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1 Introduction

The CFD team at CERFACS develops and applies high-perfarenemdes for uid mechanics applications
in two main elds:

AerodynamicsDeveloping advanced simulation codes for aerodynamichcapions in Europe was
one of the initial goals of the CFD activity at CERFACS for s and is still a central theme. After
the NSMB code was stopped in 2003, most efforts have focuseelsA which is developed by
ONERA and CERFACS. New collaborations with DLR in 2004 an@2bave also started around
the tau code. Unsteady aerodynamics, uid structure imtéoa, vortex dynamics, ef cient numerical
methods on high-performance machines are central them#sefgroup. They are now accompanied
by shape optimization, CFD for turbomachinery and aerosiios

Combustion.The LES tool developed by CERFACS and IFP (AVBP) has becontaralard tool
for reacting ows at many places in Europe (CNRS labora®mri®@NERA centers, Universities in
Spain, England, Netherlands or Germany, etc). Industdehgrs (SNECMA, Turbomeca, Siemens,
Alstom) have continued their collaboration with CERFACS itarease AVBP capabilities and
validate it in multiple cases. LES is not yet industrializad is used on a daily basis for industrial
applications. LES tools are also being coupled to otheresslto predict acoustic elds or structure
mechanical and thermal loading. A signi cant work of coridation of CFD tools for combustion is
also underway by comparing and coupling existing RANS (Ré&s Averaged Navier Stokes) tools
with LES. This task is necessary to understand the resgestiengths, limitations and potential
combined use of RANS and LES

With more tharb0 scientists (including PhD students), the CFD team is anegértner in various elds:
research, teaching, formation, interaction with industiy terms of man-power, the turn-over of the
team remains high with only 10 permanent scientists and e 40 others staying less than 4 years.
Most scientists leaving CERFACS nd positions right awaydamany keep in touch with CERFACS.
The collaboration with french laboratories is also exaatleCERFACS provides codes to many CNRS
or university laboratories and participates to multipletracts with other research institutions. European
support is very strong with multiple FP'6 programmes (Ricisn, Fuelchief, Preccinsta, Intellect, FarWake,
Vital, Molecules...) which were active in 2004 and 2005 arilll be replaced by new projects (Quantify,
Timecop, Eccomet, Simsac, TLC...). The EST Marie Curie gmbEccomet is an excellent example of
recent CERFACS success: it will allow CERFACS to HizEuropean PhD students in the next 4 years as
well as 10 visitors. These scientists will be working on tpltase ow combustion at CERFACS, ONERA
and IMFT and strongly contribute to the advancement of fumelatal research in this eld. The Eccomet
project was initiated and is coordinated by CERFACS (Dr Beft): it also shows that CERFACS is now
well integrated in the research community.
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2 Combustion

The combustion team at CERFACS develops fundamental mfmdetsacting ows and applies them to real
con gurations. Fundamental research in combustion inetuéme dynamics, chemistry, interaction with
walls, heat transfer, radiation in reacting ows, multigtgareacting ows, ame / acoustic interactions...
Most of these studies are performed using theory and Directd&ical Simulation tools.

The application to real con gurations is a direct extensidthe results obtained from fundamental research
where corresponding models are introduced in solvers lysdeveloped at CERFACS (or in collaboration
with CERFACS partners) for RANS (Reynolds Averaged Naviek8s) and LES (Large Eddy Simulation)
codes.

These two aspects (fundamental research versus apptisaticomplex cases) must be balanced to ful ll
the task of the team. The academic part, for example, is Bapeso maintain the team expertise and
attract high-level researchers from France but also froreifm universities. The contracts obtained in
2005 con rm that CERFACS can nd funding for these fundanmaratspects. These studies are described
in Section 2.1. LES of two-phase ows is the fastest growimgvity in the team and is described in
Section 2.2 while the unsteady combustion work (in gaseauwss) is presented in Section 2.3. Since
2003, CERFACS has started working again on RANS methods)lynai develop new numerical methods,
to use RANS codes for optimization or to couple RANS and LE@stothese studies are described in
Section 2.4. Finally, Section 2.5 describes the softwaginerering tasks needed to make all large LES
studies at CERFACS possible: optimisation, parallelaativisualization, etc. Many of these tasks are
the product of intense collaborations with national conmmutenters such as CINES or IDRIS and with
companies: in 2005, for example, AVBP, the LES code of CEREA¥as ported successfully on BlueGene
machines achieving speed up of the orded®00on 5000 processors on applications provided by PSA,
Siemens and Turbomeca.

2.1 Basic phenomena

To sustain the development of models for RANS or LES, and tdetstand the details of turbulent
combustion and its interaction with other phenomena, a mumbfundamental works are conducted by
the team. Basic studies are performed on the role of liqumslin piston engines (in collaboration with
IFP), the ow and ame structure in rocket engines, the mdidgl of perforated plates that can be found
in gas turbines, and in parallel on the development of a thasp ow version of AVBP, the structure and
ignition of two-phase ames.

2.1.1 Interaction of a ame with liquid fuel on a wall (G. Desoutter, B. Cuenot C.
Habchi)

The Direct Injection Engine (IDE) is an interesting solutito reach a compromise between low fuel
consumption and reduction of pollutant emissions. Howeliact injection of fuel in the combustion
chamber causes important deposition on the walls, leadirantincrease of unburnt hydrocarbons (HC)
release. In IDE engines, especially during the startingwegthe fuel jet impacts directly on the piston and
creates a liquid Im that is a source of HC production and smdkring the combustion phase. If many
studies can be found on the interaction of a ame with a drylWitle is known about the ame behavior
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COMPUTATIONAL FLUID DYNAMICS

when it approaches a liquid Im. In particular the quenchofghe ame and the distance of quenching are
still open questions.

Here, Direct Numerical Simulations (DNS) of the ame-walitéraction with a liquid fuel Im were
performed with the code NTMIX3D and published in the last $ynon Comb. [CFD2]. DNS allowed
to understand the mechanisms involved in the interactike for example the Im evaporation due to the
presence of the ame and its impact on the ame structure. e of the liquid Im was also studied by
comparing the interaction of the ame with a wet and a dry w&Iimulation results show that the ame
guenches much further away from the walls when a liquid Inpissent, and that this effect is increased
by high wall temperatures. The liquid Im is mainly altereg the wall temperature and not by the ame.
Based on these results, a new model for the evaporation géililm in the presence of a ame has been
established for RANS calculations and tested in the C3D obdieP for piston engines.

Injector

Figure 2.1: Deposition of a liquid fuel Im in Direct Injeain Engines (IDE).

2.1.2 H,- 0O, ame ignition and structure (A. Dauptain , B. Cuenof)

The ignition process of rocket engines must control ignitiut also minimize the risk of explosion and
destruction of the engine. In such systems, chemical phenarare coupled to highly compressible ows,
characterized by structures like shocks and slip lines. filmaerical simulation of rocket ignition then
requires robust and accurate methods, able to handlelsgiffitstry and ow structures with strong pressure
gradients.

In a rst step, the autoignition of a mixing layer between hggen and hot oxidizer was simulated with
Direct Numerical Simulations, using realistic transpamv, showing a behaviour which differs strongly
from methane autoignition because of the high diffusivityhgdrogen. Results were reported in Comb.
Sci. Tech. [1].
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Figure 2.2: Supersonid, - O, combustion: instantaneous temperature eld.

In a second step, LES of underexpanded sonic jets were pertbwith AVBP after some adaptation to
handle supersonic ows with shocks. This allowed a compsgtectral study of the unsteady features that
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COMBUSTION

are the initial source of the acoustic noise, feeding theesdr instability. The compression zone has been
particularily studied, evidencing three different typdseacitations [CFD40]. Finally LES was applied
to supersonic combustion cases, such as the ame of Chendrf#&} agreement between numerical and
experimental results is fair: computations capture thedif ame (Fig. 2.2), the mean values of speed,
temperature and species concentrations, while the ledel®MS values are also correct. LES results
con rm the in uence of supersonic compressible pattern ombustion.

[1] R. Knikker, A. Dauptain, B. Cuenot and T. Poinsot, (2Q00Jomparison of computational
methodologies for ignition in diffusion layersCombustion Science and Technolpdy510), 1783-
1806.

[2] T.S. Cheng, J.A. Wehrmeyer, R.W. Pitz, O. Jarrett and.®Brtham, (1994), "Raman measurement
of mixing and nite rate chemistry in a supersonic hydrogandiffusion ame”, Combustion and Flame
99:157-173

2.1.3 Direct and Large Eddy Simulations of Effusion Cooling (SMendez F.
Nicoud, T. Poinso)

In almost all combustion systems, solid boundaries mustdoded. One possibility often chosen in gas
turbines is to use multiperforated walls. In this techniguesh air coming from the casing goes through
the perforations and enters the combustion chamber. Tloeiatsd micro-jets coalesce to give a Im that
protects the internal wall face from the hot gases. The nurabsubmillimetric holes on a perforated
plate is far too large to resolve each hole and allow a coraplescription of the generation/coalescence
of individual jets. Effusion is however known to have drasifects on the whole ow structure, and to
modify noticeably the ame position.

Figure 2.3: Visualization of the structure of the ow arouagerforated plate obtained by Direct Numerical
Simulation (velocity iso-surface).

As a consequence, new wall models for turbulent ows wittusibn are required to perform predictive
full scale computations. One major dif culty in developimgw wall functions is that the boundary uxes
depend on the details of the turbulent ow structure betwdensolid boundary and the fully turbulent
zone.

Measurements in realistic con gurations are dif cult tofem and generally do not provide enough
detailed information to allow a complete understandinghefphenomena involved. This can be overcome
by using numerical simulation. Although limited to very dhdbmains, Direct Numerical Simulation is a
rst and crucial step to describe the details of the ow in thear zone of a perforation plate. Figure 2.3
shows an example of the velocity eld obtained around ondgpation (the domain has been duplicated
four times for clarity). In this simulation, the main globetharacteristics of the ow have been validated
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COMPUTATIONAL FLUID DYNAMICS

by comparison with experimental data. A data base can thgeberated on this con guration in order to
build an appropriate wall model for perforated walls. In am&d step, RANS computations and Large Eddy
Simulations of a full burner with the new perforated wall l@nperformed to validate the model [CFD53].

2.1.4 Ignition criteria of two-phase ames (N. Lamarque G. Boudier, B. Cuenot

A critical issue for ames in liquid fuel combustors is thenigion process, that combines evaporation
and combustion, and is signi cantly different from the igjan of gaseous ames. In this process and
in addition to chemical kinetics data, parameters like ttaplit size and its distribution have important
impacts. The ignition of a reactive mixture in simulatiossoften obtained by unphysical methods. Here
a realistic spark plug model has been implemented in AVBRerevlthe energy deposition due to spark
discharge is modeled by a source term added to the total weengation. A comprehensive theoretical
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Figure 2.4: Typical temporal variation of gas temperaturéha center of the ame kernelty is the
deposition time antky; is the time at which the liquid droplets reach the saturat@mnperature.

and numerical study of ignition in a one-dimensional corrgtion has been performed, starting from
the spark energy deposition within the spray to the ame iisgtion. Figure 2.4 shows a typical time
evolution of temperature at the center of the ame kernelreEhstages can be identi ed: in a rst stage,
the energy deposition results in a fast temperature inerethen energy deposition is stopped and the
main phenomenon of the following stage is the preheating@firoplets; nally in the last stage, starting
when the droplets have reached their staturation tempetagmition occurs, leading to a sharp increase of
temperature and a subsequent stabilisation on a valuetddise ame temperature.

Two ignition criteria were determined, based on global peters of the two-phase ow and the spark,
that can therefore be calculatagbriori. The relevance of these criteria has nally been evaluatairest a
series of one-dimensional ignition simulations [1].

[1] N. Lamarque, G. Boudier, B. Cuenot and T. Poinsot, "NuisarStudy of Two-phase Flame Ignition by
a Spark Plug”submitted to Proc. of the Combustion InstitL&& (2006).

