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Abstract

The elsA CFD software developed at ONERA is bodoftware package capitalizing the innovative
results of research over time and a multi-purposé for applied CFD and for multi-physics. elsA is
used intensively by the Safran and Airbus grougs @NERA, as well as other industrial groups and
research partners. This paper presents the maabititips of elsA and recent numerical simulations
using elsA for a wide range of challenging aeroitawtpplications. The simulations address
aerodynamics computations as well as aero-struetteaeroacoustics ones. Each simulation enables
to underline differentiating modelling and numeliocgthods implemented within elsA and shows that
this software has reached a very high level of nitgtand reliability.

Nomenclature

CFD Computational Fluid Dynamics

elsA ensemble Logiciel de Simulation en Aérodynareiq
UHB/UHBR Ultra-High Bypass/Ultra-High Bypass Ratio

CROR contra rotating open rotor

(U)RANS (unsteady) Reynolds Averaged Navier-Stokes
EARSM/DRSM Explicit Algebraic/Differential Reynoldstress Model
(2)DES/LES (Zonal) Detached/Large Eddy Simulation

DNS Direct Numerical Simulation

00 Object-Oriented

MFA Multiple Frequency phase-lagged Approach

1. Introduction

Advanced CFD is one key differentiating factor fdesigning efficient transportation systems. Accyrand
efficiency are crucial for aeronautical manufactsr® optimize the design of their products so thatlimit of the
aircraft flight envelopes is extended. Accurate estolst numerical simulation capabilities are esakto take into
account complex phenomena involved in flow physiosl to simulate real complex geometries encountered
aeronautics. Numerical methods have to meet thetaotly rising requirements in terms of efficieriayorder to
reduce the response time for complex simulations.

To this end, the Airbus and Safran groups use th& H] software (ONERA-Airbus-Safran property),naulti-
purpose tool for applied CFD and multi-physics.ded, while it is rather unusual for a CFD softwpaekage to
deal both with external flows around aircrafts elitbpters and with internal flows in turbomachineglsA is today
used as a reliable tool by Airbus for transportraift configurations [2][3] and helicopter applicats [4][5], by
Safran for turbomachinery flow simulations [6][Among other industrial users, let us mention MBI Missile
configurations and Electricité de France for stéarhine applications [8][9].

The high levels of accuracy and reliability reqdifeoday in aeronautic design are obtained througty lterm
expertise and innovative research present at ONERYarious areas: physical modelling, algorithmsmerical
methods, software efficiency on rapidly evolvingdware and validation and verification of aerodyieanresults
by comparison with detailed experimental data. &lsé\ software benefits directly from the abovewedl as from
multiple skills of many of its research partnersnéng them the followings establishments have gpeied or
participate to its development and validation mainl the following indicated areas: Cerfacs fordi#s dealing in
particular with numerical methods [10][11][12][13jhd CPU efficiency [14] LMFA and LTDS labs of Ecole
Centrale de Lyon [15][16][17] for turbomachinerypdipations and special interests in acoustics aibdations,
Cenaero (Belgium) [18][19], the Von Karman Inst@#uf20] and ISAE institute [21] for turbomachineripw
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simulation, the Dynfluid lab (Arts et Métiers Pdarexh) for high accuracy numerical schemes [22],Itis¢itute of
Technology Antoine de Saint-Exupéry [23] and thdftDéniversity of Technology [24] for design optigdtions.

Among topics of prime importance when using CFa asol in aircraft, helicopter and turbomachineigie®ne can
mention the ability to handle the complexity of ti@ometries and the unsteadiness of the flows)dbd to properly
model the turbulence and accurately compute thetoof laminar-turbulent transition, the requiremenfithigh
fidelity simulations for instance to master acoustisues, as well as the capability to computehilyb-fidelity
aeroelastic behaviour of aircraft and turbomachireesl the deformations occurring under loads. Hemean
illustration of these different themes and thegoasated context is provided.

As for complex configurations, let us cite four exges. The assessment of the aerodynamics perfeemaina
complete cruise aircraft configuration and spegittile prediction of the drag is very challengingieOneeds to be
able to compute with high accuracy the flow arogedmetries containing wings, body, nacelles andrsyl and
horizontal and vertical tails. This requires acteiraumerical methods and the ability to deal witiptssticated
meshes. In turbomachinery experimental and nunlesicalies have shown that taking into account géncaé
components such as casing treatments, grooveg blat$, cooling holes or gaps separating fixedratating walls
can have a crucial impact on the performance oftgdmsnes. Therefore it is important for aeroengisigners to
simulate more and more accurately the very compleametries encountered on industrial turbomachimes
integrating in the design process these geometdoaiponents, at a reasonable cost. In today’s kb an
increased focus on fuel efficiency and environmieimb@act, UHBR engines become an interesting opkiohthe
resulting size of the nacelles pose challengeseimg of installation on the airframe and impact arerall
performance. Aircraft manufacturers have to prgpand efficiently compute engine integrated wingfigurations.
Rotorcraft are by nature complex machines, andRIREER, the Airbus Helicopters high-speed demonstradith
its lateral rotors also defined as propellers, hog anti-torque in hover and thrust in cruisglfli is no exception to
the rule. Several strategies and levels of numiefidelity can be used to model the RACER propeitestallation
effects.

