN07], to hybrid methods coupling dispersive PDEs with
hyperbolic ones, and trying to mimic wave breaking with travelling bores [TP09, TP11, TBM+12, 32, 2]. In
both cases, numerical dissipation plays an important role and the activation or not of the breaking closure, as
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the quantitative contribution of numerical dissipation to the flow has not been properly investigated. These
elements must be clarified to allow full control of adaptive techniques for the models used in this type of
applications.

Another point we want to clarify is how to optimize the discretization of asymptotic PDE models. In
particular, when adding mesh size(s) and time step, we are in presence of at least 3 (or even more) small
parameters. The relations between physical ones have been more or less investigates, as have been the ones
between purely numerical ones. We plan to study the impact of numerics on asymptotic PDE modelling
by reverting the usual process and studying asymptotic limits of finite element discretizations of the Euler
equations. Preliminary results show that this does allow to provide some understanding of this interaction
and to possibly propose considerably improved numerical methods [73].

These activities involve contributions from M. Colin (PDE analysis), P.M. Congedo (UQ), M. Kazolea
(schemes and modelling) and M. Ricchiuto (schemes and modelling).

4 Team’s production and software

The production of our team will consist of four main contributions.

1. New scientific results in the context of discrete asymptotic modelling, mesh generation and adapta-
tion, adaptive discretizations, methods for uncertainty quantifications and robust optimization, and
their coupling in the specific engineering fields discussed above. These results will be the basis for
partnerships with small and large groups aiming at transferring our know-how in third party codes ;

2. flexible and pluggable libraries for mesh adaptation, uncertainty quantification, optimization, and
model closure. Allowing to enhance the capabilities of existing codes, these libraries will be designed
to be easily coupled (well defined interface) and used (documentation). They will be independently
licensed, and distributed under the conditions best suited to the application field and targeted public ;

3. efficient dedicated application oriented codes. These will mostly involve implementations of a specific
(or a very restricted set of) model(s), solved with a single and well defined numerical approach, and
fully optimized for the use in applications they are developed for. These products will be independently
licensed and distributed under the conditions best suited to the application field and targeted public ;

4. a platform to explore/exploit the most innovative HPC solutions in collaborations with our colleagues
from Inria teams in HPC (HIEPACS6, TADAAM7, STORM8, and CAGIRE9). This platform will allow
to experiment and feedback into lighter application-oriented codes state of the art HPC solutions. In
some cases, it may itself provide a basis to create application oriented environments.

A presentation of ou current software production follows. Besides the elements of the list below, members
of CARDAMOM may develop small(er) codes to test new ideas, especially in the framework of partnerships with
groups developing their in-house software. Some of these codes are reported hereafter for completeness.

4.1 Software by CARDAMOM : pluggable libraries

Mesh generation and adaptation. mmgtools is a set of meshing/remeshing tools developed in collaborations

with UPMC (P. Frey) and CNRS (C. Dapogny)10, partly distributed under LGPL Licence11. The main
developer is C. Dobrzynski with contributions by M. Ricchiuto. The main blocks of mmgtools are

6https://team.inria.fr/hiepacs/
7https://team.inria.fr/tadaam/
8https://team.inria.fr/storm/
9http://cagire.bordeaux.inria.fr

10https://www.mmgtools.org
11https://github.com/MmgTools/mmg
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1. mmg platform providing automatic surface and volume (2D and 3D) mesh generation utilities (MMGS,
MMG2D, and MMG3D). The main feature is the ability to fully automatic produce simplicial grids anisotrop-
ically or isotropically adapted w.r.t. a given metric tensor field. The softwares are based on local mesh
modifications, and for MMG3D on an anisotropic version of the Delaunay kernel to insert vertices. It also
allows to deal with rigid body motion and moving (changing topology) meshes;

2. NoMesh is a software dedicated to third order curved simplicial mesh generation. Starting from a
”straight” mesh composed by triangles and/or tetrahedra, we are able to curve the boundary mesh.
Starting from a mesh with some curved elements, we can verify if the mesh is valid, that means there
is no crossing elements and only positive Jacobian. If the curved mesh is non valid, we modify it using
linear elasticity equations until having a valid curved mesh;

3. FMG is an r−adaptation library deforming an input/reference simplicial mesh w.r.t. a given smoothness
error monitor (function gradient or Hessian), metric field, or given mesh size distribution. Displace-
ments are computed by solving an elliptic Laplacian type equation with a continuous finite element
method. The library returns an adapted mesh with a corresponding projected solution, obtained by
either a second order projection, or by an ALE finite element remap.

Optimization and UQ libraries. Two products exist mainly developed by P.M. Congedo:

• RobUQ is a platform conceived to solve problems in uncertainty quantification and robust design. It
includes the optimization code ALGEN, and the uncertainty quantification code NISP. It embeds efficient
strategies for robust optimization, the Simplex2 method, and modern techniques for sensitivity analysis
and uncertainty quantification, such as Anchored-ANOVA methods, Polynomial Sparse Decomposition
methods and high-order statistics decomposition;

• ORComp is a simulation tool allowing the optimal design of an ORC cycle. Starting from the solar
radiation, it computes the cycle providing the best performance with optimal choices of both fluid and
operating conditions. It is linked to the robust optimization library RobUQ , a block simulating ORC
cycles, to a CFD code for the simulation of the turbine and of the heat exchanger, and of the software
FluidProp (developed at the University of Delft) for computing the fluid thermodynamic properties.

Model closure.

• SW2GN, developed by M. Kazolea and M. Ricchiuto, allows a dispersive enhancement of a shallow water
code. Given a simplicial mesh, with associated solution/topography, SW2GN inverts a nonlienar elliptic
operator with a continuous Galerkin method, and providing an approximation of the dispersive effects
of the Green-Naghdi equations. Wave breaking effects are embedded directly in the elliptic solver [2];

• SH-Comp simulates the oxidation phenomena in self-healing ceramic composites materials. Developed
by M. Ricchiuto and M. Colin in collaboration with the LCTS lab (http://www.lcts.u-bordeaux1.fr),
by discretizing the relevant asymptotic (and crack-averaged) PDEs with a continuous finite element
method. It serves as numerical closure for fibre weakening for a structural mechanics code (currently
the LCTS code coda). A depot to the APP is under way.

4.2 Software by CARDAMOM : dedicated codes

Near shore hydrodynamics. SLOWS , developed by M. Kazolea and M. Ricchiuto, simulates hydrostatic shal-
low water flows on unstructured adaptive meshes. It uses arbitrary bathymetries (e.g. tabulated), and
classical friction and sediment transport models. It makes use of either residual distributions methods devel-
oped in the team, or of the well balanced finite volume schemes initially implemented by M. Kazolea in her
PhD code (TUCWave, Technical University of Crete). It embeds a first implementation of the adaptation algo-
rithm of FMG, with ad-hoc treatment of shorelines. Non-hydrostatic flows can be simulated by coupling with
SW2GN. SLOWS is both a research platform for new methods, and the object of transfer actions (cf section 4.4.2);
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Real gas compressible hydrodynamics. RealFluids solves compressible viscous turbulent flow equations, with
real-gas effects and arbitrarily complex equations of state, using the most recent residual distribution schemes.
It has been inherited from the BACCHUS team, with currently main developments by H. Beaugendre and P.M.
Congedo, and contributions from C. Dobrzynski and M. Ricchiuto. It is used for simulating turbines in ORC
optimization, for immersed boundary simulations for de-anti icing applications, and low altitude reentry
flows (coupled to the Mutation library from VKI, see https://www.mutationpp.org/).

Rarefied gas dynamics. CORBIS is a simulation code for rarefied gas-dynamics solving a BGK model of the
Boltzmann equation. Developped mainly by L. Mieussens, it can be used for high altitude space re-entry,
and for slow and/or micro flows (e.g. MEMS, vacuum pumps, etc). This code is our test bank for methods
to be implementad in CEA’s software (not accessible by the team, see e.g. [22]).