2.2 LES of two-phase reacting ows

Most aeronautical combustors burn liquid fuel using irgestwhich atomise the liquid jet or Im in small
droplets of sizel0 200 m . These droplets are dispersed by the turbulent ow, pdytighporised
and nally mixed with air. Modelling the liquid phase in a LESlver is a dif cult issue for which two
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COMBUSTION

main classes of methods are available: the Euler frameweR) @nd the Lagrange framework (LF).
The LF describes the liquid phase as a large but nite numbedroplets with their own trajectory,
velocity, temperature and diameter while the EF consideeglispersed phase as a continuous eld whose
characteristics are determined through a set of conservatjuations for the liquid volume fraction, the
liquid phase velocity and temperature, and the rst/secortir moments of the size distribution. Because
it is easier to implement, parallelise and couple with the gav solver, the EF has been rst chosen to
study turbulent two-phase combustion with AVBP.

A rst EF prototype (AVBP-TPF) has been validated in 2004 atidwed to demonstrate the feasability
of two-phase reacting ow LES in industrial gas turbines. eTpotential of LES for these systems was
particularly highlighted by the simulation of ignition sggnces in helicopter and aircraft engines. In a
second phase of development, a new version of AVBP-TPF has Wetten that includes a number of
improved models, in particular for particle dispersion gmalydisperse sprays, and a better control of
numerical error. In 2005 the development of a LF solver has bBeen started with the PhD of M. Garcia,
in collaboration with Stanford University.

2.2.1 Turbulent dispersion of particles (E.Riber O. Simonin, B. Cuenot
T. Poinsof)

Large-Eddy Simulations (LES) of turbulent two-phase owscombustion chambers with AVBP-TPF are
based on the Mesoscopic formalism [1]. This approach ussiscanditional ensemble averaging and then
volume ltering. It leads to a transport equation for the called Mesoscopic Eulerian Particle Velocity
(MEPV) which represents the local instantaneous veloditg shared by all the droplets or particles at the
same spatial location. The remaining part of each singlegarelocity, called the Random Uncorrelated

=SSR S

; L " y 45¢06 1204 22e04 32c4
Axial Gas Velocity ———semee——n |Particle Volume Fraction Co————
1.1 174 n7 300 Gdell5 17204 2704 3EcDd

Figure 2.5: Instantaneous elds of axial gas velocity andipl@ volume fraction, con guration of Hishida
et al. [2] (collaboration with IMF Toulouse).

Velocity (RUV), leads to a stress term in the MEPV equatiorichhmeeds to be modelled. The volume
Itering adds standard subgrid stress (SGS) terms, closiéid a'Smagorinsky-like model which proved to
be successful in a priori testing on Homogeneous Isotropibdlence. Special care is required to solve
the Eulerian equations because the dispersed phase inttpdigssolution of sharp particle concentration
gradients. 3rd order accurate schemes (TTGC,TTG4A) haee baplemented and tested in the code
AVBP for the dispersed phase, while arti cial dissipatiegrns have been adapted, to damp spurious modes
in regions containing sharp gradients.

In collaboration with IMF Toulouse, two experimental comigtions have been selected to study droplets
dispersion and validate its modeling. One is the gas-solidulent con ned round jet experimentally
investigated by Hishida et al. [2]. The other con guratiana 'bluff body' type ow experimentally
investigated by Boree et al. [3] which is closer to combust@hamber devices. Results are very
encouraging: the particle mass ux and radial velocity uation predicted proles are used to
characterize the effect and the accuracy of the particle RIDY subgrid stress modelling. Besides, the
predictions are found to be very sensitive to particle islatditions and special care has been devoted to
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improve them. In particular, a turbulent velocity componerartially correlated with the uid one, has
been added to the mean inlet MEPV.

[1] Février, P., Simonin, O. & Squires, K. D. , "Partitioning ofrpale velocities in gas-solid turbulent
ows into a continuous eld and a spatially-uncorrelatechdmm distribution: theoretical formalism and
numerical study”J. Fluid Mech, in press (2006).

[2] Hishida, K., Takemoto, K. & Maeda, M., "Turbulent chataistics of gas-solids twophase con ned
jet”, Japanese Journal of Multiphase Flo®(1).56-69 (1987).

[3] Borée, J., Ishima, T. & Flour, I., "The effect of mass loading anter-particle collisions on the
development of the polydispersed two-phase ow downstredm con ned bluff body”,J. Fluid.Mech,
443129-165 (2001).

2.2.2 LES of turbulent two-phase ames in aeronautical combstors (M. Boileau,
S. Pascaud, B. CuenofTl.Poinsof)

Depending on the droplets diameters, the ames observadurd-fueled combustors may be either purely
gaseous (for small droplets) or non-homogeneous, in whicle droplets may burn in clusters or even
individually. But even in the simplest case of gaseous anttes presence of a dispersed phase leads to very
high local variation of the fuel vapor and therefore of e@l@nce ratio. To evaluate the capacity of AVBP
to capture all these phenomena, a two-phase reacting LE® iofdastrial combustion chamber has been
performed. Figure 2.6 shows the result of a calculation efrtracting ow inside one sector of a realistic
aircraft combustor, fed with liquid kerosene. Like in thadrgeometry, air is entering through swirling
inlets, cooling Ims and dilution holes. Results show thia¢ toverall shape of the ame is captured. The
gaseous ame structure, behind the evaporation zone, issianrilar to the classical gaseous ame found
in a swirled burner. The main difference is in the stabilmaimechanism, controlled by the evaporation in
the two-phase ame.

2.2.3 Ignition of two-phase combustors (M. Boileap S. Pascaud, B. Cuenot
T.Poinsof)

In the performance of an aeronautical gas turbine, the dityatf ignition and altitude re-ignition is

a crucial criteria. For a helicopter or an aircraft enginefaat and reliable lightup is required for
various altitudes, i.e. different atmospherical condi®f pressure and temperature. In that context, a
comprehensive understanding of the physics involved inghition process is a useful gain for combustor
designers. The principle of ignition is to give an initiapimt of energy, able to initiate the combustion and
set a stable ame. This energy can be provided either by &gpag or by the use of an additional ignition
injector. In both cases, ignition sequences are transieah@mena that can be computed by LES. To be
accurate, such simulations have to take into account tketsfbf the presence of liquid fuel as a dispersed
phase. AVBP has been used to compute two-phase ignitioralistie combustors. Figure 2.7 shows a
shapshot of the ignition sequence calculation in one pirisector of a helicopter annular combustor. In
this simulation, the ignition burner injects hot gases @nl#ft and right periodic planes of the computational
domain. After a certain induction time, the main injectanitgs and hot gases appear in this zone too. The
complete ignition sequence lasts approximately 50 ms.

2.2.4 Polydisperse sprays (J. La&drine, J.-B. Mossa B. Cuenof)

Sprays issued from the injectors used in gas turbines or stopiengines are not monodisperse and
present diameter distributions of different shapes, ddipgnon the atomisation process. The polydisperse
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Figure 2.6: Steady two-phase combustion in a SNECMA conobust

t=26.87 ms

Figure 2.7: Snapshot of the ignition sequence in a Turboroew@ustor.

characteristic of a spray has a great in uence on all thealdeis describing the liquid phase, as the drag
force and the evaporation are strongly linked to the sizéefdroplets.

In the eulerian framework described in the previous sestitimere are two main ways to take into account
a size distribution in a spray: either through a series cfs#a of droplets of the same size, or through the
computation of evolution of the local size distribution.rEompatibility and feasability reasons, the second
approach has been retained (Thesis of J.-B. Mossa), asganpresumed shape for the size distribution
and computing its moments.

The methodology has been validated on the simple case ofiid liet in a transverse gas ow, for which

10 Jan. 2004 — Dec. 2005



COMPUTATIONAL FLUID DYNAMICS

analytical results are available. It has been then apptiedftll burner, which allowed to demonstrate its
capability to capture the main effects of polydispersioniththis model, the implementation of droplets
break-down and coalescence is straightforward.

2.3 LES of unsteady combustion

Unsteady combustion is now a major eld of application forrg@a Eddy Simulations (LES) of reacting
ows. These applications include predictions of combustiestabilities but also of ignition or quenching.
In 2004 and 2005, CERFACS has lead multiple investigatioosral these topics and developed additional
tools which are needed for these studies: LES tools but alsosdic analysis and sometimes RANS tools.
Con gurations computed at CERFACS were tested experinligraathe same time elsewhere in Europe,
providing CERFACS with a unique data base for validationhef &VBP code. As a result, multiple papers
have been produced since 2004 [CFD19, CFD20, CFD9, CFD1b2¢Fand the studies on unsteady
combustion are a very important part of the team's work.

LES alone is not sufcient to understand turbulent comhbastin con ned chambers: theory and
experiments show that acoustics play a very important rolenany cases, especially in triggering
combustion instabilities. Therefore writing codes abled&scribe the structure of acoustic modes in
combustion chambers and their coupling with combustionetpuired: this is done at CERFACS and
discussed in Section 2.3.4 and 2.3.5. In May 2005, CERFAGSIganized a workshop in Toulouse on
combustion instabilities and LES (with the support of thedpean Commission) which gatherered almost
100 scientists from 10 countries con rming the importanééhis topic.

Section 2.3.1 recalls the submodels used for LES and Se2tBh shows one example of LES validations
for non-reacting ows where the CERFACS code AVBP was corepap experiments performed in DLR
and with an LES code developed at Stanford. Acoustics amisé®d in Sections 2.3.3 to 2.3.5. Ignition,
guenching and ashback are discussed in Section 2.3.6 whilkiburner computations are presented in
Section 2.3.7. Effects of radiation and instability on N@xrhation are discussed in a staged burner in
Section 2.3.8. A ramjet LES is nally discussed in SectioB3.9.before presenting LES applications in
piston engines (Section 2.3.10).

2.3.1 LES models for combustion at CERFACS

Building an ef cient LES tool in complex geometry chambeegjuires a compromise between precision
and complexity: all submodels for turbulence, boundaryditions, turbulence / ame interaction, ignition,
ame / wall interaction... are chosen to offer homogeneoedgrmance and implementation costs which
are compatible with the use of a compressible explicit sotwe very large grids and large number of
processors. Most models developed by CERFACS jointly witktifut Francais du &role have been
already published by CERFACS and are described in the titera

The DTF (Dynamically Thickened Flame) model initially e by Colin et al (Phys. Fluids 12, 2000)
continues to perform very well in the new con gurations arabltipeen used with virtually no modi cation
[CFD20, CFD15, CFDA4]. This model initially written for préxed ames is now used for diffusion ames
with success. Note however, that many ames studied at CEFS-Are categorized as diffusion ames
because the fuel is injected through holes inside the chartmvever results show that these ames are
usually lifted with signi cant mixing upstream of the amedhat very few diffusion amelets are found.
An important submodel is the chemical scheme: initially paomputations with the DTF model were
performed with one-step schemes. Now two-step and fopr-sthemes are used and the DTF model
has been modi ed to accomodate these multistep schemes3g&JFThe construction of these schemes
is performed by comparing their results on simple laminangixed ames and using genetic algorithm
techniques developed by C. Martin in his PhD [CFD29] to t tlesults of the reduced schemes with the
data obtained with full schemes. This was done for methaiogane, heptane, JP10 and kerosene. These
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schemes have also been extended to include NOx in certads.dasr these cases, simple radiation models
have also been developed in AVBP [CFD61, CFD33].

Boundary conditions and acoustic wave management of bosdare still key issues for LES codes in
which any error created at boundary will generally amplifiyjthe domain. Selle [CFD18] has shown that
the true re ection coef cient of a 'non-re ecting' boundagrcould be predicted analytically and that correct
scalings for relaxation coef cients on non-re ecting balaries have been proposed.

Important work was also required to extend LES from acadecaio gurations to real combustion
chambers. Being able to model multiperforated plates famgde is mandatory for many chambers
where multiperforation is used on a large portion of the chamwalls [CFD53]. Cooling Ims also
raise additional dif culties. In most cases, models forgbgphenomena are based on separate DNS (see
Section 2.1).

