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ABSTRACT

The elsA CFD software developed at ONERA is bodofiware package capitalizing
the innovative results of research over time amdu#ti-purpose tool for applied CFD
and for multi-physics. elsA is intensively used tw¢ Safran and Airbus groups and
ONERA, as well as other industrial groups and nedepartners. This paper presents
the main capabilities of elsA and recent numergalulations using elsA for a wide
range of challenging turbomachinery applicationshe T simulations address
aerodynamics computations as well as aero-struanck aeroacoustics ones. Each
simulation enables to underline differentiating milidg and numerical methods
implemented within elsA and shows that this sofeviaas reached a very high level of
maturity and reliability.

Keywords: Navier-Stokes; Aerodynamics; Acoustics; Turbulenc€&ransition;
Meshing; turbomachinery
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NOMENCLATURE

CFD Computational Fluid Dynamics

elsA ensemble Logiciel de Simulation en Aérodynamique
UHBR Ultra-High Bypass Ratio

CROR contra rotating open rotor

(UW)RANS (unsteady) Reynolds Averaged Navier-Stokes
EARSM/DRSM Explicit Algebraic/Differential Reynolds Stress Mald
SAS Scale Adaptative Simulation

(Z2)DES/LES (Zonal) Detached/Large Eddy Simulation

DNS Direct Numerical Simulation

0]0) Object-Oriented

MFA Multiple Frequency phase-lagged Approach

NGV / OGV Nozzle Guide Vane / Outlet Guide Vane

BD / AD Body-Forces / Actuator Disk approaches

FWH Ffowcs-Williams & Hawkings

WMLES Wall Modeled LES

1.0 INTRODUCTION

Advanced CFD is one key differentiating factor tigsigning efficient transportation
systems in particular turbomachinery. Accuracy effitiency are crucial for engine

manufacturers to optimize the design of their potsliso that the limit of the aircraft
flight envelopes is extended. Accurate and robusterical simulation capabilities are
essential to take into account complex phenomewahiad in flow physics and to

simulate real complex geometries. Numerical methioaige to meet the constantly
rising requirements in terms of efficiency in order reduce the response time for
complex simulations.

To this end, the Airbus and Safran groups use lg® [d] software (ONERA-Airbus-
Safran property), a multi-purpose tool for appk&eD and multi-physics. Indeed, while
it is rather unusual for a CFD software packagdeal both with external flows around
aircrafts or helicopters and with internal flowstimbomachinery, elsA is today used as
a reliable tool by Airbus for transport aircraftndigurations [2][3] and helicopter
applications [4][5], by Safran for turbomachinetgw simulations [6][7]. Among other
industrial users, let us mention MBDA for missilenfigurations and Electricité de
France for steam turbine applications [8][9].

The high levels of accuracy and reliability reqdiroday in aeronautic design are
obtained through long term expertise and innovatesearch present at ONERA in
various areas: physical modelling, algorithms, nica¢ methods, software efficiency
on rapidly evolving hardware and validation andfieation of aerodynamics results by
comparison with detailed experimental data. Thé elgftware benefits directly from
the above, as well as from multiple skills of mariyts research partners. Among them
the followings establishments have participatecparticipate to its development and
validation mainly in the following indicated area€erfacs for studies dealing in
particular with numerical methods [10][11][12][18hd CPU efficiency [14] the LMFA
and LTDS labs of Ecole Centrale de Lyon [15][16][1at turbomachinery applications
and special interests in acoustics and vibrati@esaero (Belgium) [18][19], the Von
Karman Institute [20] and ISAE institute [21] farrbomachinery flow simulation, the
Dynfluid lab (Arts et Métiers ParisTech) for higbcaracy numerical schemes [22], the
Institute of Technology Antoine de Saint-Exupéng]zand the Delft University of
Technology [24] for design optimizations.

Among topics of prime importance in turbomachinesige, one can mention the
complexity of the geometries, the unsteadinest@flbws, the need to properly model
the turbulence and accurately compute the onsédroihar turbulence transition, the
impact of the engine-airframes interactions on direraft performances, the acoustic
issues linked to close coupled engine integrattbe, taking into account of blade
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deformations, likewise ground effect on fan forcegponse. Hereafter an illustration of
these different themes is provided.