4.3 Software by CARDAMOM : Aerosol platform

Aerosol is a library jointly developed in teams CARDAMOM (and previously BACCHUS ) and Cagire. Currently,
C. Dobrzynski, M. Kazolea, and M. Ricchiuto are involved in the developments concerning this platform. It is
a high order finite element library written in C++. The library is designed to allow efficient computations, with
continuous and discontinuous finite elements methods, on hybrid and possibly curvilinear meshes. The team
CARDAMOM focuses on continuous finite elements methods, while the team Cagire is focused on discontinuous
Galerkin methods. However, everything is done for sharing the largest part of the platform we can. More
precisely, classes concerning IO, finite elements, quadrature, geometry, time iteration, linear solver, models
and interface with the library PaMPA (developed in the team TADAAM) are used by both of the teams. This
last library, built in top of the graph partitioner Scotch hides completely all the distributed memory han-
dling of the data, making MPI parallelisation transparent to the developer. Modularity is achieved by mean
of template abstraction for keeping good performances. Different applications (actual CFD codes) can be
flexibly obtained by instantiations of the library (at the moment main files including the proper header files).

The work foreseen in Aerosol has two objectives. The first is to be able to experiment with more
modern software approaches, and in particular with solutions coupling general purpose libraries, to handle
distributed (as in the case of PaMPA ) and shared memory (with runtime systems and task schedulers as
those developed in the STORM team) parallelism, with CFD algorithms, mesh adaptation and deformation
techniques, uncertainty quantification libraries etc.

For some applications, Aerosol may be used as a basis to construct application oriented environments,
as in the case of the UHAINA project (involving M. Kazolea and M. Ricchiuto), collaboration between
CNRS (EPOC laboratory, and Institut de Mathématiques de Bordeaux), with the Institut Montpelliérain A.
Grothendieck and the Inria team LEMON (see next section), aiming at the development of an operational
wave code. This platform will integrate some of the methods in SLOWS , and inherit the hydrostatic-dispersive
coupling of SLOWS and SW2GN.

4.4 Collaborations, software management, and transfer: current state

4.4.1 Scientific collaborations

The team CARDAMOM starts with a considerably large network of academic collaborations. Our closest
collaborators, involve many researchers with long term experience in the applications fields we consider,
e.g. oceanography and related PDE analysis issues (P. Bonneton CNRS, UMR EPOC ; D. Lannes, CNRS,
IMB), space reentry (P.-H. Maire, CEA Cesta -T. Magin, von Karman Institute), composite materials (G.
Vignoles, Université de Bordeaux, LCTS), de-anti icing systems (F. Morency, Ecole de Technologie Supérieure
du Quebec), Organic Rankine Cycle systems (A. Guardone, Politecnico di Milano - Piero Colonna, Delft).
We also have historical collaborations with lead experts in the fields of numerical methods (R. Abgrall,
Universität Zürich - H. Deconinck, von Karman Institute), and mesh generation (P. Frey, Laboratoire Jacques
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Louis Lions), and with the members of the associated teams we coordinate and participate to: AQUARIUS
with Stanford University12, and AMOSS with the University of Taipei13.

Among our closest collaborations we also mention the one with the Inria team CAGIRE, with which
we share the development of the Aerosol library. We also mention the interaction with the Inria team
LEMON14 with whom we participate to a project funded by the MERIC15, in which we will use the Boussi-
nesq models developed so far to characterize the feasibility of installing in certain Chilean locations (e.g.
Chacao channel) submerged turbines for energy production. CARDAMOM and LEMON also strongly interact
via the common development of the UHAINA wave model, in collaboration with the EPOC laboratory and
with the PDE team of the applied mathematics institute in Bordeaux.

The CARDAMOM team cannot count on any computer scientists among its members. We will thus strongly
benefit of our ongoing collaborations with already mentioned Inria HPC team, such as HIEPACS (in par-
ticular A. Guermouche and P. Ramet), and strengthen the ties with the Inria teams STORM and TADAAM.

In France, we also have collaborators among experts on PDE modelling (besides D. Lannes), in partic-
ular S. Gavrilyuk (Institut Universtaire des Systèmes Thermiques Industriels in Marseille), and D. Bresch
(Université de Savoie), as well as collaborations in the engineering community, as e.g. with Ecole Centrale
Lyon (C.Corre), Coria (V. Moureau), University of Poitiers (E. Goncalves), ENSTA Paris Tech (M. Pelanti),
DynFluid Arts et Metiers ParisTech (P. Cinnella), and others.

In Europe, we have collaborations with the Politecnico di Milano (Uncertainty quantification, robust
optimization, and unsteady mesh adaptation), with the Technical University of Crete (asymptotic wave
models and related schemes for near shore simulations), with Chalmers University, Technical University of
Denmark, University of Bergen (wave energy systems), CWI (UQ and Optimization), with the University of
Nottingham (numerical methods for time dependent problems), with the University of Strathclyde (robust
optimisation), the Università di Trieste (robust optimization), with the University catholique de Louvain
(curved mesh generation), with the Università di Roma La sapienza and with the Università della Basilicata
(R. Paciorri and A. Bonfiglioli, on shock fitting techniques), and strong ties with the Foundation of Research
and with Technology Hellas (Laboratory of Coastal Research and Applications).

Outside Europe we have a strong collaborations with Prof. Costas Synonakis from the University of
Southern California on unstructured grid methods for free surface flows, with Prof. Gianluca Iaccarino from
Stanford University (who is the american coordinator of the AQUARIUS Associated Team), with Tokyo
University of Science (M. Ohta), with the University of Delaware (Prof. F. Veron) on Air-Sea Interactions,
with NASA Langley (A. Mazaheri, accurate approximation of high order derivatives), with NASA-Ames
(N. Mansour, J. Lachaud, F. Panerai, uncertainty quantification for catalysis and ablation), with Tulane
University in New Orleans (A. Kurganov, work on ALE based adaptation for environnemental and biological
applications), and with Dukes University (G. Scovazzi on high order ALE based methods).

4.4.2 Transfer actions and related software

For the time being, we are taking care of the development and maintenance of the existing software by
ourselves, a main developer coordinating contributions. To improve on this initial state, we are working
on the unification of some of our products (e.g. meshing tools, wave models, etc) to reduce the effort in
development, while trying to systematically associating transfer to software development. The objective is
at least to provide the means to recruit engineers for development/maintenance, and possibly to obtain some
more stable strategy for the future of some of our softwares (start-ups, consortia, etc.). Objectives in this
sense are spelled out in the next section. The current state of actions related to the software listed above is
recalled hereafter.

12http://web.stanford.edu/group/uq/aquarius/index3.html
13https://team.inria.fr/amoss/
14https://team.inria.fr/lemon/en/
15Marine Energy Research and Innovation Center
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Actions associated to research codes. We mention two examples. The work done in CORBIS, later imple-
mented in CEA’s simulation platform, has benefitted of funding by CEA of about 47keuros over 2014-2016.
Similarly, the code SLOWS (depot to APP in finalization) is the object of a transfer action providing us with
funding for 20keuros over 2016-2017 to implement some of its methods in a software by the SME BGS IT&E.

Actions associated to libraries. The mmg platform is distributed under LGPL Licence16, and is currently
in use by Dassault Aviation, Herakles, Lemma (a french SME), Renault. Following a free software model,
mmg is object of a transfer action setting up a consortium to pilot the creation of a start up company. Its
development has been guaranteed so far by funded programs (ANR, FUI, Excellence Cluster CPU17).

A different strategy is used for the RobUQ library, which is used several point wise transfer actions which
also allow to partially fund its development. These actions involve the CEA (for 40keuros in 2016, including
a 6 months postdoc), Herakles (for 50keuros over 2015-2016), CNES (for 15keuros in 2016), and the French
SME EXOES (for 8keuros in 2016).

Among other actions, we mention the interest expressed by EDF in our adaptive mesh movement tech-
niques (SLOWS and being imported into FMG), currently translating in funding for a 6 months research master
internship (feasibility study), as well as in our informal contributions to the supervision of doctoral theses.