2.3.2 A small gas turbine burner (G. Lartigue, S. Roux T. Poinsof)

During the PRECCINSTA EC programme, the accuracy of LES wstet for swirled ows by comparing

LES velocity elds with measurements performed at DLR in drkd premixed injector (Fig. 2.8) where
swirl is produced by tangential injection downstream of anpim. A central hub is used to stabilize
the ame. Experiments include velocity measurements far ¢bld ow as well as a study of various
combustion regimes.

FROM X=15m
SﬁIIRLER
e 15

TO OUTLET

Plenum Swirler Chamber

Figure 2.8: Con guration (left). Location of cuts for velitg pro les (right).

Cold and reacting premixed ows were computed successéuilypublished in Comb. and Flame [CFD15].
In 2004 and 2005, this study was used as a benchmark by Steenfidr CERFACS to compare their LES
codes. A typical example of result for non-reacting ow risis given in Fig. 2.9. The RMS axial velocity

elds show very good agreement between the LES codes anafgegiment. Even though small differences
are observed (near walls for example), it is quite intengstd see that fully different codes lead to very
similar accuracy on this con guration.

2.3.3 System identi cation of combustors (L. Selle A. Giauque, A. Sengissen
K. Trufn , G. Staffelbach Y. Sommerer, F. Nicoud, M. Brear, T. Poinsof)

System identi cation by forcing is a normal procedure dgrinvestigations of combustors stability: burners
are forced in order to examine their response to acousticesvantering the air or the fuel inlet. This
identi cation can be performed experimentally or numeligasing LES. But the cost of such experiments
is high and LES are being developed to replace experimenthifotask. At CERFACS, multiple studies
of this type were devoted to system identi cations in 2004 2005:
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Figure 2.9: Cold ow: RMS axial velocity pro les. Circles: DV; solid line: LES (AVBP); dotted line:
LES (Stanford).

A theoretical study of how forcing should be performed andtpmcessed was done by Truf n and
Poinsot [CFD22] on a laminar premixed ame for which expegimal results of the EM2C laboratory
in EM2C Paris were available.

Chamber B: forced response of a large scale industrial ghs®[CFD4] mounted in a square cross
section chamber in Karlsruhe University (bilateral workiwsiemens).

Chamber C: an experiment built at Twente Univ. in the DESIRE [ioject. The computation
includes both mixing from the methane jets and combustiorthin chamber. Fluid structure
interaction between the oscillating combustion and thentyex wall is one goal of this work [CFD62]
where wall vibrations can be monitored.

Studying the theoretical aspects of combustor forcing gisinsimple laminar ame proved to be a
useful analysis [CFD22] which demonstrated that many sinstudies (experimental or numerical) lack
consistency and may lead to erroneous results when the pséut to measure the uctuating velocity is
located too far upstream from the chamber.

Applying LES to measure ame response in Chamber B was a dif challenge because it is a high-power
swirled burner. It is installed in two different institut@s Karlsruhe, either in a square (ITS) or a circular
(EBI) combustion chamber. Fig. 2.10 shows the main featafébe burner in which this identi cation
is performed: a central axial swirler (colored in dark) idgo inject and swirl a mixture of natural gas
and preheated air. The main part of the combustion air asasefliel is injected by the diagonal swirler
through holes located on both sides of the vanes in orderhieae swirling. Perfectly mixed gases enter
the diagonal swirler while pure air enters the axial swirldre ame inside the chamber is in a partially
premixed regime.

This burner and many of its evolutions have been analyzedhénRRhD thesis of L. Selle (2004), G.
Staffelbach and A. Giauque (2006). Comparisons of LES tesuith other methods and experimental
results are given in [CFD4]. An example of results is presértiere to illustrate the power of LES in
predicting effects of geometrical changes on the ame raspo For this study, the ame is pulsated at
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Figure 2.10: Chamber B: burner (left) and combustion charab&l'S Karlsruhe (right).

Figure 2.11: Chamber B (Fig. 2.10) with pilot ames on, fodckBy acoustic excitation. Snapshot of the
ame visualized by an isosurface of temperatureTat 1000K. The left and right results correspond to
different geometries of the swirler.

various frequencies by modulating the inlet velocity. Twangurations are computed to evaluate the
response of the burner as a function of the geometry of thBeswiThis response is the building block of
acoustic solvers that predict the stability of combustse®(Section 2.3.4). Fig. 2.11 shows an instantaneous
view of the ame front for a piloted ame during forcing for tavdifferent swirler geometries. The impact

of this small geometrical modi cation on the ame responselahape is very strong.

The geometry of burner C (designed for the EC Desire projebD of A. Sengissen) is displayed in
Fig. 2.12: for this ame the computation must describe botling from the four methane jets with air
and combustion in the chamber. This experiment was desifpredES validation: the set up can be
meshed and computed entirely with LES. Another speci cityte Twente rig is that forcing is achieved
by modulating the fuel ow rate and not the air. LES resulteglict the mean ow eld with great accuracy
as well as the ame transfer function over a wide range of iftgcamplitudes [CFD62]. Unsteady wall
pressure elds measured in the LES have also been compatedwente measurements and shown good
agreement, allowing to predict the vibration intensiti€the chamber walls.
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Figure 2.12: Combustor C. Left: geometry: the whole shaded & meshed and computed. Right:
isosurfaces o¥cH 4 = 0:1 and isosurface of temperatufe= 1000 K.

2.3.4 Acoustic / combustion numerical tools (A. KaufmannL. Benoit, C. Sensiay
F. Nicoud , T. Poinso)

Acoustics play a key role in combustion and must be accouisteldoth experimentally and numerically.
To understand con ned ames, developing acoustic codedgsglthe wave equation in complex geometries
for reacting ows is therefore a necessary step. CERFAC®i&tbping such tools (PhDs of A. Kaufmann,
L. Benoit and C. Sensiau).

The rst tool called Soundtube provides the low-frequenopditudinal resonant modes in a network of
interconnected ducts with variable sections and tempersiturhe second tool is a full three-dimensional
Helmholtz solver (called AVSP) solving the Helmholtz eqoatin the frequency domain. It is coupled to
the LES code AVBP: they use the same grids; the mean temperatiad mass fraction elds required by
AVSP (to know the sound speed) and the ame transfer funqtioknow the acoustic / ame coupling, see
Section 2.3.3) are provided by AVBP.

Figure 2.13: Acoustic analysis in a gas turbine annular dleamLeft: typical geometry for one burner
Right: AVSP result for the 2nd annular mode (RMS pressureutusion walls).

As an example, Fig. 2.13 shows a geometry of a single gasttirner and the structure of the second
annular mode evidenced by AVSP in a full annular chamber @8tburners. These modes are often crucial
for the stability of the combustor.
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2.3.5 Acoustic / combustion theoretical tools (C. Martin A. Giaugue, F. Nicoud ,
T. Poinsot, M. Brear)

At the moment, predicting at the design stage whether a givanbustor will oscillate is still a challenge.
If and when it oscillates, measurements and computatiomgsimes give indications of the reasons of the
problem but it is usually too late. Being able to predict thehenomena requires the development of a
new approach in which LES and acoustics tools are coupledptht usage of LES and Helmholtz solvers
offers a new and powerful approach for such phenomena anthders exploited for various geometries
in the last two years. In a Siemens case [CFD4], AVBP and AV®Rewsed together to understand the
response of a chamber to forcing.
Section 2.3.4 has shown how acoustic codes were develope8RFACS. In parallel, new theoretical
tools must be built to analyze results: one approach is th fobproper ‘energies' to analyze the growth
of modes and to examine all terms in the budget of these eregrgstions. This method generalizes the
usual Rayleigh criterion and was exposed in 2005 in a thisatgtaper by Nicoud and Poinsot [CFD10]
following initial ideas proposed by B.T. Chu in 1965. Amon@ossible energies tested at CERFACS,
a classical choice is the acoustic eneegy(Poinsot Veynante, RT Edwards, Chapter 8) which follows a
budget equation given by:

@e 1

===s5r t) with e = = ou?+ Z—X, and s;=
at > (P1th) 120Ut 5 1
where the® subscript refers to mean quantities and thte acoustic values. If integrated over the whole
volumeV of the combustor bounded by the surfagit yields:

z z z

E e dVv = s dV P11 AdA (22)
dt v v A

wheren is the sugface normal vector. The surfageconsists of walls, inlet and outlet sections. The
RHS source term,, s;dV corresponds to the well-known Rayleigh criterign and is seerrce of the
oscillations. But there are other terms like acoustic uxesoutlets and inlets,, p;th:AdA which also
have a very strong effect on the instabilities: these terarsrot be measured experimentally and most
studies consider only the term they can quantify (the Rgiléérm) which is clearly just one part of the
problem [CFD50]. LES offers a new approach by giving accesaltterms of Eq. (2.2). In the PhD of C.
Martin [CFD50, CFD29], a full closure of the acoustic enesguation for a burner developed by Ecole
Centrale within the Fuelchief project was performed for tiseétime (AIAA J. 2006 in press). In the same
study LES was used to compute the self-excited unstable srafdbe device and AVSP was able to recover
these modes and to predict their occurrence. In 2005, Pr gaBiMelbourne Un.) has spent 5 months at
CERFACS to study energy equations for combustion stabilityis study should be continued in 2006 at
Stanford during the Summer Program.

o1

1 2
P Pt (21)

2.3.6 Ignition, quenching and ashback (Y. Sommerer G. Staffelbach M. Boileau,
T. Poinsof)

Unsteady combustion is a major eld of research for appiaad. Igniting a combustor is a central issue
for helicopter or aircraft engines. Predicting quenchingashback is another important issue during
transients. By improving mixing upstream of the combustadramber, many devices used to reduce
pollution by increasing mixing can also create the posgjbfbr the ames to propagate upstream of
their normal stabilization zone, thereby risking the destion of the injector or a part of it. Predicting
such phenomena is also a challenge for modelling becaus@gdashback, the ame regime changes
considerably from partially premixed to almost purely naemixed ames. CERFACS and EM2C Paris
have developed a joint experimental / numerical projectcivHead to the demonstration that LES can
indeed predict quenching and ashback in swirled burneessits were published in J. of Turb. [CFD20].
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Figure 2.14: Effects of pilot ame ow rate on ame stabilizian in Chamber C. When the pilot fuel ow
rate is not adequate (right picture), the ame lifts from ttentral hub and oscillates.

This study was extended to more complex cases in 2005: Hig.shows an example where the effects of
piloting on ame stabilization were studied in Chamber BgF2.10). For this burner, decreasing the fuel
ow rate going through the pilot injection (left picture taght picture) leads to a loss of stabilization which
is a major problem for operability.

Additional studies of ignition have been performed in hefiter engines for full con gurations (Section 2.5)
and in spark-ignited piston engines (Section 2.3.10). Resé¢ studies, the thickened ame model was
coupled to a spark model. At the same time, other models farksignition (based on ame surface
approaches) have also been coded by IFP in AVBP (PhD of SaRipHeading to similar results.

2.3.7 Multiburner computations (Y. Sommerer, M. Boileau, G. Staffelbach

Most academic studies of combustion in gas turbines ar@peed using a single gas turbine burner and
installing it into a laboratory combustion chamber. Howaeal gas turbines uskb to 24 burners installed

in the same annular chamber. In such situations couplingooeyr between burners: in regions where the
issuing ames from neighbouring burners meet, strong tleboe and heat release can take place and lead
to instabilities which cannot be observed in single burersgurations. In cooperation with Siemens PG
and DLR, within the EC project DESIRE, CERFACS is studyingharaber equiped with three burners
(PhD of G. Staffelbach). This LES has been performed forethmarners (5 million cells) and started for
the full machine (40 million cells: see Section 2.5). It i® tlargest computation ever performed with
combustion in such a geometry. It requires typically 64 t8 pbcessors to run ef ciently for the 3 burner
rig and it was performed with up to 5000 processors on thedgatbmetry on a BlueGene architecture.
Fig. 2.15 shows an instantaneous isosurface of temperature

2.3.8 Radiation, instability and pollutants (P. Schmitt T. Poinsof)

Nitric oxide formation in gas turbine combustion dependsfaur key factors: ame stabilisation, heat
transfer, fuel-air mixing and combustion instability. THesign of modern gas turbine burners requires
delicate compromises between fuel ef ciency, emission®xtles of nitrogen NOyx ) and combustion
stability. Burner designs allowing substantéOx reduction are often prone to combustion oscillations.
These oscillations also change tH®x elds. Being able to predict not only the main species eldan
burner but also the pollutant and the oscillation levelsa& ia major challenge for combustion modelling.