Besides, the turbulence modelling influences storige prediction of the secondary and leakage dlaw
turbomachinery. Yet the search of the highest iefficy and largest stable operating range of a tuduhinery for a
given stagnation pressure ratio are design obgstior high pressure compressors and those qesndite directly
and strongly impacted by the secondary and leakage occurring in the blade passage such as caegdration
or stall and tip leakage flows. The laminar-turlmleransition modelling is also of prime importan€®r instance,
accurate computation of transport aircraft dragrailty relies on natural laminar-turbulent transitiprediction
capabilities. So it is necessary to exploit acautednsition prediction techniques compatible v@fRD. Of course
unsteadiness must also be addressed in the desigaesp. The relative motion between adjacent ratakr stator
blade rows present in turbomachinery configuratigines rise to a wide range of unsteady flow meidms such as
wake interactions, potential effects, hot streafgrations, shock wave propagations, or unsteadyitianal flows.
All these phenomena can have a crucial impact emp#nformance of gas turbines and cannot be capaaeurately
with a steady mixing-plane approach since the @megatreatment at the rotor/stator interface fitatl unsteady
effects. Specific unsteady techniques exist fdodorachinery computations. Unsteadiness is not duéyto motion
between bodies or variable boundary conditionsibuntrinsic to the turbulent nature of compressifibws. So
depending on the problem one has to solve, theeadstess of turbulence must be taken into accdiuistthe case
for instance for a jet noise study. One needs Ip @g robust and accurate unsteady approachesrolate the
turbulent mechanisms which generate noise. Indhdd and aeroelastic fields, specific gust respansensidered
as one of the most important loads encounteredrbgiraft so that it is crucial to compute the Hiigelity
aeroelastic gust response for a large range ditfligpints and mass configurations and for differenitical gust
shapes than an aircraft must withstand. Taking &etmunt of the real manufactured blade shapeeiintrestigation
of the blade deformations due to centrifugal foraed aerodynamic loads during the flight is key doraccurate
prediction of CROR performances for instance. IghHift and especially landing conditions, massifiew
separation might occur on aircraft wings and beaeasible for dramatic wing stall and associateddi$s. It is thus
important to be able to predict this phenomenomwels as to compute the resulting flows when usiotiva flow
control systems for determining relevant locatiand settings of these devices. In the helicopédd fidynamic stall
is a highly complex phenomenon characterized byeady massive separated flow. It limits the flightvelope of
helicopters by generating vibrations and large dyinaloads which can lead to fatigue and structfadlure of
blades. Dynamic stall is one of the most studieénpimena experienced by helicopter rotors and resmain
challenging issue for numerical simulation sincewiolves several mechanisms which are not wellessttod and
difficult to predict.

This paper intends to demonstrate that the elsfwsoé contains accurate and robust numerical andeltiog
features to address all these topics. The mainbilitiees of elsA [1] are recalled in section 2. 8en 3 highlights
recent numerical studies performed at ONERA foridewange of challenging aerodynamics applicatidingse are
classified in five paragraphs. Paragraph 3.2 iasteel to applications needing different meshingtegias, the next
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one deals with turbulence and transition modeliing the following paragraph applies to unsteadwdleither due
to relative motion or due to turbulence propertlearagraph 3.5 provides examples of elsA aeroelestnputations
and the following one illustrates the ability ofAlto deal with stall phenomenon. Finally perspegiand current
work of prime importance is quickly presented intgm 4.

2. General description of the elsA CFD software

For about 20 years, the elsA software is simultaskoa basis for CFD research, a software packaggatdizing on
the innovative results of research over time, & a&flowing investigation and understanding of flghysics, and a
multipurpose tool for applied CFD and multi-physjg}{32]. The range of aerospace applications cedday elsA is
very wide: aircraft [33][30], helicopters [34], ttilotors [35], turbomachinery [6][36], wind turbisg37], missiles,
unmanned aerial vehicles, launchers... For turbomachj all types of multi-stage axial, radial or emikflow
configurations are addressed: compressors [25RZ][turbines [28], fans [29][7], propellers or ¢m@rotating
rotors [31].

First, let us recall the main features of the etslti-application CFD simulation software. This tedire deals with
internal and external aerodynamics from the lowssuix to the high supersonic flow regime and retiesthe
solving of the compressible 3-D Navier-Stokes eiguat

elsA allows for the simulation of the flow aroundwng deformable bodies in absolute or relativeniea. A large
variety of turbulence models from eddy viscosityfub DRSM are implemented for the RANS equatioB88][39].
We can mention numerous one- or two-equation termé models (Spalart-Allmaras,okand ke families, k-
Smith models...), more advanced ones, such as theddy viscosity EARSM [39] and several versions tfoe
DRSM, as well as the SAS approach which is availabl elsA for ke and DRSM models [40][27]. Various
laminar-turbulent transition modelling exist in &l address natural or by-pass transition [38f @pproaches that
have initially been implemented rely either on lomanon-local criteria, or on solving additionahmsport equations
as the Menter-Langtry [41][42]. Then developmenmtsuad criteria have enabled the increase of thehMmain
application [43] and also a huge simplification fibvre user (criteria transition model written undeansport
equations formalism). As for the Menter-Langtry rabdseveral correlation functions are availablduded some
developed at ONERA [44] and taking into accountgifmess is now possible [28]. A database approachédiural
transition prediction [45] also called Parabolamoet, as well as a new laminar kinetic energy m#g] for bypass
transition have also been implemented and testetbf Various approaches for DES [47][48][30] atilS are also
available.