4.4.3 Other ongoing funding actions

Among numerous funded actions supporting our PhDs, post-docs, and engineers, we mention the following

National.

• ANR Maidesc, led by Inria Sophia Antipolis Méditerranée . Project addressing the main obstacles
in maintaining high order of accuracy in time dependent adaptive mesh computations with sev-
eral applications in computational mechanics involving moving interfaces. Consortium: Cemef, Inria,
LEMMA, Transvalor Université Montpellier II. Softwares concerned: mmg platform, NoMesh, and FMG.
Funding obtained: 150keuros Project end: October 2017;

• FUI Rodin, coordinated by Renault. Project aiming at the improvement of level-set based methods,
to the development of moving mesh/remeshing adaptive techniques, and to the reformualtion of geo-
metrical optimization methods in the framework of these techniques. Consortium: CMAP, EADS, ESI
Group, Eurodecision, J.-L. Lions laboratory, Inria BSO, Renault. Softwares concerned: mmg platform.
Funding obtained: 85keuros Project end: January 2017;

• PIA TANDEM, led by CEA (funding by the French Research Agency ANR). Project dedicated to the
appraisal of coastal effects due to tsunami waves on the French coastlines, with a special focus on the
Atlantic and Channel coastlines, where French civil nuclear facilities have been operated since about
30 years. Particular attention is devoted to the benchmarking and improvement of existing simulation
tools, and in parametric studies (including uncertainties). Consortium: BRGM, CEA, Ecole de Ponts
Paritech, EDF, Ifremer, Inria BSO, IRSN, Principia, SHOM, UPPA. Softwares concerned: SLOWS and
RobUQ. Funding obtained: 210 keuros. Project end: December 2017;

• Funding from DGA. Project dedicated to the improvement of the numerical prediction in atmo-
spheric reentry flows. Softwares concerned: RealFluids and RobUQ. Funding obtained: 100 keuros.
Project end: October 2017 ;

Eeropean.

• MIDWEST, EU-OCEANEranet project coordinated CARDAMOM. Project aiming at providing new non-
linear modelling tools for the hydrodynamics of wave energy converters, and to embed these models
in modern multi-fidelity and multi-objective optimisation cycles. Consortium: Chalmers University,

16https://github.com/MmgTools/mmg
17http://cpu.labex.u-bordeaux.fr/en/
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DTU Compute, Inria BSO, IST Lisbon. Board of end Users: Wave4Power, WaveDragon, Tecnalia.
Funding obtained: 145k euros. Project end: December 2018;

• STORM, FP7 project led by Safran. Project aiming at developing the simulation tools and the know-
how required to design innovative low cost and low energy anti-icing and de-icing systems. Consortium:
Aerotex UK, Airbus, ArTTIC, CIRA, Cranfield University, DLR, Inria, GKN Aerospace, ONERA,
Safran. Softwares concerned: RealFluids, mmg platform, and FMG. Funding obtained: 160keuros.
Project end: September 2016.

5 Criteria for success and transfer strategy

Given the scientific challenges discussed in section 3, and the current state of our collaborations, software,
transfer, and funding actions, we will measure our success by means of the following indicators

• our ability to structure our scientific activity as a team, and use the unique mix of skills of the team
to tackle the problems arising in the applications we consider form a new point of view, and providing
new (and improved) solutions;

• our ability to have an impact both on academic and applied scientific communities by means of publi-
cations in methodological journal and conferences in the applied mathematics or physics communities,
as well as in journal and conferences specific to the applications ;

• our ability to attract the attention of SMEs and large groups developing their own software toward our
own methods, models, and libraries, and to create around this attention an economical model helping
us to continue and improve our production;

• our ability to structure our software production in a virtuous circle which takes into account both the
flexibility required to come up with and test new ideas, the specificity of each application, the need of
maintaining the software produced, as well as the objective of systematically transfer the most mature
products to external entities (public or private, SMEs or larger), with the best suited economical model.

These criteria translate in short-, mid- (∼4 years), and long term (> 4 years) milestones.

Short term objectives: successful completion of ongoing actions.
Most of our short term milestones are related to the demonstration of the capabilities of our high order
meshing, and adaptation tools in applications requiring coupling with our codes, and with our UQ libraires,
as well as some improvements of some of these tools.

For example, simulations of inundation problems (with SLOWS) with adaptive strategies based on vari-
ance and (in particular) sensitivity indexes obtained from RobUQ are foreseen in the TANDEM project.
Similarly, in the context of a PhD funded by the DGA, we investigate the use of high order schemes for
low altitude reentry flows (RealFluids) with possibly a curved approximation of body geometries (thus
curved meshes), and the coupling of these methods with UQ. An important milestone in the context of wing
icing, (EU-STORM project) is the coupling of our compressible flow solution method based on penaliza-
tion (RealFluids), with moving mesh adaptation (FMG) to perform a fully adaptive 3D simulation of ice
trajectories around a wing. Another short term objective is the final validation of a fully coupled, multidi-
mensional, dispersive, adaptive free surface flow model (involving SLOWS , FMG, and SW2GN). Finally, the use
of SH-COMP to perform a full parametric study of the lifetime of a mini-composite (a single tow of composite
fibers) will provide the final proof of concept and validation of our modelling efforts for sel healing composites.

All these milestones will spur the interactions between the team members, reveal some of the technical
details allowing to steer and set up mid-term objectives (e.g. how to systematically and rigorously trans-
form variance or sensitivity obtained from UQ into a local mesh size prescription, or how to improve the
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modelling of wave breaking to allow a table mesh adaptation procedure, etc). They will also involve an im-
portant harmonization of our software, the validation and public distribution of many of them, the successful
accomplishment of some of our transfer actions, and also provide leverage for new actions.

Concerning the software developments, our short term objectives involve the design of unified interfaces
for our codes, and libraries. This will facilitate another objective, which is the finalization of the depot to
the APP, and public distribution of SLOWS , CORBIS, FMG (as part of mmg tools), and SW2GN. Besides giving
us a larger impact and visbility, these distributed softwares will constitute a basis for transfer actions which
may provide resources to improve these codes (and the underlying methods), as well as larger platforms in
which our know how will converge.

The successful completion of the actions with our industrial partners (BGS IT&E, CEA, CNES, EDF,
EXOES, SAFRAN-Herakles) is in particular an important short term objective. The above milestones will
provide additional impact for new interactions (e.g. with ARTELIA and EDF for adaptive inundation sim-
ulations, with Herakles for self healing composites, with CEA and AIRBUS for reentry flows, etc.).

Mid term objectives: new interactions.
Mid-term milestones will involve more fundamental research. Research on new asymptotic PDE models for
ice accretion on wings, a fracture model, and coupling with ice trajectories computations is an example
involving most of the team’s capabilities. Similarly, the work foreseen on energy applications will require
a substantial combination of PDE analysis, computational fluid dynamics, UQ, and optimization. This is
true both for applications involving organic Rankine cycles (PhD Inria-CWI), and wave energy conversion
(MIDWEST project). New and more fundamental work, again intimately coupling PDE formulation and
numerical discretization, will concern the formulation of improved closure for wave breaking in free surface
flows, as well the derivation of genuinely nonlinear multidimensional asymptotic discrete models for wave
propagation. A systematic strategy to couple mesh movement and adaptation with UQ is also an important
mid-term milestone, as well as the initial evaluation of metric adaptation in parametric space. In important
objective is also the formulation of methods based on continuous finite elements allowing efficiently to em-
bed both h− and p− adaptation in time dependent flows, with particular attention to their coupling to an
efficient adaptive time marching method.

These activities are planned always having in mind transfer objectives. The projects on energy engi-
neering will allow us to strongly interact with SMEs such as EXOES (ORCs), as well as ARTELIA and
TECNALIA (wave energy), and with larger groups such as e.g. IFPEN and EDF. We will also work on
strengthening as much as possible our relations with larger groups such AIRBUS (satellite reentry, one PhD
already co-funded), CNES (UQ), Safran and Herakles (UQ and composite materials), EDF (free surface
flows), etc.