CERFACS ACTIVITY REPORT 17



COMBUSTION

Figure 2.15: Three-burner combustion chamber of DLR. |dase of temperature TEOOOK.

This must include a realistic treatment of unsteady acoystenomena (which create instabilities) but also
of heat transfer mechanisms (convection and radiationgfvbdntroINOyx generation.

In this study, LES was applied to a realistic gas turbine aastibn chamber con guration where pure
methane is injected through multiple holes in a cone-shéyeder. Mixing and combustion are handled
simultaneously using the DTF model and a two-step chematerse. Simulations have shown the impact
of cooling air and heat transfer on nitric oxide emissionsvall as the effects of combustion instability
on nitric oxide emissions. Additionally, the combustiorstability is analysed in detail, including the
evaluation of the terms in the acoustic energy equation l@ddienti cation of the mechanism driving the
oscillation. Fig. 2.16 shows the geometry of the burner arngpécal ow snapshot during combustion
instability displaying an isosurface of fuel mass fract{drL) (showing the methane jets) and an isosurface
of reaction rate (showing the ame position). This regimeresponds to a pulsating ame. The comparison
of the LES data with experiments is also good as shown in FigZ 2. Fluid Mech. 2006; paper under
revision).

2.3.9 Ramjet (Y. SommererL. Gicquel, A. Roux, T. Poinso)

Combustion instabilities are common in ramjet enginesy tan lead to vehicle damage and still remain
a dif cult problem to solve at the design stages. The LESsaafl CERFACS allow to investigate ame
dynamics and predict combustion instabilities for highdyrpressible ows as found in ramjet engines. The
research ramjet studied for MBDA is a two-inlet side-dummjet combustor experimentally investigated
by ONERA and the ight case corresponds to a high-altitudghti condition. Boundary conditions are
‘exact’' because the inlet is perfectly non-re ecting aneé thutlet is a choked nozzle. Fig. 2.18 shows the
complexity of the ame topology. Two distinct ames are ologed and stabilized by different processes:
the rst ame is located in the head-end and anchored by tleirealation zone due to jet impingement
while the second ame is located in the combustion chambelrfad by hot rich burned gases coming
from the head end and fresh gases directly coming from thintsikes. Comparisons between LES and
LDV elds are good both for mean and RMS elds. LES reveals ghirequency 'screech-like' mode
often observed in such side-dump con gurations. The fregyeobserved by LES matches exactly the
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Figure 2.16: LES of combustion in a staged burner.

Figure 2.17: Comparison of LES and experiment: mean axédl) (and radial (right) velocity elds on
transverse axis for various distances to inlet. Circlepegxnents (DLR), solid line: LES.

second transverse mode of the chamber predicted by AVSRestigg that this oscillation is probaly due
to thermo-acoustic resonances.

2.3.10 LES in piston engines (L. ThoboisO. Vermorel, T. Poinsof)

Another eld where LES is developing fast is ow in piston engs. Together with IFP, CERFACS has

extended its LES tools to piston engines. Two main direstibave been pursued: computing multiple
successive cycles and computing steady ow with LES througiies. Of course, being able to develop
high- delity computations on moving grids and managingdggisplacements in complex geometries were
the major dif culties in this task: AVBP was modi ed in deptb allow moving mesh computations and new
numerical techniques were required to handle these prabl&wlutions used now in AVBP are described
in a JCP paper published in 2005 [CFD9].

With this tool, for the rst time, CERFACS and IFP have proédcin 2005 a computation of all phases

of combustion in engines (intake, compression, combustimhexhaust) over multiple cycles with LES.
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Figure 2.18: Ramjet con guration and instantaneous vigatibn of the ame (white iso-surface). x-plane:
fuel mass fraction ; z-plane: pressure eld.

Results open a path which has never been followed beforesiigate cycle-to-cycle variations in engines.
Fig. 2.19 shows an example of the ame front position in anieagt the same crank angle for four
successive cycles. Obviously LES does capture variatietwsden cycles.

Figure 2.19: Fields of reaction rate (marking the ame piosi} in a plane normal to cylinder axis for four
cycles at the same crank angle: all cycles are different (Wil AVBP).

LES was also used to predict pressure losses and ow stricluring intake in a joint study with PSA and
Ford (Fig. 2.20). It was shown to be much more accurate thaN®fr this type of ow [CFD64, CFD21].
This con guration was run on CERFACS computers but was adsterd with a 20 million cell grid on a
BlueGene con guration (Section 2.5).

2.4 Advanced RANS tools for combustion

Despite the progress of LES, many industrial applicatioressdill easier to handle with classical RANS
(Reynolds Averaged Navier-Stokes) methods. CERFACS dpsehctivities in this eld along three

directions: (1) hybrid numerical methods for RANS combuostcodes, (2) coupling tools for shape and
regime optimization using RANS tools and (3) cross comparisf RANS and LES codes. RANS codes
can be used to initialize LES for example or in an integratesigh chain: this can be done ef ciently only
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Figure 2.20: LES of the ow eld in a steady bench fdrvalve engine tests.

if both approaches give suf ciently close results. Therefanderstanding the limits of RANS and LES is
important.

2.4.1 Hybrid numerical methods for RANS (V. Auffray, L. Gicquel, G. Puigt)

The RANS code used by SAFRAN for RANS computations is N3S4N#étlevelopped by INCKA-
SIMULOG). Itis routinely employed for the evaluation of thext generation of aeronautical gas turbines.
However, current N3S-Natur versions are limited to tridiagand tetrahedric cell topologies. In an effort
to reduce the associated computational cost when appliesidlomore complex geometries, CERFACS
participates in the development of advanced numericalreebeio handle various cell topologies. This
work constitutes the bulk work of the PhD dissertation oféved Auffray conducted in conjunction with
the INCKA specialists and under the supervision of the SARRfkoup. A strong link with the methods
used at CERFACS for LES in AVBP is favored for future interastbetween the two codes.

2.4.2 Shape and regime optimization for reacting ows (F. Dghaine L. Gicquel)

Present operating conditions of combustion chambers aentally dictated by mechanical limits of the
components located downstream of the chamber; the chanmesggndmust be tuned so as to satisfy pre-
requisites on the temperature pro le at the outlet of thenchar for example. The aim of this work
(performed within the EC project INTELLECT DM) is to apply tmmbustion, closed loop optimisation
methods already developed and validated in other eldsckaft, structures and antenna designs). The
coupling device PALM (develop within CERFACS by the Algonggis used to develop an optimisation
loop based on RANS calculations: N3S-Natur - SAFRAN's prdghn code. Suitable test con gurations
have already been evaluated to assess the automatic clbiheaoptimisation algorithms implemented at
CERFACS. Different cost functions and optimization methade available [CFD44] and 3D optimization
tests on real combustors are currently conducted.
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() (b)

Figure 2.21: Comparisons of (a) mean temperature and (b meal velocity obtained with N3S-Natur
and AVBP for an aircraft burner.

2.4.3 Comparison of RANS and LES (F Duchaine A.Roux, L.Gicquel,
T. Poinsof)

Comparing RANS and LES results on the same burner is an stbegeexercice. A direct comparison of

the time averaged solutions obtained with the two apprahelnel for the same con guration constitutes a
rst step toward the proper use of both methods by industigufe 2.21 presents solutions from RANS
and LES computations (N3S-Natur and AVBP respectivelypfomdustrial gas turbine of SAFRAN. Such

an assessment allows gauging of each approach when compittngtie experiment but also evidences the
necessity of a proper treatment if RANS is to be considerezhanitial solution for LES.

2.5 Software engineering

Developing and using large LES and DNS codes requires spefforts: the codes but also the associated
pre and post-processing tools required to prepare LES muh&gamine results make software engineering
a critical task at CERFACS. Multiple actions took place ia tast two years.

2.5.1 Source management (Y. Sommergr

AVBP is developed jointly by CERFACS and Institut FrancaisRktrole (IFP) and used by many European
institutions. Multiple laboratories also bring speci clsmodels to the code. The source management is
performed by CERFACS using CVS in order to manage this nsititis and multi-developers environment.
A software quality practice is established to minimize tlegelopment risks. Regular meetings take place
between IFP and CERFACS to de ne the versions evolutionso [Bwvels of non-regression test cases are
used:

CTEA (Automatic Elementary Test Cases) run on a weekly ldhsimg development,
QPF (Quality Program Form) performed for each new versioBrienine months).

Another speci ¢ benchmark is run frequently on various cangpional architectures to verify both single-
processor ef ciency and parallel performances. The AVBEBuwuoentation (User's Manual and Handbook)
evolves in parallel with the source code and is availabletlf@ users via a web site maintained by
CERFACS. This is a signi cant task for CERFACS: CTEA, QPFsl amformation management require
more tharb man years for the CFD team every year.

22 Jan. 2004 — Dec. 2005



COMPUTATIONAL FLUID DYNAMICS

2.5.2 Source optimisation (Y. SommererM. Garcia, G. Staffelbach

The previous sections have shown an increase of problemasd complexity of most LES at CERFACS.

Simultaneously, the new generation of super computersoihenpath for studies which were not possible
up to now, such as ignition sequences or complete annulaniodid computations. The recent evolution
of massively parallel clusters (up to thousands proceysensforces the importance of sustaining high
performance levels on thousands of processors:

CPU and Message passing: optimization, using the most mquterling tools, is done jointly with
the CERFACS Parallel algorithm team to use the most ef cld®l functions and minimize CPU
cost. This work is a key to reach linear speedups up to 500€egeDrS.

Domain decomposition: the algorithm used for domain deawsitipn controls the speed up for
massively parallel cases. AVBP is linked with the most madkrcomposition domain algorithms in
order to minimize the frontier interface between neighlmomains (i.e. minimize the point-to-point
communications).

2.5.3 Frontier computations (Y. Sommerer G. Staffelbach

CERFACS collaborations with computer companies and comgutenters allow to extend LES to

‘frontier' simulations, thereby testing these super cotepsi and anticipating the problems linked to very
large computations in terms of memory, parallelism andpwst-processing. Two application elds were
used in 2005 for these tests:

Piston engines

Full gas turbines (aeronautical and industrial)

Figure 2.22: LES of ignition in a helicopter gas turbine gsiets of hot gases. Computation with AVBP on
2048 processors (BlueGene con guration).

High-resolution LES of turbulent ows in Diesel intake pip€10 millions cells; 1024 processors) were
performed on an IBM eServer Blue Gene made available to CEFF-Ay IBM. test cases data were
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provided by PSA. In DI engines aerodynamics play a key rolee design of intake pipes is crucial,
requesting signi cant optimizations and especially witRIZ For such ows, classical turbulence methods
lack for accuracy: the revolution introduced by Large Ediy@ation (LES) methods in the last ten years,
allows now a precise computation of the ows but the size efiodels makes them impossible to be run
on most of the computers with classical architectures.

In 2005, AVBP was ported on a BlueGene machine and LES wasmunlagh-resolution mesh, in order
to compute a typical Diesel intake geometry (see Fig. 2.203tantaneous velocity elds exhibit many
structures on the valve jets and show that the high-resmUtES reveals ow features which were never
computed before.

Inthe eld of aeronautic gas turbines, a full combustionmier was computed with LES on BlueGene and
CINES computers (20 millions cells cases, 2048 proces®&isBG/L and 32 to 128 processors CINES
SGI 03800 in a joint CINES/CERFACS project). Computing caoistipn in a full combustion chamber
had long been out of reach of Computational Fluid Dynamidstolm 2005, AVBP was used on BlueGene
on high-resolution meshes, in order to compute ignition amde propagation in the combustor of an
helicopter turboshaft engine from Turbomeca (Safran groumthis geometry (Fig. 2.22), all fuel injectors
(18) and dilution jets (108) are included and a full ignitEegquence starting from two igniters is computed.
Industrial gas turbine (40 millions cells; 1000 to 5120 mesors IBM BG/L) were also computed as
test cases for massively parallel machines. For such tesbirecent CERFACS LES studies show the
importance of burner - burner interaction and azimuthaluatio modes to accurately predict the ame
stability. This requires full chamber computations withiairners (24 usually) and huge CPU capacities. A
Siemens PG con guration was run on IBM BlueGene/L (Thomassafa Research Center and Rochester
respectively 2d and 22th in the 26th top500 list) and lingereslup up to 5000 processors were measured
(Fig. 2.23). Typically, a speed up of 4078 on 4096 processassobtained.