Many experimental and numerical studies have shdlat taking into account
geometrical components such as casing treatmemtsyegs, blade slots, cooling holes
or gaps separating fixed and rotating walls caretegrucial impact on the performance
of gas turbines. Therefore it is important for asgine designers to simulate more and
more accurately the very complex geometries enesedton industrial turbomachines
by integrating in the design process these geotaétbomponents, at a reasonable cost.
Besides, the relative motion between adjacent ratat stator blade rows present in
turbomachinery configurations gives rise to a widlege of unsteady flow mechanisms
such as wake interactions, potential effects, hiokak migrations, shock wave
propagations, or unsteady transitional flows. Akge phenomena can have a crucial
impact on the performance of gas turbines and dabeccaptured accurately with a
steady mixing-plane approach since the averagaafrirent at the rotor/stator interface
filters all unsteady effects. So unsteadiness rhasaddressed in the design process.
Furthermore, the search of the highest efficiemay largest stable operating range for a
given stagnation pressure ratio are design obgstier high pressure compressors.
Those quantities are directly and strongly impadigdsecondary and leakage flows
occurring in the blade passage such as corneratapaor stall and tip leakage flows.
The turbulence modelling influences strongly theediction of the overall
performances. As for turbines, an accurate predicof boundary layer laminar-
turbulent transition is key to obtain a good desiguleed, the boundary layer around
turbine blades can be laminar for a significanttipar of the chord, even in a high
turbulence level environment. This is especiallyetrfor low-pressure turbines.
Moreover, surface roughness can have a signifietiatt on boundary layer transition.
In today’s context of an increased focus on fuéitiehcy and environmental impact,
UHBR engines become an interesting option but éiselting size of the nacelles poses
challenges in terms of installation on the airfraamel impact on overall performance.
Another related issue for UHBR is the jet noised dhe need to rely on reliable
unsteady approaches to simulate the turbulent mésrha which generate noise.
Furthermore, the large fan diameter and the smadiurgl clearance of these
configurations can lead to aerodynamic interactigth the ground during take-off
phases and lead to possible failure due to higledgtigue. So the ability to investigate
the ground effect on the forced response of a laigéfan is necessary. Taking into
account of the real manufactured blade shape in itkestigation of the blade
deformations due to centrifugal forces and aeroohjodoads during the flight is key
for an accurate prediction of CROR performancesrfstance.

This paper intends to demonstrate that the elsfwsoé contains accurate and robust
numerical and modelling features to address aBehepics. The main capabilities of
elsA [1] are recalled in section 2.0 . Section Bighlights recent numerical studies
[25][26][27][28][29][30][71[31] performed at ONERAor a wide range of challenging
turbomachinery applications. Finally perspectivesd acurrent work of prime
importance is quickly presented in section 4.0 .

2.0 GENERAL DESCRIPTION OF THE ELSA CFD
SOFTWARE

For about 20 years, the elsA software is simultasgoa basis for CFD research, a
software package capitalizing on the innovativaultssof research over time, a tool
allowing investigation and understanding of flowypits, and a multipurpose tool for
applied CFD and multi-physics [1][32]. The rangeaefospace applications covered by
elsA is very wide: aircraft [33][30], helicopter84], tilt-rotors [35], turbomachinery
[6][36], wind turbines [37], missiles, unmanned iakrvehicles, launchers... For
turbomachinery, all types of multi-stage axial,ighar mixed-flow configurations are
addressed: compressors [25][26][27], turbines [28}s [29][7], propellers or contra-
rotating rotors [31].
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First, let us recall the main features of the elsilti-application CFD simulation
software. This software deals with internal andeexdl aerodynamics from the low
subsonic to the high supersonic flow regime andeselon the solving of the
compressible 3-D Navier-Stokes equations.

elsA allows for the simulation of the flow aroun@wng deformable bodies in absolute
or relative frames. A large variety of turbulencedels from eddy viscosity to full
DRSM are implemented for the RANS equations [38][3¥e can mention numerous
one- or two-equation turbulence models (Spalanralas, ke and ke families, k-I
Smith models...), more advanced ones, such as theddy viscosity EARSM [39]
and several versions for the DRSM, as well as th8 Spproach which is available in
elsA for ko and DRSM models [40][27]. Various laminar-turbuletransition
modelling exist in elsA to address natural or bgg#&ransition [38]. The approaches
that have initially been implemented rely either lonal or non-local criteria, or on
solving additional transport equations as the Mehéangtry [41][42]. Then
developments around criteria have enabled theaseref the Mach domain application
[43] and also a huge simplification for the usaitécia transition model written under
transport equations formalismis for the Menter-Langtry model, several correlatio
functions are available included some developedBRERA [44] and taking into
account roughness is now possible [28]. A datatzgg®oach for natural transition
prediction [45] also called Parabola method, ad agla new laminar kinetic energy
model [46] for bypass transition have also beenlemgnted and tested in elsA.
Various approaches for DES [47][48][30] and LES @ available.

Complex geometrical configurations may be handlsithgi highly flexible techniques
involving multi-block structured body-fitted meshdbese techniques include patched
grid and overset capabilities (Chimera techniqd8][p0][51][33][36]. From this initial
multi-block structured meshing paradigm, elsA hasheed toward a quite complete
multiple gridding paradigm including the local usg unstructured grids [52][25] in
some blocks of a multi-block configuration, as welt adaptive Cartesian grids
[49][50][53].