From the point of view of software, we plan to complete the distribution of the mmg tools with NoMesh,
and hopefully transition to the management of this software from a start up. Another mid-term objec-
tive is the distribution of the UHAINA wave model, which will embed most of the methods implemented in
SLOWS+SW2GN, and which is planned to be distributed to the oceanography as an open source, with man-
agement shared by CNRS (EPOC and IMB) and Inria. The work on wave energy converters will converge
into a dedicated simulation platform co-developed with Chalmers University and DTU compute, which will
certainly be deposited to the APP, and constitute an asset for the future of the team.

Long term objectives.
In the long term, we will tackle more fundamental issues. One of these is to be able to perform fully coupled
N−dimensional time dependent adaptive simulations, with N being 3D space, plus time, plus the number
of uncertain/optimization parameters. Another is the construction of wave models based on multi-layer
discretizations of the Euler equations, and based on a clever adaptive vertical discretization to provide the
proper amount of dispersion, as well as a clever exploration of the velocity profile/vorticity to construct and
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improved model of wave breaking. We will exploit the work done on wave energy converters and push toward
a project aiming at the creation of a european simulation platform for their hydrodynamics (in the same
spirit of the UHAINA model). Substantial future work is also foreseen in applications involving multiphase
flows, and in particular cavitating flows (collaboration with University of Zurich and CEA), free surface
flows with sedimentation and/or erosion (interaction with CEREMA in Bordeaux, and with partners of the
AMoSS associated team), and geophysical flows involving underground solid dynamics (collaboration with
Duke University).

6 Positioning

CARDAMOM harmonises and enhances several activities which have started in BACCHUS and in MC2 . The
differences in personnel w.r.t. BACCHUS lead to a much larger importance of asymptotic modelling and in
general environmental flows, while a stronger accent on high order adaptive methods is present w.r.t. the work
done in MC2 . However, the greatest element of originality of CARDAMOM relies on the interactions between all
the parts. The quest for unified grounds for physical modelling-PDE analysis-scheme construction-meshing-
uncertainty quantification-optimization is the essence of the project. The great uniqueness and strength of
CARDAMOM is the presence of at least one member for all of these research themes who has made his career
working on that specific topic.

6.1 Numerical methods

The strong originality of CARDAMOM is the development of non-classical methods, strongly non-linear, which
are a compromise between continuous and discontinuous finite elements (finite volumes being included in the
latter). The idea is to mix storage and reconstruction, with a strong accent on monotonicity of the solution,
etc. Our work will be in line with previous BACCHUS activities with larger focus on unsteady problems, and
stronger coupling with PDE analysis, and uncertainty quantification methods.

At INRIA, there is a large community of developers of numerical methods for fluid flow and related
problems. The closest activities in terms of schemes are perhaps those of some of the members of the team
CASTOR (e.g. R. Pasquetti, and previous work by B. Nkonga). Most of the remaining Inria teams focus
on either fully discontinuous finite elements, or on finite volume methods.

In France, the type of methods we develop have similarities with those implemented in DASSAULT’s
code AETHER. The work on efficient stabilisation operators for finite elements performed in the by A.
Ern (Ecole des Ponts, Paristech) in collaboration with Erik Burman (University College, London) presents
some interest for our future developments. A considerable effort toward the improvement of methods for
compressible flows is ale begin made at CERFACS and ONERA. With the latter we have some collaborations
which we will certainly try to exploit in the future.

The international panorama is filled with very strong groups working on different approaches to construct
numerical methods for fluids. We mention interesting work allowing to couple storage of unknowns with
polynomial reconstruction techniques which have been proposed by of Prof. Jameson at Stanford (and P.
Vincent now at Imperial College), by the group of Prof. Munz at the University of Stuttgart, M. Dumbser
at Università di Trento, and by H.T Huynh at NASA Glenn. These methods however largely rely on
discontinuous approximations. While we will focus mainly on continuous, or hybrid ones. The work of by
J.-L Guermond at Texas A&M, and by the mentioned E. Burman at UCL, also present some interest to us.
However we will have a much larger focus on the monotonicity of the solution. Establishing a contact with
these groups might be useful in the future.

6.2 Mesh generation/adaptation

The originality of CARDAMOM is the attempt at coupling strongly the development of high order schemes in
ALE form with (possibly simple) mesh adaptation and deformation techniques based on a PDE evolution
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of the mesh, and with adaptive representations in parameter space. For applications requiring re-meshing,
and hence dynamic data structures, CARDAMOM inherits and will further improve the work done on the
PaMPA library allowing genuinely parallel adaptation.

There are some INRIA teams (GAMMA3, Geometrica) working on mesh generation adaptation. The
main overlap concerns parallel generation, and on curved mesh generation. Very few codes are able to
construct curved meshes that respect boundaries with higher accuracy. The method we have developed is
somewhat different technically and in spirit with what is done in GAMMA3 since we rely on a PDE interpre-
tation of the mesh construction. On the topic of curved mesh generation, there is also the team of Remacle
(Université Catholique de Louvain la Neuve, with whom we collaborate) but they use an optimisation algo-
rithm to be able to generate valid curved mesh.

There are several anisotropic unstructured generators: Feflo.a (George Mason University), Forge3d
(Mines de Paris), Fun3d (NASA Langley), Gamanic (GAMMA3), Madlib (Université Catholique de
Louvain, Belgium), MeshAdap (RPI), Mom3d (Ecole Polytechnique de Montréal), Tango (Polytecnico de
Milano), LibAdaptivity (Imperial College). The particularity of MMG3D is to use an anisotropic Delaunay
insertion procedure and local mesh modifications. These choices allow to generate valid meshes and to
account for moving meshes and implicit surface remeshing.

6.3 Uncertainty Quantification and Optimization

The strong originality of CARDAMOM is the development of semi-intrusive multi-resolution techniques for
strongly nonlinear models arising in fluid flow modelling. In the future we will further explore the links
between optimization, and the exploration of the parameter space for uncertainty quantification. This will
allow to develop efficient tools for robust design, with an extremely low computational cost. Our work will
further develop the initial results obtained in the BACCHUS team, with a stronger coupling with the discreti-
sation and derivation of the PDE, and the mesh adaptation methods.

There are some INRIAteams (for example CQFD, REGULARITY, TOSCA) working on statistical meth-
ods for solving stochastic problems. The originality of our contributions is related to the development of
specific methods when the deterministic computational cost is high. Moreover, our methods are CFD-
oriented. OPALE and PUMAS teams work on numerical validation and optimization, mostly related to
adjoint-type approach. Our activities are focused on robust optimization under uncertainties and global op-
timization based on evolutionary algorithms. In France, there are some researchers working on uncertainty
quantification techniques for CFD problems, in Paris (O. Le Maitre, D. Lucor), in Marseille (P. Sagaut).
There are also some activities at ONERA and CERFACS.

In USA there are several groups on this topic: for example, Prof. Karniadakis at Brown University, Qiqi
Wang at MIT, Gianluca Iaccarino at Stanford (associated team AQUARIUS), Mike Eldred at SANDIA.
Other well-known groups exist at ETH (Schwab), KAUST (Tempone).

6.4 Modelling and applications

The strong originality of CARDAMOM is the co-existence of PDE analysis, numerical schemes, and uncertainty
quantification in a single project, which naturally allows the development of robust fully discrete equa-
tion/model methods. Moreover, an internal strong expertise in some specific models (real-gas, two-phase
flows, wave modelling) and a solid partnership with world-wide experts, will permit to fully tailor the nu-
merical algorithms to the applications targeted.