5000 —

— lIdeal speedup
+ AVBP

4000 —

3000 —

Speedup

2000 —

1000 —

1000 2000 3000 4000 5000
Number of processors

Figure 2.23: Speed-ups obtained with AVBP on BlueGene (TdwWatson Research Center)

2.5.4 Collaboration with French national computing centes (CINES and CEA)
and computer companies (Y. Sommerer

CERFACS continues to collaborate with French national astimg centers CINES, IDRIS and CEA.
Because of their excellent parallel scalability, AVBP andTMIX are often used to benchmark machines
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for those three institutions in order to stress the whole gamation machine. In parallel, a joint effort
with constructors like IBM [1] or Cray as been done in 2005 paimize AVBP on speci ¢ processors and
interconnection networks: Power PC 440 - IBM BlueGene/L @ptieron - Cray XD1.

[1] IBM Red Book (Chapter 8.4) : http://www.redbooks.ibmne/abstracts/sg246686.html?Open
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3  Aerodynamics

The core activity of the AAM (Aerodynamic and Applied Mettg)deam is concentrated on developping
aerodynamics numerical tools that are in used either ingtighor in research laboratories. The close link
with research laboratories allows to rapidly transfer ambesl technologies to the industrial world. Most
of the effort is dedicated to improve the multibloc struetdisolver calle&lsA This solver is an ONERA
project which aims to gather aerodynamics methods anditiigms in an Object Oriented framewok. Due
to an of cial agreement with ONERA, CERFACS is involved iretelsAdevelopement since 2001. This
code is now daily used in an industrial environment such abusi and SNECMA, which implies that
the majority of developments is now dedicated to increasecttmputing performances (this activity is
described in Section 3.3 and Section 3.4).

BesideslsA the CERFACS has the opportunity to work with numerous atlsetvers either on structured
approach (in-house cartesian code: NTMIX) or unstructusads (TrioU from CEA, Tau from DLR,

AVBP from CERFACS). Such a diversity of tools enables to gtddferent applications ranging from
wake vortex to aerothermal simulation (work presented ictia 3.1).

During the past two years, CERFACS has started a new activitife eld of optimization (detailed in
Section 3.2). The work done can be splitted in two main braaclirstly, the construction of metamodel
for A/C design and interdisciplinary data exchange has lmseloped making use of POD, Kriging and
Neural Networks. Secondly, different optimization alglonmis have been evaluated in order to build an
ef cient optimization loop.

All the works describe in the following sections have beemealin collaboration with industrials such
as Airbus and SNECMA and also research centers among whidtER®A, DLR (through MIRACLE),
IRPHE, Paris VI and the university of Montpellier.

3.1 Modelling

3.1.1 Wake vortex simulation (L. Nybeler)

CERFACS has developed a strong expertise on the topic of wadtex dynamics, which is now widely
recognized in the scienti c community. Numerous studiesehbeen conducted investigating the stability
of different vortex systems by means of Direct Numerical @ations (DNS) or Large-Eddy Simulations
(LES). These studies are both a mean of characterizing the wfan aircraft in the near- eld and a way
to determine the decay in the far- eld, which is importanpiredicting the behaviour of the wake for large
transport aircraft. A PhD student at CERFACS investigatakeanortex dynamics through a collaboration
with Airbus -Deustchland and IMFT (Institute of Fluids Mexgtic of Toulouse). CERFACS is also active
in the framework of European programs such as AWIATOR (FPH)RAR-Wake (FP6).

CERFACS has been involved in studying the merging process@fo-rotating vortex, which governed
principally the wake vortex dynamic in the near- extendeld @ < x=B < 10). These co-rotating vortices
correspond to the vortices shed by the ap and the wing tipcdrtain cases depending on the Reynolds
number and the position of the vortices, the system may bgsuto the development of a very short
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wavelength/elliptic instability (; = O(rcore )) Which ampli es rapidly within the inner vortices. Thus,eh
merging process becomes unstable. The development dfiliptability is characterized by an oscillation
of the vortex core position. The vortices nally exchangeithvorticity and lose their structure coherence,
leading to the merging by a reorganization of turbulentcitices. The unstable merging process is faster
than the stable merging [CFD120]. Unstable and stable mgrmiechanisms have been analyzed using two
analytical vortex models, namely the Lamb-Oseen and thgulad/M2 model which describes better a
realistic vortex in the extended near- eld.

Figure 3.1: Isocontours of vorticity magnitugié-jj : the dynamic ow of the unstable merging with
Lamb-Oseen vortex model as initial condition. Left to right = t=(2 2P=)  1:95; 2:45; 3:25.

The phenomena caused by the generation and propagatioessiype waves in vortex cores have also been
investigated with DNS and LES approaches [CFD8]. The prafiag of pressure waves is responsible
for the generation of axial velocity, which under certaimdiions leads to the development of helical
instabilities and to an abrupt change of ow topology in thertex core. Involved dynamics may explain
vortex bursting and end-effects, which are phenomena wbdén smoke visualization of real aircraft wakes
as well as in small-sacle experiments that are not well wsided.

Numerous analyzes have been made of the interaction betareerhaust jet and trailing vortex in two
phases, the jet regime then the entrainment case.

3.1.2 Aerothermal Simulations
v2 f turbulence model simulations (A. Celi)

3.1.2.1 Improvement ofk

Durbin'sk "v?2 f turbulence model theoretical basis [1] consists in a cantitn of the turbulent
eddy viscosity in order to reproduce more accurately theatiehn of ; in the boundary layer. The model
contains three transport equations coupled with an algotee (forf ). At CERFACS, the activity began with
comparisons of turbulence models behaviors for severdiagtipns (including Durbin original turbulence
model) and lead to the implementation of a new variant of stk "v2 f turbulence model in elsA.
This model contains [CFD88]:

a new version of the realizability condition which is adapteom Durbin's one,
an extra source term dnequation for a better conditionning bfwall boundary condition,
a dissipation term fov? constructed from Sveningsson one.

This new version of Durbin's turbulence model was rst valtdd over a at plate [2] (Fig. 3.2) and lead to
interesting results for the computation of cold jets impirggon a hot wall [3], as shown on Fig. 3.3. This
work has been done in the framework of MAEVA project (‘Aeretinal Modelling of Fluids for Ventilaion
of Planes').
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Experiment (DeGraaff)
k-e-v 2 -f model (CERFACS variant)

251
20F

15F

Figure 3.2: Flat plate : non dimension velocity as functiéthe non dimension distance to the wall. The
experimental data and the test case are proposed in [2].

| TKE isocontours

k-ev>-f (CERFACS variant)

k-e Jones-Launder

300
. Experiment

k-e v>-f (CERFACS variant) H

mm—— k-e Jones Launder 200

Figure 3.3: Jet impinging on a plate: comparison of turbulinetic energy distribution for Durbin's

modi ed and Jones Launder turbulence models; Nusselt aiefit computed on the at plate and
experimental data.

[1] P. A. Durbin, (1991), Near-Wall Turbulence Closure Médg Without “Damping Functions”,
Theoretical and Computational Fluid Dynamj& 1-13.

[2] D.B. DeGraaff and J.K. Eaton, (2000), Reynolds-Numbealiag of the Flat-Plate Turbulent Boundary
Layer,Journal of Fluid MechanicsA22, 319-346.

[3] J. Baughn, A. Hechanova and X. Yan, (1991), An experime8tudy of Entrainment Effects on the
Heat Transfer from a Flat Surface to a Heated Circular Imipipglet, Journal of Heat Transfer113

28 Jan. 2004 — Dec. 2005



COMPUTATIONAL FLUID DYNAMICS

1023-1025.

3.1.2.2 Jetin cross ow (J.C. Jouhaudl

The 'Jet in Cross Flow' topic represents for CERFACS an atitie to strengthen the fundamental scienti c
aspectin the eld of turbulence modelling for aerothernmaplcations [CFD13]. More precisely, this topic
concerns here the development of a reliable simulationft@wdhe computation of industrial con gurations

which involves warm jets exhausting in cold cross- ows, iterbojet anti-ice exhaust ows. This type of

aerothermal ow is a major stake for AIRBUS France.

Figure 3.4: Square Jet in Cross-Flow Produced by a Scooparithg Temperature Field (Y=0 plane).

In the MAEVA framework (‘Aerothermal Modelling of Fluids foventilation of Planes'), our recent LES
computations with AVBP solver (see Fig. 3.4) have shown ttia$ appears like an ef cient tool for
aerothermal predictions [CFD102]. In fact, only these t/pé computations are able today to predict
very precisely the right thermal pro les (see Fig. 3.5) cargd to U-RANS methods, without an excessive
CPU cost (good turnover). In the future our objective cowdddndevelop hybrid LES/U-RANS methods in
a production code dedicated to AIRBUS aerothermal comjaurtst

3.1.2.3 Wall modeling for unsteady dilatable ows (A. Deves, F. Nicoud)

This research topic corresponds to A. Devesa's on-going ®PleBis that started at the end of 2003. It is
the result of a collaboration between three entities: CBa&,French Agency for Nuclear Energy based at
Grenoble (France), University Montpellier Il hosting Fadud (PhD advisor) and CERFACS. The objective
is to model accurately and reliably the uid / solid interimet in energetical industrial applications,g.
nuclear reactor safety, where strong temperature gragleist. For those ows, the correct prediction of
thermal uxes at the wall is a crucial problem, because malkgrcan be subject to contraction, to dilatation
and to ablation phenomena, leading to a possible destrudtidhis study, the CEA in-house Trid CFD
code is used, as well as Matlab. Crossed comparisons wetenrsgtically undertaken between the two
numerical approaches.

First, the study was limited to a steady state approach. tthgeclassical law-of-the-wall assumptions,
density changes in the boundary layer, virtually due torgjriemperature gradients were taken into account
in a new non-isothermal wall law. The analytic derivationtleis new wall function was deduced from
Van Driest's transform [1]. Implementation in Trid code was carried out and results showed signi cant
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Figure 3.5: Comparisons between LES, U-RANS and MAEVA Ekpent - Average Temperature Curves.

improvement compared to the standard law-of-the-wall dtagmic law for the velocity and Kader's
formula for the temperature) [CFD42].

The following step was to adopt an unsteady approach in tHema@deling, using a two-layer model,
namely the TBLE (Thin Boundary Layer Equation) model [2].€Tdoncept of this model lies on solving a
set of simpli ed equations in a one dimensional ne mesh edds between the rst off-wall point and the
wall. The work consisted in adapting this model, previousiidated in incompressible cases, to dilatable
uid cases and in implementing it into Trit software. At the end of 2005, the validation process wdls sti
under progress, but showed (Fig. 3.6) that, for steady gtasi-isothermal ow, the “dilatable version” of
the TBLE model recovered the standard law-of-the-wall,levii non-isothermal case, it behaved like the
non-isothermal wall function previously described [CFD42

20 T T T T 25
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Figure 3.6: Velocity pro les from TBLE model. Left: isotheral case, right: non-isothermal.
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Finally, the problem of unsteady effects in wall modelingswadressed. Even if two-layer models are
developed for unsteady turbulent ows, there must existiticat frequency beyond which the model can
not be used in an accurate way. To answer this question, atDitamerical Simulation (DNS) of turbulent
channel ow with 6 passive scalars submitted to a temporaling forcing term was set up.

[1] E.R. Van Driest, 1951, Turbulent boundary layers in coegsible uids, Journal of Aeronautical
Sciencesl§(3).