Complex geometrical configurations may be handlaihgi highly flexible techniques involving multi-tdk
structured body-fitted meshes: these techniqudsdecpatched grid and overset capabilities (Chintecanique)
[49][50][51][33][36]. From this initial multi-blockstructured meshing paradigm, elsA has evolved tdvaaquite
complete multiple gridding paradigm including thleedl use of unstructured grids [52][25] in someck of a
multi-block configuration, as well as adaptive @aran grids [49][50][53].

The system of equations is solved using a celleredtfinite-volume method. Space discretizatioreseds include
classical second order centered or upwind schemeésigher order schemes. The mostly used integraifathe
semi-discrete equations relies on a backward Hafdmique with implicit schemes solved by robust lelaxation
methods. The convergence is accelerated by thefusaltigrid techniques for steady flows. The ingitiDual Time
Stepping method or the Gear scheme is employetinier accurate computations. elsA also includeseanedastic
subsystem [54][31] which gives access in a unifi@dnulation to various types of aeroelastic simolas. The
simulation types range from non-linear and lineadiharmonic forced motion computations, to statigpting and
consistent dynamic coupling simulations in the tdeenain, with different levels of structural modied (“reduced
flexibility matrix” for static coupling, modal appach, or full finite element structural model). TalsA software
offers also a framework for optimization designrik& to its optimization module for the calculatioihsensitivities
by linearized equation solution or by adjoint solkechniques [55][56][3][23][24].

The elsA platform refers to elsA solver and sevpraland post-processing Python modules, such ssidpee [51],
used in particular for transforming input data, @rimera pre-processing, post-processing... elsfaset on an OO
design method and is coded in three programmingulages: C++ as the main language for implementiegQO
design, Fortran for implementing time-costly sciimtcomputation methods, and the Python interpte@O
language for the user interface. The CGNS/Pythopping of the CGNS/SIDS is used for interoperabibityd
coupling with elsA. The software has been portedhtist HPC platforms, achieving good CPU efficiencyboth
scalar multi-core computers and vector computets [1

A list of more than 130 references based on elsA peer-reviewed journals is available at
http://elsa.onera.fr/publications.html .
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3. Recent challenging studies
3.1 Preambule

The reader must refer to the main references nradiin each following subsection in order to obtaiore details
on the computed configurations, the meshing andenigal steps, as well as a deeper interpretatidgheofesults and
their comparison to experiments when appropristéhé current paper, only main conclusions areipgeal

3.2 Different meshing strategies in elsA software

Chimera technique for drag analyses of the Common &earch Model Airliner in DPW-6
The paper [57] describes the CFD studies carri¢edo@NERA with elsA in the framework of the SiAhAA Drag
Prediction Workshop. Different configurations ofthvell-known Common Research Model have been used t
perform drag analyses and increment assessmemstiiittured overset grids provided by The Boeingigany to
the DPW community have been preprocessed withrtHeuse software Cassiopée [51]: CGNS conversielh, ¢
blanking, and overlapping issues have been hartgéate running these grids with the RANS solveAe&sid the
ONERA far-field code ffd72. Contrary to the origif@RM configuration used in DPW-5, the wing shapenow
based on wind-tunnel aeroelastic measurementsudghra grid convergence process, a four-count dreggment
between new and former wing—body geometries has eantified, which is very consistent with pre\sdONERA
results. Then, a CRM configuration including a tigbflow nacelle—pylon installation has been comguthe
corresponding drag increment of about 22 counits Vvery close agreement with NASA's experimentabd&inally,
horizontal and vertical tails have been added & wing—body—nacelle—pylon geometry so that the dagramic
performance of such a complete cruise configurateombe assessed.

{

@

Figure 1: Complete configuration; Ma=0.85, Re= 5 millioasd CL=0.5; pressure field on suction side.

Hybrid structured/non structured grid strategy for the modelling of technological effects on a

multi-row film-cooled turbine blade
As already mentioned technological effects presemtirbomachinery configurations must be taken etaount in
numerical computations. Such geometrical detahsracterized by their small dimension, can be adehe with
elsA with a multi-block structured approach usirge tChimera technique which offers flexibility inethgrid
generation. Yet the main drawback of the Chimerahotk is that it induces local conservation losseading to
uncertainties on the evaluation of the massflowcilis a key parameter in turbomachinery applicatidtaper [25]
deals with an alternative grid approach, basedhenuse of hybrid structured/non structured gridse Tain
principle of the grid approach is to mix within themputational domain structured and non structaetes which
are connected with conformal matching frontiereider to be conservative. Both structured and uositred grids
are generated separately (precision and efficidocythe structured part, flexibility for the mespirof complex
geometries with unstructured elements). Two comptaxfigurations are studied. The first case is #imaw film-
cooled nozzle guide vane, and the second is astagé compressor configuration including labyrisghls.