Several of the applications considered in CARDAMOM overlap with those of the MEMPHIS team with which
synergies can be set up thanks to the methodological differences between the two teams. In particular, for
energy engineering, asymptotic large-scale numerical modelling developed by CARDAMOM can be coupled to the
fine-scale dynamics past complex floating objects provided thanks to the hierarchical schemes of MEMPHIS.
Typically, for example, deployment of sea-waves energy converters requires investigation of large-scale coast-
tide interaction that must be coupled to the accurate prediction of performance of the single floater within

35



the farm. Asymptotic models allow to predict the non-linear properties of the large-mediums scales but the
closure for small scale effects, especially viscous dissipation in the flow and the influence of viscous stresses on
the loads on immersed objects, is still a major challenge. The full scale analysis allowed by our cooperation
may lead to efficient techniques providing all-scales characterization of these devices. The same paradigm
can be extended to numerical modelling of complex materials. The theme of ”materials by computational
design” is a great opportunity for both teams. A critical issue is the computational prediction of multi-scale
materials properties under different large-scale external fields. Numerical modelling at the device level (large
scale) coupled to the fine analysis at the micro scale will deliver effective numerical methods to address these
phenomena.

Among other teams, we cite the already mentioned LEMON and CAGIRE teams, with whom we have
important interactions involving both research and code development projects. We have also already men-
tioned our strong interactions with the PDE analysis team of the applied math department in Bordeaux (D.
Lannes), and with the EPOC laboratory of Geophysics (P. Bonneton). In the future, we will strengthen the
collaboration with P. Lubin at I2M in Bordeaux, and with the group of S. Abadie of UPPA. Outside France,
we are very interested in the work of the Lynett Wave Research Group form the University of Southern
California, working on multi-scale wave modelling, hybrid and parallel numerical computing investigation
of tsunami breaking and extraction of energy from near-shore wind waves, and with which M. Kazolea is
already collaborating. We will certainly seek to establish collaborations with Prof Volker Roeber (University
of Tohoku), on the modelling of the near-shore environment.

Concerning the applications in aeronautics and aerospace, on fully unstructured adaptive immersed
boundary techniques for the simulation of de anti-icing systems we will seek to collaborate with strong
international groups such as the one of Farhat and Wang in Stanford for fluid/structure interactions, and
the group of Löhner for computational structural Dynamics (CSD).

For rarefied gases modelling in space re-entry applications, the simulation of moving bodies is a very
new field, mainly driven by micro-electro-mechanical-system problems, like in the groups of A. Alexeenko
(University of Purdue) and K. Xu (Hong-Kong university of Science and Technology).
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Héloïse BEAUGENDRE
Assistant professor at Bordeaux INP
Born on 13/05/1975,
heloise.beaugendre@math.u-bordeaux1.fr

Education and positions

Sept. 2004 � Assistant professor in Applied maths, Mathematical Institute of Bordeaux IMB UMR
5251, ENSEIRB-MATMECA/Bordeaux INP.

2003 - 2004 � Postdoctoral fellow at CERMICS, Ecole Nationale des Ponts et Chaussée, France.

2000 - 2003 � PhD in Applied mechanics in the CFD lab of McGill University, Montréal, Canada.
Advisor : W.G. Habashi. « A PDE-based 3D approach to in-flight ice accretion ».

Participation to the Scientific Community

Scientific activities � European contract STORM call FP7 (13-16), Leader of the industrial contract DES-
GIVRE with Airbus (08-11), ANR CARPEiNTER (09-12), ANR PROTIDAL (06-09),
ANR COBORD (06-09), GDR MOMAS (06-10), ARC Dynas (03-05)

Local activities � In charge of the High Performance computing speciality at ENSEIRB-MATMECA
(since 14), Member of the UFR committee Mathematics and Computers of Bordeaux
(08-12)

Steering committee � HONOM 2013, CANUM 2010, Workshop ANR CARPEiNTER 2010, Workshop ARC
DYNAS 2014

Advising

PhD Students � L. Nouveau (40%)(since 2013), Q. Viville (40%)(since 2013), C. Wervaecke (70%) (07-
10), R. Chassagne (50%) (07-10)

Postdoct. fellow � H. Alcin (35 %) (12-13), R. Yapalparvi (80%) (11-12), S. Laurens (80%) (10-11)

Selected publications

[1] R. Abgrall, H. Beaugendre, C. Dobrzynski. An immersed boundary method using unstructured anisotropic
mesh adaptation combined with level-sets and penalization techniques. JCP, vol 257, 83-101, 2014.

[2] C. Wervaecke, H. Beaugendre, and B. Nkonga. A fully coupled RANS Spalart-Allmaras SUPG formulation
for turbulent compressible flows on stretched-unstructured grids. CMAME, vol 233-236, 109–122, April 2012.

[3] F. Morency, H. Beaugendre, and F. Gallizio. Aerodynamic force evaluation for ice shedding phenomenon
using vortex in cell scheme, penalisation and level set approaches. IJCFD, vol 26(9-10), 435–450, 2012.

[4] H. Beaugendre, F. Morency, and W. G. Habashi. Development of a second generation in-flight icing simulation
code. Journal of Fluids Engineering, vol 128(2), 378–387, 2006.

Softwares

FENSAP-ICE � In-flight icing platform containing FENSAP, DROP3D, ICE3D, commercialized by New-
merical Technologies (NTI Int.)

RICHARDS � 2D Finite elements code for porous media.

REALFLUIDS � CARDAMOM platform, 2D-3D RDS schemes for compressible Navier-Stokes equations.

LESCAPE � 2D and 3D Vortex in Cells code to model complex incompressible fluid-structure inter-
actions.
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Mathieu Colin
Associate professor at Bordeaux INP
Born on 31/03/1974,
mcolin@math.u-bordeaux1.fr
http ://www.math.u-bordeaux1.fr/˜mcolin/

Education and positions

Sept. 20015 /– � Associate Professor promoted Hors-Classe by the CNU 26.

Sept. 2003 / – � Associate professor in Applied maths, ENSEIRB-MATMECA/Bordeaux INP.

Sept. 02–aug. 03 � ATER at University Bordeaux 1.

Sept. 02–aug. 03 � ATER at Paris XI Orsay.

Sept. 98-Aug. 01 � PhD in Applied maths, Paris XI Orsay. Advisors : Anne de Bouard « Etude mathéma-
tiques d’équations de Schrödinger quasilinéaires intervenant en physique des plasmas ».

Participation to the Scientific Community

National activities � Member of the french CNU 26 (2007-2011).
Member of the Editorial Committtee of Applications and Applied Mathematics : An
International Journal (AAM) since 2010.

Local activities � Member of UFR committee of Bordeaux maths institute (2004-2005).
Member of the Scientific committee of the University Bordeaux 1 (2008-211).
Member of 7 hiring committee from 2007.

Steering committee � special sessions (AIMS 2006, AIMS 2007, Waves 2015)
CANUM 2010, B’Waves 2014.

PhD Juries � L. Mouzaoui (2013), University Montpellier II ; T. Nguyen (2014) University Toulouse
III.

Advising

PhD Students � J. Dambrine (with T. Colin, 2006-2009) : Associate Professor in Poitiers.
S. Bellec ( with M. Ricchuito, since 2013).
Xi. Lin (with D. Bresch, since 2014).

Scientific Activities

Publications � 19 articles published in international peer-reviewed journal.

Int. Conf. � 16 talks in international congress.

Nat. Conf. � 15 talks in french universities.

Selected papers

[1] M. Colin et T. Colin, "A multi-D model for Raman amplification" M2AN, vol. 1, (2011), 1-22

[2] M. Colin, T. Colin et J. Dambrine, "Validity of the Reynolds equation for miscible fluids in microchannels"
DCDS-B, vol. 17, (2012), 801-834.

[3] M. Colin, T. Colin and J. Dambrine. "Numerical simulation of wormlike micelle flows in micro-fluidic
T-shaped junctions". A paraitre dans Mathematics and Computer in Simulations.
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Curriculum vitae of Pietro Marco CONGEDO
Personal Information

Date of Birth: 07/01/1980
URL for web site : www.pietrocongedo.altervista.org

Education
2013 Habilitation, University of Bordeaux 1, France.
2007 PhD in Energetic Systems, University of Salento, Italy.
2005 MA in Energy, Fluids and Aerodynamics, ENSAM.
2003 BA and MA in Engineering of Materials, University of Salento, Italy.