[2] E. Balaras, C. Benocci and U. Piomelli, (1996), Two-lagpproximate boundary conditions for Large-
Eddy SimulationsAIAA Journal 34(6), 1111-1119.

3.1.3 Detached eddy simulation

3.1.3.1 Detached Eddy Simulation withk ! turbulence model (J.-C. Jouhaud X. Toussaint, P.
Sagaut)

Since 2004, the aerodynamic team is involved in the devedoprof hybrid U-RANS/LES techniques for
complex aeronautical con gurations. In fact, these teghes when combined with wall functions and grid
strategies (automatic mesh re nement, non-coincidertrfate boundary conditions ...) could push further
away the actual limits of unsteady computations by optingizhe 'precision/cost computations' ratio.

Figure 3.7: Buffet phenomenon over the OAT15A airfoil - Viefithe mesh around the airfoil and zoom
on the non-coincident part.

Our rst subject of investigation has concerned the develept of a turbulence model that exploits the
concept of Detached Eddy Simulation (DES) [1]. More prdgjgbe formulation proposed by H. Bush and
M. Mani [2] with a primary inspiration from Strelets [3] hagén considered. In this formulation, the near
wall boundary layer predictive capabilities of the Wilckx ! turbulence model is combined with LES
behaviour for large scale separated regions of the ow. Thidone by comparing the length scales of the
turbulence with the resolved scales of the grid.

To evaluate this DES witk ! turbulence model, we have focused on aerodynamics bufféterigid
OAT15A airfoil that is characterised by a periodic motion tbe shock over the airfoil (see Fig. 3.7
and Fig. 3.8). In order to decrease the computational cdsts, strategies were considered: wall
functions and conservative non-coincident interface lblamn conditions [4]. This computation is still
under investigations.
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Figure 3.8: Buffet phenomenon over the OAT15A airfdl (= 0:15and = 3:4 deg) - Rising and
descendant phases of the pressure coef cient.

[1] P.R. Spalart, W.H. Jou, M. Strelets and S.R. Allmara89{), Comments on the Feasability of LES for
wings, and on a Hybrid RANS/LES Approachst AFOSR International Conference on DNS/LBSg.
4-8, Ruston, LA.

[2] R.H. Bush and M. Mani, (2001), A Two-Equation Large EddyeSs Model for High Sub-Grid Shear,
15th AIAA Computational Fluid Dynamics Conference, 11-1hd, AIAA paper 2001-2561Anaheim,
CA.

[3] M. Strelets, (2001), Detached Eddy Simulation of MaskiSeparated Flows. 39th AIAA Aerospace
Sciences Meeting and Exhibit, 8-11 Janu@yAA paper2001-0879, Reno, Nevada.

[4] A. Benkenida and J. Bohbot and J.-C. Jouhaud, (2002);hedtgrid and adaptive mesh re nement
strategies for Vorticies transport calculatidnternational Journal Numerical Methods in Fluids Dynasjic
40, 855-873.

3.1.3.2 Zonal Detached Eddy Simulation (J.-F. Boussug¥. Brunet, S. Deck)

In addition to the work done in section 3.1.3.1, the buffeepdmenon has been studied with a zonal
Detached Eddy Simulation approach based on the Spalarta#dls model [1]. The zonal approach
decouples the determination of LES zone from the mesh ctaistics. The user can de ne the RANS
and LES zones, so the attached boundary layer regions alieithxgreated in RANS mode regardless
of the grid resolution which avoids grid induced separafitis method has been implementecdeisAin
collaboration with the Applied Aerodynamics Departmermnir ONERA. Moreover, in order to optimize
the computational cost, a study has been done on time itii@grschemes. The Dual Time Stepping
technique and the GEAR scheme were evaluated in term of CBlboaa 2,5D supercritical airfoil. Both
schemes were able to capture the buffet phenomenon witligthefrequency and at the right experimental
angle. In term of CPU cost, the GEAR scheme appeared to beefiorent than the DTS.

[1] S. Deck, (2005), Numerical simulation of transonic letifbver a supercritical airfohlAA Journal Vol
43,No 7
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3.2 Optimization

3.2.1 Meta Models

Aerodynamic models are largely used in a lot of applicationa/C design and interdisciplinary process
(loads, MDO, Identi cation). In that context, CFD based amabdels are developed at Cerfacs making use
of Proper Orthogonal Decomposition (POD), Kriging and Nea Networks. These models are designed
to give quickly the main features of aerodynamic system aedvall adapted to interdisciplinary exchange.

3.2.1.1 Aerodynamic Metamodel using Proper Orthogonal Deamposition (POD) (J.-Ph. Boir)

The Proper Orthogonal Decomposition has been applied to @ €D computations in order to extract
global information and build a metamodel. According to oneaveral parameters (time for unsteady ows
or ight parameters for steady ows), a set of CFD computasaare performed, called snapshots. The
POD decomposition is applied to these snapshots, solvimgitienvalue problem of the auto-correlation
matrix. The proper modes of this problem are orthogonal auittitup the POD basis. The POD basis
could be understood as an optimal basis which contains mérenation than any other ones. Each mode
represents a characteristic of the set of snapshots. Feeadsturbulent ows, it represents the coherent
structures. With that basis, it is also possible to recawesill the snapshots and to extrapolate solutions for
a different set of parameters (metamodel). IntroduceduidBIMechanic by Lumley [1], the POD is mainly
applied on experimental data for unsteady ow analysisyvilleland al. [2]. More recent applications have
been done for numerical steady ows in Optimization, Buiafin and al [3].

CERFACS has developed a basic functioning POD module indPytrhis module has been applied to
the analysis of a turbulent ow in a combustion chamber ontuwrtsured meshes in collaboration with
the CERFACS Combustion-CFD team and in the reconstructfopressure distribution on a high lift
con guration in a polar computation context on multi-bloskuctured meshes (Fig. 3.9).

The quality of the POD-based metamodel is rst linked to tle®d choice of the snapshot distribution
(for steady problem). We aimed at putting forward systeasttiategies to achieve the optimal distribution
of CFD evaluation, using sampling methods and design ofraxgats. Another aspect is the use of an
ef cient interpolation process for the reconstructionsseich as linear and quadratic interpolation, Radial
Based Function (RBF) and Neuronal Network (NN). For the tatest topics, collaborations with the
CERFACS Algo team have started.

Figure 3.9: POD: Turbulent ow analysis in a combustion cliemgleft), data reconstruction of Cp (right).

[1] Lumley J., (1967), The structure of inhomogeneous tlebu ows, Atmospheric Turbulent and Radio
Wave Propagationl66-178.
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[2] Delville J., Ukeiley L.,Cordier L., Bonnet J. and Glaudd., (1999), Examination of large-scale
structures in a turbulent plane mixing layer. partl. propghogonal decompositionjournal of Fluid
Mechanics391, 92-122.

[3] Bui-Thanh T., Damodaran M. and Willcox K.,(2004), Aeyodimic Data Reconstruction and Inverse
Design using Proper Orthogonal DecompositidhAA Journal 42(8), 1505-1516.

3.2.1.2 Kriging surrogate-model (J.C. JouhaudM. Montagnac, J. Laurenceay P. Sagaut)

The term "Kriging” denotes a family of interpolation metrsodthere weighting coef cients are chosen to

minimize the variance of the error [1]. First applied in gegital analysis, it has been extended to many
elds of application, including agriculture, human geoghg, epidemiology, biostatistics or archelogy. The
Kriging method is a linear interpolation method that préslicalues at unknown locations (i.e. response
surface construction) from data observed at known locat{oantrol points).
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Figure 3.10: NACA (n,p,16) pro le - Sample points in the parameter space with twele of re nement
(left part) and corresponding isolines of the cost functioght part).

Recently, a Kriging method has been implementedKmmiging Computational Suitevhich is coupled with
elsA solver. This suite is divided in four stages :

1. De nition of the following data :

Range of variation of the uncertain parameters.
Sampling in the selected subspace for uncertain parameters

2. CFD Computations with elsA :
Realization of the simulations for each sampling point i timcertain parameter space.

3. Data Processing :
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Computations of the values taken at sampling points by thetion to be interpolated.
Creation of data les for Kriging method.

4. Kriging Method :

Reconstruction of thResponse Surface

Computation of théMlean Square Erroof Kriging method.
Visualization of theResponse Surface

Determination of the zone to be re ned in the uncertain pargmnspace.

5. Return to the rst stage.
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Figure 3.11: NACA (n,p,16) pro le - Robust solution of the shape optimization {ddine) compared to
symmetric shape (dashed line).

Firstly, Kriging computational suite was considered to pote the corrections needed to recover equivalent
free- ight conditions from wind-tunnel experiments. Ugirthis approach, optimal corrected values of
the free-stream Mach number and the angle of attack from ¢nepoessible turbulent ow around the
RAE2822 wing were computed [2]. It appeared that such a tomitews possible to compute optimal
corrections for wind-tunnel parameters.

Secondly, the computational suite has been applied to gee afsthe multidisciplinary shape optimization
of a 2D NACA airfoil [3]. The cost function is designed so thmtth the far- eld radiated noise and the
aerodynamic forces are controlled. In order to increaseeftoéency of the method, a dynamic Kriging
method has been developed, which can be interpreted as gotiveldMesh Re nement method in the
shape optimization parameters (see Fig. 3.10 and Fig..3.11)

[1] D. G. Krige, (1951), A Statistical Approach to some Badiine Valuations Problems on the
WitwatersrandJournal of Chemistry, Metal. and Mining Soc. of South Afr&2 119-139.

[2] J.C. Jouhaud, P. Sagaut and B. Labeyrie, (2006), A Kglkdpproach for CFD/Wind Tunnel Data
ComparionJournal of Fluids Engineeringn press.

[3] J.C. Jouhaud, P. Sagaut, M. Montagnac and J. Lauren¢2@0d5), A surrogate-model based multi-
disciplinary shape optimization method with applicatiorat2D subsonic airfoil, Submitted for publication
to Computers and Fluids

CERFACS ACTIVITY REPORT 35



AERODYNAMICS

Inputs

Elementary radial

basis functions

Figure 3.12: Representation of a radial basis neural n&twor

3.2.1.3 Neural networks (F. Blan}

Neural networks, based on a sampling, are widely used ingfeof statistics to automatically build models
descibing complex relations between inputs and outputs avibw computational cost. The basic principle
of neural networks is to create an approximation of a comfilexction by combining simple elementary
functions — callecheurons— through a network.

There's a lot of different structures of neural networkscledaving its own advantages and drawbacks.
Among these structures, thadial Basis Functions Netwd®FD83] has been chosen after comparative
tests, because of its simplicity and its robustnesfRafial Basis Functions Netwoi& based on a layer of
elementary radial functions. The output of each radialdfsiction depends on the distance between an
input data of the neural network and a list of elements calkrdterswhich are de ned for each elementary
function. Outputs of the neural network are computed usiwgighted sum of elementary output functions.

To create an approximation of a function, some parametetbeohetwork (number and type of radial
functions, position of their centers, coef cients of theigl#ed sum) have to be computed through a process
calledlearning of the neural network. A completely automatic learning ailipon has been created: given

a set of samples of a function, it builds a neural network Wiapproximates this function.

In order to reduce the cost of a genetic optimization praocesaral networks have been used to predict
airfoil aerodynamic coef cients (lift and drag). The nelreetwork inputs were 6 parameters de ning the
shape of the airfoil.

3.2.2 Optimization algorithms

Ef cient optimization algorithms are the key features tomage computational cost since each objective
evaluation called optimizer iterates is a cfd calculatiomstimes involving gradients computation. That is
why optimizer must be adapted to each type of optimizatimblgm: DOT or CONMIN when gradients
are available, trust region or pattern search for local igretdfree optimization, genetic algorithm for global
gradient-free optimization.

3.2.2.1 CONMIN/DOT (J. Laurenceay

DOT (Design Optimization Tools from Vanderplaats R&D) or BRIN (the free version) are the gradient-
based optimizers used to drive the adjoint method of elsAadliodr nding local minima in a constraigned
design space. The process, using discrete adjoint statesaduiations and quasi-Newton optimization
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Figure 3.13: Pareto front achieved by solving the multi otije problem : Optimizing an airfoil shape to
minimize its drag and maximize its lift

algorithm, is very ef cient and precise. These optimizems also able to compute gradients 'internally' by
nite differences.