The application is a film-cooled turbine nozzle dgii(Figure 2 -left). This highly film cooled NGVpmposed of
113 holes distributed along 10 rows, is represemtaif an advanced industrial turbine blade. Th&@ha approach
has already been used on this configuration [36]thie current work one investigates the hybrid gtichtegy
illustrated on Figure 2 (right). It allows for thmeshing of the cooling holes with unstructured @ets, keeping
structured elements in the main channel flow.

II
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Figure 2: 3D view of the EPFL configuration (leftHybrid grid (right)

Such grid strategy enables to simulate the filmliogointeraction between the main channel flow dimel cooling
flow as illustrated hereafter. Figure 3 (left) repents a mid-span view of the Mach number disidbuts expected
the main flow is deviated and accelerates withim lozzle guide vane passage. The total temperfdloeon the
blade and on a mid-span slice represented in FiGu eenter) exhibits qualitative satisfactory bebavthe
convection of the coolant flow leaking on the blaslgface and then in the blade channel. The walt tansfer
coefficient values can be computed and comparedadable experimental data. Figure 3 (right) repres the heat
transfer distribution obtained using three turbokemodels: Spalart-Allmaras, (k-I) of Smith, ame) of Wilcox
for the experimental point corresponding to andtgd coolant mass flow of 10.33 g/s. One can noti
qualitatively the computations reproduce a sattsfgcagreement with the experimental results.

FPFL comiguraion - (0., - 10.33 g'si

f

< E
\m\\\ s
Figure 3: Mach number distribution at mid-spantjlefTotal temperature field on the blade and onidgspan slice
(center) - Heat transfer distribution (right)

O O

Let's mention that the hybrid approach develope@lgA is not restricted to the use of meshes withtruictured
grids confined in small zones. The hybrid meshloageneral.

Body-Forces and Actuator Disk approaches comparedot full 360° computation for fan

performance in short intake nacelle
The aim of this numerical study [29] is to demoatgrthat elsA is able to assess the strong aerodgnateractions
between the secondary fan/OGV stage with the aimgr@&ngine integration system and to determinet#ki/fan
interactions prevent the use of simplified methatitch are available in the software. This study Ibe@sn conducted
in the frame of the European ASPIRE project (inadmdration with Airbus, DLR and NLR).
Several numerical methods have been tested. Thge riiom RANS computations where the engine is rhedle
using simplified boundary conditions to full 360°RBNS computations including the rotating fan blades
Intermediate methods such as Body-Forces (BD) artdator Disk (AD) approaches have also been astethe
configuration studied is a double-flux isolated el including a UHBR engine (fan/OGV stage). ldearto obtain
comparable and relevant results, a special mesteguoe is set-up to study the different fan modglpproaches
(multi-block structured meshes): (i) the nacellemisshed independently; (ii) the fan stage zoneftseimpty to be
filled with a specific mesh for each case. Figushdws the nacelle with the 2 AD (the first AD misdihe fan and a
second AD models the OGV), the nacelle with the Bealy-Force volumes at the fan (front red volumed &GV
(rear red volume) blades locations and the com@6® case which includes all engine components, @GV,
core, nacelle and nozzle).

Figure 4: Visualization of the three tested appheac (a) nacelle with Actuator Disk; (b) nacellehnBody-Forces;
(c) nacelle with all fan and OGV blades.

The purpose of using the AD approach is to redwraputational time as required in a pre-design stadele

having a realistic modelling of the fan stage. TBie method consists in applying source terms to RANS

equations to model the effect of blades. In thislgt the BF method is used to model the fan and)G&/ blades.
For RANS 360° computations, a mixing plane boundamydition is applied at the three interfaces (leetwvnacelle
and fan domains in the air intake, between fan@@y/ domains; between OGV and nacelle domains) anthe

URANS computations, an interpolation on the slidimgsh is performed in order to take into the actdha

unsteady effect. To draw more relevant conclusiangrid convergence study is performed for all rmadthwith

three grid levels. Two operating conditions aresidered: transonic cruise conditions and take-off.
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In terms of global values, these results have shthah in cruise conditions, all methods are ablgredict the
primary and secondary mass flows with a deviattawel than 0.3% with the medium and fine grids comagdo the
specifications provided by Airbus. Regarding then Feressure Ratio (FPR), the accuracy with respzdhe
specifications is about 0.1% in cruise and 0.3%oatspeed. Finally regarding fan and OGV efficiewithe fan
modelling methods and the grid size have a stromgact. Indeed, with the AD and BF approaches, thaations
are between 2 and 14% compared to the referenceN$Réomputations on the medium grid. The differences
between RANS and URANS are rather small.