Current Position
Research Scientist (1st grade) at INRIA Bordeaux Sud-Ouest since 2010.
Team Leader of AQUARIUS Team (Joint between INRIA and Stanford University)

Previous Positions
2008 - 2010 Post-Doctoral Research Fellow, INPG-Grenoble, France.
2007 - 2008 Post-Doctoral Research Fellow, University of Salento, Italy.
2006 - 2007 1-year Visiting Student, National Institute of Aerospace, USA.
2004 - 2005 1-year Visiting Student, ENSAM, France.
2004 - 2007 PhD Student, University of Salento, Italy, (Doctorate with the highest distinction).
2004 - 2004 Non-permanent Research Contract, University of Salento, Italy.

Fellowships
2010-2012 Fellowship, Center for Turbulence Research (CTR, Stanford University) Steering Committee,

for the participation to the CTR Summer Program.
2012 Prize of Scientific Excellence, INRIA Steering Committee.
2009 Best Paper Prize in Applied Aerodynamics of the AAAF (Association Aéronautique

et Astronautique de France), Nantes.

Supervision of Graduate Students
2010-2015 3 PhD Student, 5 Post-Doc, 3 Master Thesis, INRIA Bordeaux Sud-Ouest.

Teaching Activities
2008-2014 ENSEIRB-MATMECA (Engineering School of Bordeaux), INP (Engineering School

of Grenoble), University of Salento (Italy).

Organization of scientific meetings
Mar 2013 Co-Organization of HONOM 2013, European Conference on high-order numerical methods,

INRIA, 80 participants.
Dec 2013 Organization and Chairman of BOQUSE 2013, International Workshop on UQ and robust

design optimization in Fluid Mechanics, INRIA, 60 participants.

Publications
Articles dans des revues internationales avec comité de lecture 30
Chapitre de Livres 16
Conférences internationales avec comité de lecture 60
Rapport de Recherche 21
Séminaires invités 42



Cécile DOBRZYNSKI
Associate professor at Bordeaux INP
Born on 30/08/1979,
cecile.dobrzynski@math.u-bordeaux1.fr
http ://www.math.u-bordeaux1.fr/˜dobj/

Education and positions

Sept. 2006 / – � Associate professor in Applied maths, ENSEIRB-MATMECA/Bordeaux INP.

Jan.–aug. 2006 � Postdoctoral fellow at Université Catholique de Louvain, Belgium.

Nov. 2005 � PhD in Applied maths, UPMC. Advisors : O. Pironneau and P. Frey. « Adaptation de
maillage anisotrope 3d et application à l’aéro-thermique des bâtiments ».

Participation to the Scientific Community

National activities � Member of the HPC competence label (C3I) for PhD commitee (since 14)
secretary of SMAI/Gamni group (since 09)
Head of the best thesis SMAI/Gamni prize committee (13) and member in 2014-2015

Local activities � Member of scientific committee of Bordeaux maths institute (since 09).

Steering committee � SMAI day "Maillages" (may 14), Eccomas YIC conf. 2013, HONOM 2013, CA-
NUM 2010, CEMRACS 2007

PhD Juries � Emilie Sauvage (Nov. 2013), Belgium ; Mario Falèse (Oct. 2013), Cerfacs ; Sandra
Tancogne (Dec. 2007), Bordeaux.

Advising

PhD Students � L. Nouveau (40%)(since 2014), Q. Viville (20%)(since 2014), B. Re (30%)(since 2014),
C. Lachat (45%)(09-13), A. Froehly (50%)(09-12)

Postdoct. fellow � G. El Jannoun (80%) (since march 15), H. Alcin (35 %) (13-14)

Engineers � A. Froehly (13-14 and since feb. 15)

Selected publications

[1] R. Abgrall, C. Dobrzynski, and A. Froehly. A method for computing curved meshes via the linear elasticity
analogy, application to fluid dynamics problems. Int J. Numer Meth. Fl., 76(4) :246–266, 2014.

[2] C. Dapogny, C. Dobrzynski, P. Frey. Three-dimensional adaptive domain remeshing, implicit domain meshing,
and applications to free and moving boundary problems. J. Comput. Phys., Vol 262, 358-378, 2014

[3] R. Abgrall, H. Beaugendre, C. Dobrzynski. An immersed boundary method using unstructured anisotropic
mesh adaptation combined with level-sets and penalization techniques. J. Comput. Phys.,vol 257, 83-101,
2014.

Softwares

MMG3D4.0 � C. Dobrzynski, P. Frey ; automatic anisotropic tetrahedral remesher, 54 000 lines
IDDN FR001510021000SP201200010000

mmg platform � C. Dapogny, C. Dobrzynski, P. Frey, A. Froehly ; open sources mesh tools,
http ://www.mmgtools.org

Nomesh � C. Dobrzynski, G. El Jannoun, A. Froehly ; curved mesh generation
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Kazolea	  Maria	  
	  
INRIA	  researcher	  (CR2)	   	   	   	  mskazolea.inria.fr	  
	   	   	   	   	   	   	  http://users.isc.tuc.gr/~mkazolea/	  
	  
Education	  
2009-‐2013:	  	  Ph.D.,	  Technical	  University	  of	  Crete,	  Environmental	  Engineering	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Department,Crete,	  Greece.	  	  
2004-‐2006:	  	  	  M.Sc.,	  Technical	  University	  of	  Crete,	  Department	  of	  Sciences,	  Division	  of	  	  
	   	  	  Mathematics,	  Crete,	  Greece.	  	  
2000-‐2004:	  	  Ptycheion,	  University	  of	  Crete,	  Department	  of	  Applied	  Mathematics,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Crete,	  Greece.	  
	  
Position	  
	  	  2014-‐now:	  	  	  Researcher,	  CR2,	  INRIA	  Bordeaux-‐Sad-‐Ouest,	  Cardamom	  team	  
	  
Research	  Experience	  
2006-‐2007:	  	  	  Collaborative	  scientist	  at	  the	  Foundation	  of	  Research	  and	  Technology	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Hellas	  (FORTH),	  	  Institute	  of	  Applied	  and	  Computational	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mathematics	   	  
2011:	  	  	  	  	  	  	  	  	  	  	  	  	  Basic	  Research	  2010,	  Special	  research	  account	  of	  the	  Technical	  University	  of	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Crete.	  	  	  
	  
Fellowships	  
2011-‐2013:	  	  Operational	  Program	  Education	  and	  Lifelong	  Learning	  of	  the	  National	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Strategic	  	  Reference	  Framework	  (NSRF)	  -‐	  Research	  Funding	  Program:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Heracleitus	  II,	  Investing	  in	  knowledge	  society	  through	  the	  European	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Social	  Fund.	  Co-‐Financed	  by	  the	  European	  Union	  (European	  Social	  Fund-‐	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ESF)	  and	  Greek	  national	  funds.	  
2003:	  	  	  	  	  	  	  	  	  	  	  	  Summer	  Undergraduate	  Research	  Fellowship	  in	  Rockefeller	  University	  of	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  New	  	  York,	  Laboratory	  of	  computational	  Genomic,	  project:	  TFHunder.	  
	  
Selected	  publications	  

1. A.	  I.	  Delis,	  I.	  K.	  Nikolos	  and	  M.	  Kazolea,	  "Performance	  and	  comparison	  of	  cell-‐
centered	   and	   node-‐centered	   unstructured	   finite	   volume	   discretizations	   for	  
shallow	   water	   free	   surface	   flows",	   Archives	   of	   Computational	   Methods	   in	  
Engineering,	  18(1),	  57-‐118,	  2011.	  (20	  Citations)	  

2. M.	   Kazolea,	   A.I.	   Delis	   and	   C.	   E.	   Synolakis,	   "Numerical	   treatment	   of	   wave-‐
breaking	   on	   unstructured	   finite	   volume	   approximations	   for	   extended	  
Boussinesq-‐type	  equations",	  Journal	  of	  Computational	  Physics,	  271,	  281-‐305,	  
August	  2014.	  