3.2.2.2 Gradient-free local optimization (J. Laurenceai

When local minimum found by a quasi-Newton method is not §artig or gradient can not be computed by
an adjoint method, trust region (Cerfacs Algorithm Teamattern search (Sandia's AsynchronousParallel
Pattern Search) algorithms can be more suited. Despite higdier number of evaluations to achieve
convergence, these optimizers are less sensitives torfdoaha. Moreover, APPS is a parallel algorithm.

3.2.2.3 Genetic algorithms (F. Blang

During spring and summer 2005, some work on genetic algostthas been done to evaluate their
suitability for solving optimization problems in aerodynis. A multi objective genetic algorithm has
been used as a basis for these tests. This algorithm is antievobf the famous genetic algorithm GADO
[1] (Genetic Algorithm for Design Optimization). It has breeoupled with the software elsA to solve multi
objective problems. Experiments have been performed ostacéese which consists in the optimization
shape of an airfoil shape to maximize its lift and minimizedtag.

This test has shown that the genetic algorithm coupled With was able to nd the Pareto's front which
is the solution of this problem, see Fig. 3.13. But the corapomal cost of this optimization process was
too hight, even by using all possibilities offered by pahtomputation. It was then decided to test two
techniques to improve the computational ef ciency of thaetic algorithm: the use ofariable delity and
the use okurrogatefCFD83].

Variable delity : With this technique, elsA is not used to evaluate the paréorces of all designs.
Some performances are evaluated by a low cost and low dsbfyware. The technique key point
is the indicator that is needed to determine which softwanese for evaluating the performance of
a given design. For the airfoil test case, a singularity metivas used for the low delity method.
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Thevariable delity technique allowed to solve this optimization problem rdydhtimes faster than
with the original genetic algorithm.

Use of a surrogate The original genetic algorithm has been modi ed to solve tiptimization
problems by using a neural network to perform rapid evatuetiof the performances of some
designs. This new version of the genetic algorithm is abkutomatically build the neural network.
It can add samples to data base of the neural network to iseriéa accuracy when necessary.
This genetic algorithm enabled to solve the airfoil optiatian problem 2 times faster than with
the original one.

[1]Khaled Mohamed Rasheed, (1998gdo : A Genetic Algorithm For Continuous Design Optimiaati
PhD. thesis, New Brunswick.

3.3 Numerical aerodynamics

3.3.1 Numerical methods
3.3.1.1 Coupling turbulence and multigrid methods (J.-F. Bussuge

Initially, elsAwas developped for solving steady RANS equations with @abksonvergence acceleration
methods such as local time stepping and multigrid. HoweherJatter method was applied to mean ow
equation only which implies a convergence shift betweebul@#nce and mean ow. This shift

To correct this behaviour, a more ef cient implicit methodrcbe used on turbulence only (work desribed
in Section 3.3.1.2) or the FAS algorithm can be extendeddcs#t of turbulence equations.

A work has been done in that direction and ends up to a signt raprovement of the turbulence quantities
convergence without improving the convergence of mean @id. In fact, this technique appeared to be
usefull only when the mesh presents a very high degree obtasy in the direction perpendicular to the
ow. For such a con guration turbulent informations doestpoopagate easily and turbulence multigrid can
overcome this problem. More over, different behaviours lbeesn observed with respect to the turbulence
model. The one equation transport model from Spalart-Aliredeing the more robust.

3.3.1.2 Gauss Seidel line (F.d&rcher, M. Montagnac, C. Gacherieu, J.-F. Boussuge

In elsA software, the linear system coming from the time gné¢ion implicit method can be solved
by different techniques among which the Lower-Upper Symimeduccessive OverRelaxation (lussor)
method. In this method, the solution is updated point by {paiin a point Gauss-Seidel method. Many
other algorithms can be stated depending on the order inhapiicl points are updated. On an other
hand, convergence acceleration through a multigrid allgriis only triggered for the mean ow part of
equations. Therefore, the propagation of informationasvsir for turbulence equations that do not bene t
from the multigrid method. On top of that, industrial congions lead to complex meshes that include
most of the time huge anisotropic zones. In these part,chieet cells prevent a good convergence on
turbulence equations since information can not propagatiyeand quickly in the direction corresponding
to the smallest cell dimension.

In this context, a line lussor method has been implementedvalidated on several con gurations. The
principle of this method consists in using a line relaxatiohe direction of the smallest cell dimension.
For each line of points to be updated, a tridiagonal lineatesy has to be solved in the scalar lussor
version. In the matrix lussor version, the linear system barblock tridiagonal or pentadiagonal. In
industrial applications, it is too hard to de ne a uniquedesd direction and all directions are alternated in
the process.

Fig. 3.14 shows the convergence of global coef cients forA828 con guration at a Reynolds number
Re = 1:41CF, a Mach numbeM; = 0:8 and an angle of attack = 2:2. Turbulence is modeled by
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Spalart-Allmaras equations. The dotted line is the corameg of the line lussor applied on turbulence
equations only. The plain line is the convergence of theregiee computation.
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Figure 3.14: Convergence of lift (left) and drag (right) Eorents for an AS28 wing con guration.
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3.3.1.3 Preconditioning for low-speed ows (Y. Colin

Preconditioning techniques involve the alteration of timetderivatives used in time-marching CFD
methods with the objective of enhancing their convergemzkagccuracy. The original motivation for the
development of these techniques arose from the need to dergpuspeed compressible ows ef ciently.
At low Mach numbers, the performances of traditional timarahing algorithms suffer because of the wide
disparity that exists between the particle and acousticevspeeds. Preconditioning methods introduce
arti cial time-derivatives which alter the acoustic waves that they travel at speeds that are comparable
in magnitude to the particle waves. Thereby good converg@maracteristics may be obtained at all
speeds. One of the major problems concerning low-Mach piditioners is that they loose robustness in
the neighborhood of stagnation points or in boundary |d¢érs

The Weiss-Smith preconditioner[2] is theoretically thesnmbust preconditioner due to its eigenvector
structure[3] and it has been implemented and validatedsA.dBesides, it turns out that the low Mach
number preconditioning does not only improve the convergesf the system, but is also responsible for
maintaining accuracy at low speeds. Thus the Roe and Jansebemes have been modi ed to have a
correct conditioning of the arti cial dissipation termséto ensure reliable accuracy at all speeds.

[1] E. Turkel, (1999), Preconditioning Techniques in Cortgtional Fluid DynamicsAnnual Review in
Fluid Mechanics 31, 385-416.

[2] .M. Weiss and W.A. Smith, (1995), Preconditioning Applto Variable and Constant Density Flows,
AlAA Journal 33.

[3] D.L. Darmofal and P.J. Schmid, (1995), The importanceigénvectors for local preconditioning of the
Euler equationsAlAA paper AIAA-95-1655.
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3.3.2 Meshing technics
3.3.2.1 Nomatch boundary conditions (M. Montagnak

Grid generation is a crucial problem for the computation aihnplex aircraft con gurations using a body-
tted structured-block solver. A key point is the type of énface between two zones or grids used during
the geometry meshing. In case of one-to-one abutting orhiragdnterface, local re nements around the
geometry and ow regions of special interest (boundary tayestagnation lines, wakes) tend to spread
through the whole con guration domain even in zones whegslgats are expected to be weak. This can
lead to very large grids, especially for complex geomet@SRFACS has developed the ef cient technique
of conservative non coincident adjacent interface boundandition or mismatched abutting interfaces to
simplify the grid generation. Two domains must have a comanjacent interface, but grid points of both
interfaces do not have to be at the same location or cointidnd lines through the interface may be not
continuous. Therefore, this approach prevents mesh pioortsspreading from a block to others. Itis also
possible to mesh independently two parts of a geometry astdguabut the two resulting meshes to get
the whole mesh. This meshing technique has already beepringpited and validated in the elsA software
and Airbus fully exploits this numerical feature in its pradion environment. Nearly all their meshes now
includes non-matching interfaces. CERFACS now improveksapports this approach to still help Airbus
in decreasing simulation turn-around times.

The non coincident interface boundary condition is the e sliding mesh feature. This functionality
could be helpful in turbomachinery activities or in aerodgrics around advanced high-speed propellers
for aeroelastic analysis. The actuator disk boundary ¢mmdoften used to model a propeller can then be
replaced by the mesh of a propeller itself.

3.3.2.2 Compatibility of wall-laws with other numerical methods(J.-Ph. Boin)

Wall laws appear to be useful for global cost reduction ofhhRReynolds RANS computations. Their
use is more and more current in complex CFD con guration dreytare systematically associated with
other numerical methods and meshing technics. A validatiork has been done at CERFACS around the
wall law implementation in the elsA code [CFD87]. The testedl laws are Houdeville's ones based on an
apriori agglomeration of near-wall cells [1]. Compatibiés with low speed preconditioning, with Adaptive
Mesh Re nement and with no-match boundary conditions haentook into.

Low speed preconditioning have been already studied aridatatl for a 3D pro le in a wind tunnel,
ONERA test-case AG29. To use wall laws, a speci ¢ mesh istbtoin the ne low-Reynolds meshes
using Airbus France tooldamas, EDM and Quickview. The 24 rst cells are concatenated for wall
adjacent blocks. Comparisons are made with and without laal for local quantities, pressure and
friction coef cients. Wall laws run smoothly with the preaditioning even if some differences appear for
the friction coef cient.

Compatibility of wall laws with AMR has been tested on wingdy con guration AS28GWB. An
anisotropic AMR block is used on the extrados of the wing fataeee the shock. This test-case puts forward
some limitations of the elsA solver regarding to the use of AM parallel. Nevertheless these problems
are not related to the wall laws and results with and withoall faws are similar. During that work, no-
match boundary conditions have been tested. Indeed théokinoundary conditions have less limitations
both for mesh generation and for multi-processor companati

This study has been carried on with another test-case wady-and nacelle AS28@ICT. Here the no
match boundary conditions are strictly around the nacdfigure 3.15 shows the isocontours df in a
slice normal to the spanwise. The no match boundary aresepted with bold line. We have checked that
these boundary introduce few perturbations. For these thpproaches, the compatibility with wall laws
is guaranteed. Further studies should be done to valid el Wwith other numerical methods such as grid
sequencing, ALE formulation and Chimera.
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[1] E. Goncalves,(2001)mplantation et validation de lois de paroi dans un code Ma8tokesPhD thesis,
Ecole Nationale Sugrieure de I'Aeronautique et de I'Espace.

Figure 3.15: No match BC - Wall laws, isocontours &

3.3.2.3 Wall functions (S. Champagneux

It is well-known that turbulent ows computations for 3D ntidblocs con gurations need an important
effort, since global quantities such as distance to the, wadlre generally needed by the turbulence models.
In the framework of DTP Moeles de Donees Aerodynamiques (models for aerodynamic data) [CFD80],
and in order to decrease the numerical cost of turbulent 3Bpeations, the aerodynamic team has been
involved in the implementation and in the validation of a Mahction approach for Reynolds Averaged
Navier-Stokes (RANS) computations in elsA. The principlevall functions is to decrease the numerical
cost of the computations, replacing the classical nonkslimdary condition by more sophisticated relations
between the variables and their derivatives. The wall fioncinodel is coupled with the high-Reynolds
reduction of the turbulence models, which generally dogseed the distance to the wall. Contrarily to
classical implementations based on a large cell above tHeaua implementation is based on a ctitious
wall, translated from the real one. We choose this techrigoause it is easy to couple with computational
cost decreasing techniques, such as multigrid schemesyieimanethods to increase the precision of the
computation (Automatic Mesh Re nement -AMR- for instanc&ur formulation is only sensitive to one
parameter: the distance between real and ctitious walls.