Radial and surface distributions of static and rst¢ign pressure have also been compared. Resuolisthat among
the simplified approaches only the BF model is ableapture the main tendencies regarding the Irddittibutions
but also the distortion maps downstream of the Qfades (Figure 5). The 360° RANS computations mevi
relatively accurate results for the radial disttibns but cannot correctly predict the distortioaps downstream of
the OGV due to the azimuthal averaging of the fising the mixing plane boundary condition.

AD BF RANS URANS
ra -
[ -
= P
\% :
“ ") V
- : e

Figure 5: Stagnation Pressure maps downstreaned@\V for the different fan modelling approaches{itim
grid computations) at a low speed condition.

In conclusion, to correctly model the fan in terafgnass flow or FPR, simplified methods like the &h provide
realistic results but 360° computations are reguicehave a good estimation of the fan and OG\tiefficies. With
high distortion levels in the air inlet, the steaBYANS computations are not able to correctly tranghese
distortions through the fan and OGV stages, whicbld be critical in off-design conditions (at lowesed or in
cross-wind conditions).

RACER Aero-Acoustic Propeller Analysis and Design
ONERA work in [34] investigates the lateral rotm&the RACER, Airbus Helicopters high-speed dematst.
These lateral rotors also defined as propellemjige anti-torque in hover and thrust in cruisghti The first action
was to better understand the complex aerodynan@caictions that the propellers undergo in hover@ande flight.
Then, in view of optimizing the aerodynamic andtigatarly the acoustic performance of the propsli¢nheir design
was adapted to exploit synergistically the instadla effects. Optimization included airfoil optinaiton and blade
design, taking into account structural and manufég constraints. By using a smart choice of miidiglity
simulations, ONERA improved drastically the aeraayic and acoustic performance of the RACER.
Figure 3 (left) illustrates an URANS simulationtbé RACER vehicle and its two propellers, one intatounter to
the wing tip vortex and one co-rotating, in cruisaditions provided a high-fidelity prediction dfet power savings
in rotating the propellers counter to the wing\grtex instead of co-rotating. In forward flighhet main rotor can
increase the efficiency of the propellers undetatercircumstances. This phenomenon has been igatsi using
PUMA free-wake simulations. The conclusion is ttet main rotor slows down the propeller axial inflavhich as
a result raises propeller efficiency. For somedebt configurations the rotating blades of the mrator have been
solved by CFD, whereas the propeller was accouoteda a coupling with PUMA (Figure 3-right).

Figure 6: elsA unsteady simulation of the RACER with prd@ed mounted on both sides (left) - Complete RACER
with main rotor CFD simulation coupled with PUMAgmellers modelling (right).
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3.3 Turbulence and laminar-turbulent Transition modelling examples in elsA

Assessment of scale adaptative simulation
CFD results depend significantly on the Navier-8tklosure i.e. on the used turbulence model armilence
approach (RANS, DES, LES, DNS). Classically, theN&Aturbulence model is based on the Boussinesqthgpis
by using a model with one or two transport equatisuch as the Spalart-Allmaras or the Menter SSdefso The
turbulence is clearly anisotropic in the vicinitf/tbe tip gap and second moment closure DRSM is &blcapture
this characteristic. Zonal DES was also performe®BERA [58][59] to study the tip leakage vortexdaits
interaction with incoming wakes and vortices. TH&SSapproach is a way to enhance traditional RANSlehwvith
low implementation effort. It can improve dramaligainsteady RANS computations especially when mastow
separation occurs, even for non refined grids. Al-lkimown example is the jet in crossflow [40]. Thassical
turbulence models (even DRSM) fail reproducing dlifusion of the jet downstream, whereas the sanoeats
coupled with the SAS approach perfectly reprodbeecexperiments, using classical RANS grids. Thedsted SAS
approach of Menter associated to the SST rkodel [60] is present in elsA for years [40]. T8&S approach can be
generalized to any RANS turbulence model. It haanhienplemented in elsA [27] for the DRSM model (otte
term, responsible for the decrease of the eddysigcin case of occurrence of flow instabilitibss to be added to
right side of thao-scale transport equation). The study presentg2i7inaims at validating this combination.
The first rotor (R1) of the axial compressor CREA[B®] is investigated. CFD setup computational dioxnenesh
and boundary conditions and numerical methods et&ldd in [27]. Two meshes are used. This first @vW1) can
be considered as a fine mesh for URANS simulatiba, second grid is the same used for ZDES simulatio
[58][59]. SAS-DRSM computation is compared to URANSIng keo SST or DRSM models, as well to SAS-SST
and ZDES computatlons and experimental data.

Figure 7: Instantaneous entropy fields at 22.3%%,346% and 96% x/c for (from left to right): M2-URIS-SST,
M2-SAS-SST, M2-URANS-DRSM, M2-ZDES, M2-SAS-DRSM

Figure 8: Instantaneous view of the tip leakage/flor (from left to right): M2-SAS-SST, M2- M2-ZDE&nd M2-
SAS-DRSM

The instantaneous entropy variation field at foxiaklocations for all simulations is depicted ig&re 7, and an
instantaneous view of the tip leakage flow is shd@mSAS and ZDES computations in Figure 8. The $#&SM
approach much better captures turbulent structhees URANS/SST, URANS/DRSM, SAS-STT computationise T
global representation of turbulent structures \B#&S-DRSM is close to ZDES.