3. A.	   G.	   Fillipini,	   M.	   Kazolea,	   M.	   Ricchiuto,	   “A	   flexible	   genuinely	   nonlinear	  
approach	   for	   wave	   propagation,	   breaking	   and	   runup”,	   INRIA	   RR-‐	   8746,	  
https://hal.inria.fr/hal-‐01166295,	  submitted	  to	  J.Comput.Phys.	  



Luc MIEUSSENS
Professor Bordeaux Institut National Polytechnique

Email: Luc.Mieussens@math.u-bordeaux1.fr
Web page: http://www.math.u-bordeaux1.fr/~lmieusse

Education

• 2007 : “Habilitation à diriger des recherches” (Université Paul Sabatier Toulouse 3).

• 1999: Ph. D. in Applied Mathematics - Université Bordeaux 1.

Position

• 2008-present: Professor (Applied Mathematics) - Bordeaux Institut National Poytechnique

• 2000-2008: Assistant Professor - Université Paul Sabatier Toulouse 3

Other responsabilities

• 2015-: scientific advisor in the CEA (centre CEA-CESTA)

• 2014-: deputy director Institut de Mathmatiques de Bordeaux, UMR 5251

• 2011-: chairman of the users committe of the “Mesocentre de Calcul Intensif Aquitain”

Fundings

• 2011-2014: PI of a grant of the Rgion Aquitaine

• 2011-2014: 4 study contracts with CEA

Recent publications

• F. Veron, L. Mieussens. A kinetic model for particle-surface interaction applied to rain falling on water
waves. (2015, submitted)

• G. Dechristé, L. Mieussens. A cartesian cut cell method for rarefied flow simulations around moving obstacles.
(2015, submitted)

• C. Baranger, J. Claudel, N. Hrouard, L. Mieussens. Locally refined discrete velocity grids for deterministic
rarefied flow simulations, J. Comput. Phys., 257(15), 572-593 (2014)

• L. Mieussens. On the Asymptotic Preserving property of the Unified Gas Kinetic Scheme for the diffusion
limit of linear kinetic models. J. Comput. Phys., 253(15), 138-156 (2013)



Mario Ricchiuto
Education

2011 Habilitation à Diriger des Recherches, Université de Bordeaux I, France.
2005 Doctorat en Sciences Appliquées, Université Libre de Bruxelles, Belgium.
2001 Research Master, von Karman Institute for Fluid Dynamics, Belgium, (with Honours).
2000 Laurea in Ingegneria Meccanica, Università della Basilicata, Italy, (Summa cum laude).

Experience
2005–present Junior Research Scientist, Inria Bordeaux Sud-Ouest research center, France.
2001–2005 Doctoral program, von Karman Institute for Fluid Dynamics, Belgium.

Responsibilities
International

{ Editorial board of Computers & Fluids ;
{ Organizing committees : B’WAVES 2016 (Bergen, Norway), B’WAVES 2014 (Bordeaux, France), HONOM 2013

(Bordeaux, France), ECCOMAS YIC 2013 (Bordeaux, France), CANUM 2010 (Carcans, France), 34th Lecture Series
on CFD (VKI, Belgium)

{ Program committees : 2nd Int. Conf. “Frontiers of Computational Physics: Energy Sciences” (Zurich, 2015),
SIAM Conference on Mathematical & Computational Issues in the Geosciences (Stanford, 2015), 18th European
Conference on Mathematics for Industry (Taormina, 2014), 1st Int. Conf. “Frontiers of Computational Physics:
Modelling the Earth System” (Boulder, CO, 2012)

National and local
{ Scientific committees : framework agreement EDF-Inria, Aristote Association (Industrial CFD committee) ;
{ Inria Team leader : CARDAMOM Team (January 2015–) ; BACCHUS Team (January 2014–December 2014) ;

Ongoing funded research programs
{ European : MIDWEST (EU OCEANEranet, 2016-1019 - as coordinator) ;
{ National : TANDEM (PIA RNSR, 2014-2017 - as Inria coordinator) ;
{ Regional : TIDES (Appel “Recherche Enseignement Supérieur” - Région Aquitaine, 2013-2016 - as coordinator) .

Teaching and supervision
{ Teaching (post-graduate level) : Introduction to CFD (Master IAS, ENSAM Bordeaux, 2006-2014); Computational

Methods for Compressible Flows (Research Master, von Karman Institute, 2014–2015)
{ Teaching (under-graduate level) : Fundamentals of Numerical Analysis (Institut Polytechnique de Bordeaux,

2007-2009 and 2011-2014), Advanced Numerical Analysis (Institut Polytechnique de Bordeaux, 2010), Computational
Complexity (Université de Bordeaux I, 2010), Numerical Fluid Dynamics (Institut Polytechnique de Bordeaux,
2012-2013), Fluid Mechanics (Institut Polytechnique de Bordeaux, 2015)

{ Supervision (ongoing projects) : 1 R&D engineer, 1 post-doc, 5 PhDs, 1 master student ;

Awards and publications
{ Awards :

2013 - Prime d’Excellence Scientifique (Inria)
2009 - Prime d’Excellence Scientifique (Inria)
2004 - Best paper award (ICCFD4 - international Conference of Computational Fluid Dynamics)
2001 - von Karman Prize (von Karman Institute for Fluid Dynamics)

{ Publications : 25 journal papers (+ 6 under review), 14 book chapters, > 50 contributions to conferences
{ Selected Publications :

MR, An explicit residual based approach for shallow water flows, J.Comput.Phys., 280, pp. 306-344, 2015
MR and A. Filippini, Upwind residual discretizations of enhanced Boussinesq equations for wave propagation over
complex bathymetries, J.Comput.Phys. 271, pp. 306-341, 2014
V. Drean, G. Perrot, G. Couegnat, MR, G. Vignoles. Image-based 2d numerical modelling of oxide formation in self
healing CMCs. Developments in Strategic Materials and Computational Design III, John Wiley & Sons Inc., 2012
MR and R. Abgrall, Explicit Runge-Kutta Residual-Distribution schemes for time dependent problems, J.Comput.Phys.,
229(16), pp. 5653-5691, 2010
H. Deconinck and MR, Residual Distribution schemes: foundation and analysis, Enciclopedia of Computational
Mechanics, Volume 3: Fluids, E. Stein, E. de Borst and T.J. Hughes Ed.s, John Wiley and Sons Ltd, 2007

Inria Bordeaux Sud-Ouest, 200 av. de la vielle Tour, 33405 Talence cedex - FRANCE
B mario.ricchiuto@inria.fr • Í www.math.u-bordeaux1.fr/∼mricchiu/
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International Journals and Books (2011-present)
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[MK10] O. Le Mâıtre and O.M. Knio. Spectral Methods for Uncertainty Quantification With Applica-
tions to Computational Fluid Dynamics. Springer Verlag, 2010.

[MN14] A. Mazaheri and H. Nishikawa. Very efficient high-order hyperbolic schemes for time-
dependent advection-diffusion problems: Third-, fourth-, and sixth-order. Computers and
Fluids, 102:131–147, 2014.

[MPLD15] J.G. Mena, R. Pepe, A. Lani, and H. Deconinck. Assessment of heat flux prediction capabilities
of residual distribution method: Application to atmospheric entry problems. Communications
in Computational Physics, 17:682–702, 3 2015.

[MSK12] G. Ma, F. Shi, and J.T. Kirby. Shock-capturing non-hydrostatic model for fully dispersive
surface wave processes. Ocean Modelling, 43-44, 2012.

[MW12] A. March and K. Willcox. Constrained multifidelity optimization using model calibration.
Structural and Multidisciplinary Optimization, 46(1):93–109, 2012.