In practice, there is no difference between the real wall #tnedcomputational one. To construct a mesh
adapted for wall function computations, we need the samé tog®logy as for low-Reynolds computations
(up to the wall). The formulation impact on the mesh generagippears only in the choice of the cell height
h for the rst row above the wall: we typically choose for wd#lws computations a non-dimensioned cell
heighth* such thath* ' 50. The mesh obtained is less re ned than for low-Reynolds aatamion and
contains abou20%cell fewer.

3.3.3 Applications
3.3.3.1 Fluid/Structure interactions (J. Delbové

The eld of aeroelasticity studies the interaction betwésrtial, elastic and aerodynamic forces acting on
a ight vehicle. Industrial partners make signi cant efferto introduce this eld in an early phase of the
design process in order to minimize costs and productioaydelCFD simulations play a major role in this
objective. This activity is often divided in two sub-domsirstatic and dynamic aeroelasticity.

The rst area of interest is the static uid-structure indetion. In steady ight condition, the shapes of
aircraft wings are deformed by the constraint of aerodymrdoads. CERFACS [CFD26], in collaboration
with Airbus, has developed an algorithm which, for a giverikglity matrix representing the wing structure
and for a set of ight conditions, computes the deformed wagipe and the uid ow. It implies that a

CERFACS ACTIVITY REPORT 41



AERODYNAMICS

robust mesh deformation algorithm must be available in el analytical deformation method coupled
with a trans nite interpolation method has been succefsfigveloped (see Fig. 3.16 for an example of
mesh deformation).

Figure 3.16: Wing bending of an AS28G con guration.

The second area of interest is the dynamic aeroelasticitlydarect industrial application is the utter
prediction. Flutter is a destructive uid-structure indéetion due to a transfer of energy from the uid to the
aircraft structure. Itis characterized by a growing ostitin which can lead to the destruction of the aircraft.
It can be predicted either with the use of unsteady aerodim@ds provided by unsteady simulations or
with a direct temporal uid structure simulation. CERFAC&shimproved numerical methods for unsteady
simulations in the elsA software to get reliable loads in hioear regions. These loads are then used by the
PK method [1] to predict the utter phenomena. Fig. 3.17 sh@agood agreement between utter results
obtained with the PK method and direct aeroelastic siniati However, the latter are too expensive to be
affordable in an industrial environment.

[1]1 C. A. Irwin and P. R. Guyett, (1965), The subcritical regpe and utter of a swept wing moddRoyal
Aircraft EstablishmentAugust 1965, Rept 65186, Farnborough, England, U.K.

3.3.3.2 Airintake computations (Y. Colin)

Nacelles design must ful Il geometrical constraints andiee requirements. One of the engine requirement
is focused notably on the homogeneity of the ow in front oétbompressor which is quanti ed by the
distortion levels of the total pressure in the fan plane.nBlan the ground with crosswind inlet ows is
a critical case for the nacelle: it occurs a subsonic or sgréc separation in the inlet depending on the
engine mass ow. The resulting heterogeneity of the ow magaunt for the outbreak of aerodynamic
instabilities of the fan blades. CERFACS, in collaboratigith Snecma, is working on the numerical
simulation of such crosswind inlet ows in order to predidsubrtion levels. This application is featured
by the cohabitation of incompressible and transsonic aaé@sy with turbulent stagnation areas on the
inlet lip. The numerical issue due to low Mach number crossivows may be solved by preconditioning
techniques and an accurate description of the separatipires turbulence model investigations. Figure
3.18 shows a preconditioned RANS computation on the Larelleaasing the Spalart-Allmaras model.
The crosswind speed is set to 35kt (corresponding to Macheusrof 0.05) and the engine mass ow rate
is about750kg:s 1. It turns out that the subsonic separation is pretty weldljmted by the model and gives
levels of distortion close to the experiment.
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Figure 3.17: Flutter boundary computed by the P-K method dirett aeroelastic simulations on a 2D
con guration.

(a) (b)

Figure 3.18: Preconditioned RANS Lara nacelle computati¢a) Mach and (b) total pressure isocontours

3.3.3.3 Dynamic derivatives of full Aircraft Con guration (J.-Ph. Boin)

The use of advanced CFD computation to determine aerodynf@aiures of a full aircraft con guration
has been carried on within the European program AWIATOR(HEBD109]. Prediction of full set of
aerodynamic coef cients including dynamic derivativesofsgreat interest for ight mechanics problems
such as stability, maneuverability and global behaviormoA&craft Con guration (A/C).

elsA-RANS computations have been done on full A340 gridéwiite fuselage and engine installation
(see Fig. 3.19). Results of-effect and pitching effect have been compared to wind tudata from our
project partner Airbus-EGAG. In order to deal with non-syetrit con gurations ( -effect), wall laws
have been used on 12 million nodes grid. As a conclusion,diiareced CFD has given good results since
viscosity effects are taken into account. The next stephvelto match ef cient wall laws with Arbitrary
Lagrangian Eulerian (ALE) formulation and to take advametagFull Multi-Grid Sequencing (FMG).
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Figure 3.19: A340 A/C: Flight Mechanics axis de nition (tgaind pressure distribution,=2 (right).

Figure 3.20: Mesh of a low noise exhaust nozzle

3.3.3.4 VITAL project (F. Blanc)

VITAL project is an European project which began at the bewig of 2005. The goal is to reduce
commercial aircraft engines noise and emissions. UsindRthES software elsA, CERFACS is involved

in the computation of several jets on different complex aprations of bypass jet engine nozzles.

Among the challenges raised by the computations, one is sieel required to precisely compute jets
(more than 11 millions of cells), see Fig. 3.20. In order tardase the numerical cost, we rst extract
coarser meshes from the original one and compute the ow erctiarser mesh using multi-grid technique,
and then, we use the solution obtained on the coarse mesthi&tiza the ow on the re ned one. This

is what we call the~ull Multi-Grid Technique Thanks to this technique, high convergence levels can be
achieved at a low numerical cost. VITAL project is an oppnityito use elsA on new and realistic industrial
con gurations.

3.4 Software engineering

3.4.1 Management and Support (M. MontagnagcJ.-F. BoussugeS. Champagneux

CERFACS industrial partners require not only performamekability and robustness of softwares but also
high turnaround time response in the software developmertegs. Furthermore, CERFACS researchers
also ask for code simplicity and clearness as well as for &ljpitunable and scalable code. As a
consequence, software management and code engineeringpare of the primary importance both in
a research and an industrial working environment.
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Figure 3.21: Evolutions of CPU time.

Therefore, the aerodynamics group takes in charge a lot @i swtivities mainly in the ONERA elsA
software. This software is jointly developed by ONERA andREFRACS but is deployed in many european
research and industrial partners. It comes along with ghaies to enhance productivity in a multi-user and
multi-platform environment: cvs management tools, sofenguality program, documentation, unitary test
cases, non regression and validation databases, traieasipss.

Common works include checkings of new version compliancth hie non regression and validation
databases, integration of new developments in the cvsitepgsontributions to debugging and to quality
reviews and the writing of user's and developer's guidesthedretical manuals.

Portability tests, optimization and benchmarking actiaresalso frequent activities to ensure the reliability
and the ef ciency of the code on many different computer fplaths, and to enable smooth transitions
whenever industrial partners renew their computing faesi

Finally, the installation at CERFACS by the team membershef industrial environment delivered by
Airbus leads to a real synergy between the two partners.

3.4.2 Code performance (J. Tournier M. Montagnac)

The performance improvement of the elsA software has beémportant objective. In the current project,
a reorganization of the memory management on the entire wadecarried out. The results are exposed
on Fig. 3.21. This gure presents the evolution of the CPU&ifi-coordinate) and the number of cells per
direction (X-coordinate) for the study of isotropic blocks

This modi cation of the code completely removes the peak€BfJ time for the two computers with the
Dec Alpha processor and the Opteron processor. On the otimel, the behavior is different away from
the peaks. With the Dec Alpha processor, a CPU time increb2@% is noted between the elsA reference
version (NO SWAP) and the elsa modi ed version (SWAP). Whie Opteron processor, an improvement
of 5% to 30% is obtained.
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This difference comes from the better memory managemen&s? Blpha compiler in version NOSWAP
than in version SWAP. For example, vectorization cannotdrdexd out in version SWAP. This remark does
not apply to the pgi compiler on the Opteron machine.

A second test-case was studied on the S3Ch con gurationgvgplon+nacelle). On this case, the DEC
Alpha processors provide an improvement of the performdnycg%. An improvement of 17% with the
Opteron processors is obtained.

These results are very dependent on the architecture ofotim@wating platform. The positive point is the
removal of CPU time peaks, which remains desirable, butrettezhniques such as padding are possible.
In conclusion, it appears dif cult to state de nitively omé need for applying this memory reorganization
in the elsA software.

3.4.3 Software architecture (M. Montagna¢ J.-P.Boin,  J.-F. Boussuge
S. Champagneux

As co-developer of the elsA software, CERFACS maintainsrestamt effort to ensure its improvement and
evolution. Indeed, many speci c actions have been condutisugh projects to enhance, upgrade and
provide new numerical features and methods. These aetvdtie described all along section 3.3.

In an industrial context, the aerodynamic numerical simoita tool is only a component in a
whole multidisciplinary design and data process that idetimany different tools as post-processing,
visualization, mesh generator, mesh deformation... Airbas de ned a proprietary common software
architecture for its numerical simulation needs. This ownsalation system should fulll many
requirements as performing fully parallel simulations aenarios in a reliable and ef cient way with
a high-level of automation. With this approach, it wouldcaénable to couple solvers to perform multi-
physics simulations. A common data manager implementedrigdge Python will held all information
concerning the simulation and will dispatch them to thiedtp tools.

In this topic, CERFACS cooperates with ONERA to write speeiions in order to adapt the elsA software
to this new ow simulation architecture. With these speditons, the common data manager could provide
the uid solver with the correct information needed by the&interface.

CERFACS is also involved in a project that aims at buildingoanponent-oriented version of the elsA
software. Indeed, many numerical functionalities codetthis solver are independent of the Navier-Stokes
solver itself. By example, some grid deformation algorithare implemented but they could be used by
other solvers if they were available through a public irded. Other examples include computation of
connectivity coef cients in chimera method or for non alndt adjacent zonal boundaries and distance
calculation. The major work consists then in analyzing tifeent parts of the software that can be
gathered and redesign the elsA architecture to form coharahindependent components usable by other
solvers or tools.

The previous task was partly begun through an ONERA-DLRataltation in which CERFACS was invited
to participate. The goal was to introduce a common shared between the elsA software and the TAU
code.

Lastly, the increasing availability of massively paralgbcessing systems with relatively small memory
for each processor leads CERFACS to be particularly invibimehe reduction of the elsa software memory
requirement. Indeed, this software handles really memutgnisive applications and must run on a broad
range of computer systems. Therefore, refactoring workitees initiated to decrease memory storage in
the software.

3.4.4 Parallelism (M. Montagnag

On multi-processor computer architectures with shared argrSMP), two main parallel programming
models are available to increase the parallel performahaeode: OpenMP and MPI.

46 Jan. 2004 — Dec. 2005



COMPUTATIONAL FLUID DYNAMICS

OpenMP provides a simple and exible interface for devetgpparallel applications. In collaboration with
the CERFACS "Parallel Algorithms” team, a strategy has belaborated to parallelize elsA ef ciently
with OpenMP. It has been implemented on some of the most @R&Jdonsuming functions of the elsA
software, especially the implicit time integration methdglven if performances obtained could not reach
a perfect speedup, this approach is still worth considesinge it could avoid an extensive mesh splitting
that could degrade convergence and robustness of congngati

Using the MPI message passing library needs a deeper kngavtefidhe code than with OpenMP but it is
also often more ef cient. To adapt the code to run on masgipakallel processing systems, CERFACS
has proposed to ONERA some technical solutions that neeé implemented in order to increase the
scalability of the elsA software. Consequently, some deséfactorings are under investigations in order
to reduce the number of synchronous communications andzb@tmessages to decrease signi cantly the
data traf c over the communication network. The use of asynnous communications and the reduction
of collective parallel operations should also be promigimgvoid processor idle time.

These high performance computing activities are carrietl waith the CERFACS internal computing
facilities but also with external computing resources ggestomputers from the French national centers
CINES and CCRT.
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