Reference [27] provides a full analysis of the camfions by exploring the time-averaged flow in thede passage
and downstream of the rotor, as well as the timeraged radial profiles, time-averaged overall penfnces and
comparison to experlments Besides, all power saleubensmes (PSD) are depicted (in Figure 9).

. Reduced frequency ] (1=BPF) . Reduced frequency [ (1=8PF)

G,(f), [PaHz")

0 T T
Frequency [Hz] Frequency [Hz]

Figure 9: PSD of static pressure for all meshdt) @ad only M2 mesh (right)
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The comparison of the two meshes shows that watfitht mesh, the SAS-DRSM technique is able tdwapthe
same PSD as the second mesh up to the ninth haren(n the same mesh, the discrepancy between ZDHS
SAS-DRSM arises at the 20th harmonics) while thet fnesh is ten times smaller.

Stability-based transition model by means of transprt equations

An implementation of the stability based on the @\fHabiballah-Delcourt criterion [62] by means oérsport

equations is presented in [63]. This criterionjd/ébr Mach number up to M = 4 and for heated aolll wall, is

combined with C1 [64] and Gleyzes [65] criteriagocount for cross-flow transition and transitionsieparation
bubbles. The implementation by means of transppragons was validated by comparing with resultsioled with

the boundary layer equations solver 3C3D (ONERAegazh the M6 wing (Figure 1, a and b) and on thd=XR
nacelle (Figure 10, ¢ and d). The method may béiexppt early design stages as good agreement bgsved even
on poorly refined mesh generated automatically.n3iteon prediction close to exact local linear digb

computations can be obtained thanks to the metfi&Egou et al. [45] for higher computational cobhis latter

method complements well with the method presentettheé paper [63] as it can be used in more advadesin

stages.

Figure 10: Intermittency contours (light and dark corresponespectively to = 0 and = 1) at the suction (&) a
pressure (b) M6 sides (the black line depicts thesition location predicted by 3C3D by means ofD%81) and at
the outer (c) and inner (d) sides of the XRF1 rlac&or ¢ and d images the black line (respectitiedyblack
symbols) depicts the transition location predidtgdBC3D by means of AHD/C1 criteria (resp. parabo&thod).

3.4 Selected Unsteady flow computations with elsAftware

Multiple-frequency phase-Lagged approach for the cmputation of turbomachinery flows

The computational cost of a time-accurate full-daswwomputation remains very high, despite thedase of HPC
resources. It is therefore important to have actessimerical methods that reduce the computatidoaiain and
are efficient enough to simulate accurately thenmaisteady effects. To alleviate the problem, thasp-lagged
method is commonly used for unsteady rotor/statouksitions to reduce computing resources. This pgthimited

to flow configurations including a single periodierturbation (as one single-stage or one row uni@ations),

enables the computation of the periodic flow arooné blade per row, using appropriate phase-shiftedhdary
conditions at the pitchwise boundaries. A geneaiim of the phase-lagged approach, called MFAxalansteady
computations through several rows, whilst still iting the computational domain to one single blémlade

passage in each row is available in elsA. An evanaof the MFA approach is presented in [26]. Tingt part of

the paper presents the method and discusses thaadsed assumptions and limitations. The methal&éuated on
the 3.5 stage axial compressor CREATE [61]. The C&4fults are analysed and compared both with axpeetal

data and with a elsA reference multipassage coripntéRC) based on a sliding mesh approach [61]eRample
of flowfield reconstruction is illustrated in Figral1. They are compared to snapshots obtainedtgtRC and the
mixing-plane steady computations (MPC). One careniesthat the main flow structures seen in the B@putation

are quite well captured by the MFA simulation.
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The MFA approach enables the simulation of unsteeffigcts on a multistage turbomachinery and actess
unsteady information that would not be availabléhvei MPC. A detailed analysis underlines the liroitshe MFA.

If the method is capable of capturing unsteadycésféinked to the adjacent upstream and downstiglage rows
passing frequency, it fails modelling clocking effg i.e., the relative influence between rows N Bir-2.