[MZ10] X. Ma and N. Zabaras. An adaptive high-dimensional stochastic model representation tech-
nique for the solution of stochastic partial differential equations. Journal of Comp. Phys.,
229:3884–3915, 2010.

[Nis10] Hiroaki Nishikawa. Beyond interface gradient: A general principle for constructing diffusion
schemes. In 40th AIAA Fluid Dynamics Conference and Exhibit, AIAA Paper 2010-5093,
Chicago, 2010.

[Nis14] H. Nishikawa. First-, second-, and third-order finite-volume schemes for diffusion.
J.Comput.Phys., 273:287–309, 2014.

[NPC11] N.C. Nguyen, J. Peraire, and B. Cockburn. Hybridizable discontinuous galerkin methods. In
Jan S. Hesthaven and Einar M. Ronquist, editors, Spectral and High Order Methods for Partial
Differential Equations, volume 76 of Lecture Notes in Computational Science and Engineering,
pages 63–84. Springer Berlin Heidelberg, 2011.

[Nwo96] O. Nwogu. Numerical prediction of breaking waves and currents with a Boussinesq model. In
Proceedings 25th International Conference on Coastal Engineering, 1996.

[OR10] W Oberkampf and CJ Roy. Verification and Validation in Scientific Computing. Cambridge
University Press, 2010.

[PE15] D.A. Di Pietro and A. Ern. Hybrid high-order methods for variable-diffusion problems on
general meshes. C.R.Acad.Sci. Paris, Ser. I, 353:31–34, 2015.

57



[PEPB13] J. Palm, C. Eskilsson, G.M. Paredes, and L. Bergdahl. Cfd simulations of a moored floating
wave energy converter. In 10th European Wave and Tidal Energy Conference (EWTEC), 2013.

[PJ06] P.-O. Persson and J.Peraire. Sub-Cell Shock Capturing for Discontinuous Galerkin Methods.
In AIAA paper 2006-112, 44th AIAA Aerospace Sciences Meeting, Reno (NV), 2006.

[PP08] P.-O. Persson and J Peraire. Curved mesh generation and mesh refinement using lagrangian
solid mechanics. In Proc. of the 47th AIAA Aerospace Sciences Meeting and Exhibit, number
LBNL-1426E. Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA (US),
2008.

[PUdOG01] C.C. Pain, A.P. Umpleby, C.R.E. de Oliveira, and A.J.H. Goddard. Tetrahedral mesh
optimisation and adaptivity for steady-state and transient finite element calculations.
Comp.Meth.Appl.Mech.Eng., 190(29-30):3771 – 3796, 2001.

[PYS07] M. Papadakis, H.W. Yeong, and I.G. Suares. Simulation of Ice Shedding from a Business Jet
Aircraft. In AIAA, Aerospace Sciences Meeting and Exhibit, 45 th, Reno, NV, 2007. AIAA
Paper 2007-506.

[RASS99] H Rabitz, O Alis, J Shorter, and K Shim. Efficient input-output model representations.
Comput. Phys. Commun., 117:11–20, 1999.

[RCK10] V. Roeber, K.F. Cheung, and M.H. Kobayashi. Shock-capturing Boussinesq-type model for
nearshore wave processes. Coastal Engineering, 57:407–423, 2010.

[Reb14] F. Rebillat. Advances in self-healing ceramic matrix composites. In I.M. Low, editor, Advances
in Ceramic Matrix Composites, pages 369–409. Woodhead, 2014.

[RG15] G. L. Richard and S. L. Gavrilyuk. Modelling turbulence generation in solitary waves on shear
shallow water flows. Journal of Fluid Mechanics, 773:49–74, 6 2015.

[RJM14] E. Radenac, Gressier J., and P. Millan. Methodology of numerical coupling for transient
conjugate heat transfer. Computers & Fluids, 100:95–107, 2014.

[RLSF05] Jean-Franois Remacle, Xiangrong Li, Mark S. Shephard, and Joseph E. Flaherty. Anisotropic
adaptive simulation of transient flows using discontinuous galerkin methods. International
Journal for Numerical Methods in Engineering, 62(7):899–923, 2005.

[Roa98] P J Roache. Verification and validation in computational science and engineering. Hermosa,
Albuquerque, NM, 1998.

[Rog01] D.F. Rogers. An Introduction to NURBS: with Historical Perspectives. Morgan Kaufman, San
Mateo, 2001.

[rom14] Reduced order methods for modeling and computational reduction. Computational Science &
Engineering. Springer, 2014.

[ROS99] Saikat Dey Robert, Robert M. O’bara, and Mark S. Shephard. Curvilinear mesh generation
in 3d. In In Proceedings of the Eighth International Meshing Roundtable, pages 407–417. John
Wiley & Sons, 1999.

[RTL13] J.-F. Remacle, T. Toulorge, and J. Lambrechts. Robust untangling of curvilinear meshes.
In Xiangmin Jiao and Jean-Christophe Weill, editors, Proceedings of the 21st International
Meshing Roundtable, pages 71–83. Springer Berlin Heidelberg, 2013.

[Sal10] A Saltelli. Variance based sensitivity analysis of model output. design and estimator for the
total sensitivity index. Comput. Phys. Commun., 181:259–270, 2010.

58



[SAM10] S. Sankaran, C. Audet, and A. Marsden. A method for stochastic constrained optimization
using derivative-free surrogate pattern search. J.Comput.Phys., 229:4664–4682, 2010.

[SCA14] S.Premasuthan, C.Liang, and A.Jameson. Computation of Flows with Shocks using the Spec-
tral Difference Method with Artificial Viscosity, II: Modified Formulation with Local Mesh
Refinement. Computers & Fluids, 98:122–133, 2014.

[sDF97] M.S. shepard, S. Dey, and J.J. Flaherty. A straightforward structure to contruct shape func-
tions for variable p-order meshes. Comput. Meth. Appl. Mech. Engrg, 147:209–233, 1997.

[SFJ+05] M.S. Shephard, J.E. Flaherty, K.E. Jansen, X. Li, X. Luo, N. Chevaugeon, J.-F. Remacle,
M.W. Beall, and R.U. O’Bara. Adaptive mesh generation for curved domains. Appl. Numer.
Math., 52(2-3):251–271, 2005.

[SHJ91] F. Shakib, T.J.R. Hughes, and Z. Johan. A new finite element formulation for
computational fluid dynamics: X. the compressible euler and navier-stokes equations.
Comp.Meth.Appl.Mech.Eng., 89(13):141 – 219, 1991.

[SJ08] G.I. Schueller and H.A. Jensen. Computational methods in optimization considering uncer-
taintiesAn overview. Comput. Methods Appl. Mech. Engrg., 198(2-13):242–272, 2008.

[SKA+14] J. Slotnick, A. Khodadoust, J. Alonso, D. Darmofal, W. Gropp, E. Lurie, and D. Mavriplis.
CFD Vision 2030 Study: A Path to Revolutionary Computational Aerosciences. In NASA/CR-
2014-218178, 2014.

[SLJS10] O. Sahni, X.J. Luo, K.E. Jansen, and M.S. Shephard. Curved boundary layer meshing for
adaptive viscous flow simulations. Finite Elements in Analysis and Design, 46(1-2):132 – 139,
2010.

[SM14] M. Sonntag and C.-D. Munz. Shock capturing for discontinuous galerkin methods using finite
volume subcells. In J. Fuhrmann, M. Ohlberger, and C. Rohde, editors, Finite Volumes for
Complex Applications VII-Elliptic, Parabolic and Hyperbolic Problems, volume 78 of Springer
Proceedings in Mathematics & Statistics, pages 945–953. Springer International Publishing,
2014.

[Sob01] I Sobol. Global sensitivity indices for nonlinear mathematical models and their Monte Carlo
estimates. Mathematics and Computers in Simulation, 55(1-3):271–280, February 2001.

[Son07] Yoshio Sone. Molecular gas dynamics. Modeling and Simulation in Science, Engineering and
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