Jet noise using ZDES: external boundary layer thickess and installation effects
In order to compute accurately jet noise, reliablesteady approaches are needed to simulate thelgatb
mechanisms which generate noise. LES has provére tefficient to do so but this approach is chalieggo
implement in an industrial framework when dealinghwcomplex geometries for which it does not seenbe¢
reasonable nor relevant to resolve the turbulemoelystion mechanisms in all attached boundary &y@&L).
Hybrid RANS/LES methods have been developed to inbdeattached BL (or at least the internal pant) eesolve
turbulence in free shear layers.
The ZDES [48] approach available in elsA for ydaas been used with success for different academdi¢exchnical
configurations. In [30], ZDES in its automatic modeamely mode 2, [66]) is used to simulate indaktri
configurations of jets (UHBR nozzle and evaluate #ifect of the external BL thickness and of thegfiap
installation. Very small differences have been olesg on the aerodynamic properties of the jet wihereasing the
nacelle external BL thickness. Figure 12 shows ttiathicker external BL leads to a slightly shojéd.

| §

Figure 12: Q criterion isosurfaces and contoungooficity (left) for the thin (BL1 - above) and tker (BL2 -
below) boundary layer - Streamwise velocity andictamperature fields (rigth)

An acoustic analysis is performed with the FWH aggh and recent ONERA developments allowing theaise
closed surfaces. At medium frequencies the redidfday high noise levels attributed to vortexugs at the nozzle
exit. The noise variation between the baseline Biecand the thick BL case varies within a range-00.5 dB. This
low sensitivity of the radiated noise may be atitéal to the fact that the baseline BL is alreadlyeathick for this
type of flow.
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Sylvie Plot

Figure 13: Q criterion isosurface colored by stregse velocity - Norm of the vorticity (center) - Waressure
spectra on the upper side of the flap (right)

Q criterion isosurface and norm of the vorticitg atotted in Figure 13 for the installed configimat Regarding the
installation effect it was shown that the jet ldnigt reduced by 30% due to the presence of the ammagflap and that
the mean jet direction is deviated due to therjetinging the trailing edge of the flap (which peigiiates to the jet
length reduction). This interaction leads to someréased temperature and pressure fluctuationkeofiap which

creates noise sources at f = 10 kHz (Figure 13t)yigrhe presence of the wing entails a shieldirfgatfof the

acoustic waves and the near-field fluctuating presssevels are decreased in the direction aboventhg. Work

related to jet noise is currently devoted to the asZDES mode 3 to enable WMLES inside the noanrlg alleviate
the RANS-to-LES transition related noise.

3.5 Two examples of relevant aeroelastic computatis with the elsA software

Aeroelastic gust response for different critical gat shapes
Gusts encountered by airplanes induce loads timabearitical for some severe flight conditionsg daherefore must
be considered in the sizing in a structure desigrgss. Furthermore, in the context of aircrafgdrptimization and
weight saving, airplane structures become incrghsitexible (large span, high wing aspect ratia)ere is then
a need to accurately assess gust loads. The péipepresents some recent work achieved at ONERAea@img
high-fidelity simulations for gust response. Fistphysical validation of the gust response sintais performed
by comparing the results to those obtained expettaty on a scaled model. Second, numerical corapas are
performed using various techniques, in order to ehtite gust. Finally, an application for generigiomal aircraft is
shown.

Coupled CFD/CSM hot shape prediction CROR and compdson with experimental data

In [31] CROR wind tunnel tests results are compai@cumerical hot shape (i.e. the deformed shapee tdu
centrifugal forces and aerodynamic loads during flight) computations. In a previous paper numdrica
computations were performed using the design sipeth CFD and CSM computations. The current stigdy
step forward. The blade manufacturing failures (Fégl4 —center) are introduced and the finite efemeodel is
tuned considering these new shapes. The flowchathé CFD/CSM static coupling is shown in Figure (light).
Once the flow has converged toward a steady solutiee aerodynamic forces and moments are extréiciedthe
CFD grid to be interpolated on the CSM grid. Thiglone inside the aeroelastic interface. Thesetatal loads are
then injected in the CSM solver (©Nastran) whicimpaites the displacements of the structure submitietiese
loads. The aeroelastic interface then interpoldétese displacements from CSM grid to CFD grid destie
interfaces and propagates the displacement inéhsmdgnamic volume mesh using a mesh deformatioh Tdos
process is continued until convergence to equilibrbetween the loads and the structural displacEmasing a
relaxed fixed point procedure.

CSM solver

(Nastran...)

M

Figure 14 : Rotor blades (left) - CAD blade mesHaxe in black and manufactured blade mesh suifaced
(center) - Static coupling strategy elsA/Nastraght)

Then, blade displacements and blade pressurebdistms are compared. If some differences are rstiticeable
concerning the blade displacements, this methogoimgroved a lot the blade pressure distributioogadations
with the experimental data.

These encouraging results show that manufactuangrés can have a non-negligible impact on the erigal /
experimental comparison and must be evaluatedifanelcessary, be taken into account.

3.6 Stall phenomenon computation with elsA software

Numerical Analysis of RPM effect on Dynamic Stall o Helicopter Rotor at Forward Flight -
Dynamic stall is a highly complex phenomenon chisrégzed by unsteady massive separated flow. Itdiie flight
envelope of helicopters by generating vibrationd Emge dynamic loads which can lead to fatigue stndctural
failure of blades. Dynamic stall involves severaamanisms which make the numerical prediction alf difficult
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and the understanding of the phenomenon still indeta. In [68] a loose coupling methodology betw&€&D code
elsA and a Comprehensive Analysis code is useihtolate the problem. Airbus Helicopter HOST codeised to
take into account the blade motion and deformafidnee stalled flight conditions have been seleatethe wind
tunnel 7A rotor test data to investigate the retiofuper minute (RPM) effect on the dynamic staiket and the
related mechanisms. The model-scale 7A rotor isvehon Figure 15 in the transonic closed circuit $LMind
tunnel at ONERA Modane test center, France. Figirealso shows the mesh (Chimera background gratjebl
mesh, rotor and test stand surface mesh). Foasdls; the numerical simulations have shown satisfaagreement
with the experimental data with regard to trim paeters (less than 0.3 deg difference with experinfien all
control angles), airloads and structural loads &iyic stall events correctly predicted in magnitahel phase).
Different stall events have been distinguisheddach case. The stall intensity increases with g#@edse in the
RPM. A trailing edge stall is observed for all cag®the inner part of the blade. For the two hgghRPM cases, the
blade tip undergoes one stall event at the beginofrihe fourth quadrant of the rotor disk whilsétes a double stall
in the fourth quadrant for the lowest RPM case. eehanisms which lead to these different stalhtsshave been
deeply investigated in this work. The onset ofldtak been associated to the impact of the tipexogenerated by
the other blades. The trailing edge stall and treng leading edge stall occurring at the bladetgtriggered by the
angle of attack induced by the vortex passing ckos¢he blade (Figure 15, rigth). Stall only occuvken the
kinematic induced angle of attack added to theewoitduced angle of attack is high enough. Thersstall event
in the low RPM case is connected to a second bladex interaction. It takes place when the bladsets the tip
vortex coming from the previous blade.

Figure 15 : 7A rotor mounted in SIMA Wind Tunnéverset Structured mesh - Analytical tip vortex and
isocontour of Q-criterion colored by the turbulé&irtetic energy

Active flow control at the engine/wing junction ona realistic high-lift aircraft configuration
The purpose of the activities presented in [69pisissess the potential of active flow control systo delay and
contain the nacelle wake separation that eventwaadfyears on the wing suction side at high anglesttatk on a
realistic high-lift aircraft configuration includinslats and flap deployed for landing conditionsrvali gas a HBR
engine. ONERA has performed this study in the fraoré& of the European Project AFLoNext. Overset tieed
and grids have been built (Figure 16). For the lbsseconfiguration with-out flow control, the maximm lift
coefficient Clyox and the angle of attack at which the massive fkeparation appears (stall behavior) were
determined and the flow patterns, especially therging vortices from pylon, slats, and strake, wstiedied.
Following this work, several Active Flow Control F&) systems and settings were defined and evaluatdist
with RANS computations. Different slot sizes angdy (continuous vs. segmented, see Figure 16, dattjor
blowing ve-locities were proposed. The potentiakath system was shown over a whole polar in casgrawith
the baseline. The Figure 17 gives thg distribution and friction lines at an incidence 18 ° for baseline and
devices m2, 4, and 6.The gain that is obtained with an Aly§tesm is consistent with its,Coefficient value which
represents the actuation force over the flow: atgreG leads to more significant gains. In constant bigunode,
all the AFC systems assessed in this study prodificéevel gains after stall (typically about +5%)t was
demonstrated that for,(ralues compatible with aircraft manufacturer reguients, a constant blowing AFC system
is efficient to delay and contain the massive flegparation which extends downstream of the enging/junction
without control: the wing stall can be delayed ab1> of angle of attack with the considered devices settings,
and it can also be smoothed and the,GEan be slightly increased (1 to 3%).
As a last step, URANS computations have been peddrto assess the potential gain of a pulsed fatt. The
14-slot sys-tem, which is probably the device thesthrepresentative of what may be tested in fuAFeoNext
wind tunnel tests, was evaluated with each slowirlg out of phase with its neighbours. The baseiiigout
control has also been computed as a reference ipdiiRANS. The gain obtained with the pulsed blayveystem is
similar (Figure 18) to the one of constant blowitgyices that have greatef, @d mass flow rate values, which
seems to confirm that this type of AFC approachlmmpromising.
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Figure 16: Structured grid on aircraft surfacesd mﬁement boxes in areas of interest (tv§/o Igﬁlrbs) — Position
and initial grid of AFC systems (two right figures)

/
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Figure 18: G distribution and friction lines at $614-slot device RANS (constant) vs. URANS (pulsed)
4. Conclusion and Perspectives

The previous section has presented recent veryedigihg aerodynamics studies. That demonstratestiraelsA
software has become a very mature and reliablefto@FD studies, which can be used for industidign and for
advanced research in aircraft, helicopter and tdshinery field.

An important work which revolutionizes the architge of the software is in progress. The first hessim terms of
CPU provide very important gains (ensuring exatitly same numerical solution as with the former isgcture).
One of the test cases is a stage of the CREATH esiapressor presented above. For a RANS compuatatith

Spalart-Allmaras model the CPU gains range fromaetor of 3 in structured mesh to a factor of 6 wéth
unstructured mesh. The elsA V4.0 release produc@®18 already contains these achievements fonitei scope
of the numerical and modelling parameters presealsA. Details will be published shortly by thelteam.
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