The system of equations is solved using a celleredtfinite-volume method. Space
discretization schemes include classical secondrardntered or upwind schemes and
higher order schemes. The mostly used integratidgheosemi-discrete equations relies
on a backward Euler technique with implicit schermelved by robust LU relaxation
methods. The convergence is accelerated by thefuselltigrid techniques for steady
flows. The implicit Dual Time Stepping method oetfear scheme is employed for
time accurate computations. elsA also includesesinedastic subsystem [54][31] which
gives access in a unified formulation to variougety of aeroelastic simulations. The
simulation types range from non-linear and linezdizharmonic forced motion
computations, to static coupling and consistentadyic coupling simulations in the
time-domain, with different levels of structural dedling (“reduced flexibility matrix”
for static coupling, modal approach, or full finkdement structural model). The elsA
software offers also a framework for optimizatioesidn thanks to its optimization
module for the calculation of sensitivities by lmzed equation solution or by adjoint
solver techniques [55][56][3][23][24].

The elsA platform refers to the elsA solver andesalvpre and post-processing Python
modules, such as Cassiopée [51], used in partidatatransforming input data, for
Chimera pre-processing and post-processing. eld#fased on an OO design method
and is coded in three programming languages: C++thas main language for
implementing the OO design, Fortran for implememtitime-costly scientific
computation methods, and the Python interpretedl@@Quage for the user interface.
The CGNS/Python mapping of the CGNS/SIDS is used ifderoperability and
coupling with elsA. The software has been porteantist HPC platforms, achieving
good CPU efficiency on both scalar multi-core cotepsiand vector computers [14].

A list of more than 130 references based on elspe@r-reviewed journals is available
on http://elsa.onera.fr/publications.html
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3.0 RECENT CHALLENGING STUDIES

3.1 Preambule

The reader must refer to the main references mmeadidin each following subsection in

order to obtain more details on the computed caonditions, the meshing and numerical
steps, the original sources for considered mettaods models, as well as a deeper
interpretation of the results and their comparismexperiments when appropriate. In
the current paper only main conclusions are prakide

3.2 A hybrid structured/non structured grid strategy for the modelling

of technological effects on complex turbomachinery applications
As already mentioned technological effects preserturbomachinery configurations
must be taken into account in numerical computatioBuch geometrical details,
characterized by their small dimension, can be esfdrd with elsA with a multi-block
structured approach by using the Chimera techniguieh offers flexibility in the grid
generation. Yet the main drawback of the Chimerdhow is that it induces local
conservation losses, leading to uncertainties eretlaluation of the massflow which is
key parameter in turbomachinery applications. P§pErdeals with an alternative grid
approach, based on the use of hybrid structureddtrantured grids. The main principle
of the grid approach is to mix within the compuwiatil domain structured and non
structured zones which are connected with conformatiching frontiers in order to be
conservative. Both structured and unstructuredsgaie generated separately (precision
and efficiency for the structured part, flexibilitgr the meshing of complex geometries
with unstructured elements). Two complex configiors are studied. The first case is a
multi-row film-cooled NGV, and the second is a risiige compressor configuration
including labyrinth seals.

3.2.1 Multi-row film-cooled turbine blade

The first application is a film-cooled turbine néezzguide (Figure 1 -left). This highly
film cooled NGV, composed of 113 holes distribuadng 10 rows, is representative of
an advanced industrial turbine blade. The Chimemaach has already been used on
this configuration [36]. In the current work onevéstigates the hybrid grid strategy
illustrated on Figure 1 (right). It allows for thmeshing of the cooling holes with
unstructured elements, keeping structured eleniernlie main channel flow.

!

Figure 1: 3D view of the EPFL configuration (leftHybrid grid (right)

Such grid strategy enables to simulate the filmliogointeraction between the main
channel flow and the cooling flow as illustrated-dsdter. Figure 2 (left) represents a
mid-span view of the Mach number distribution: aperted the main flow is deviated
and accelerates within the NGV passage. The tetabérature field on the blade and on
a mid-span slice represented in Figure 2 (centzhib#s qualitative satisfactory
behavior: the convection of the coolant flow leakon the blade surface and then in the
blade channel. The wall heat transfer coefficiaaltigs can be computed and compared
to available experimental data. Figure 2 (righpresents the heat transfer distribution
obtained using three turbulence models: Spalaradas, (k-) of Smith, and (k) of
Wilcox for the experimental point correspondingatio injected coolant mass flow of
10.33 g/s. One can notice that qualitatively thengotations reproduce a satisfactory
agreement with the experimental results.
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Figure 2: Mach number distribution at mid-spant)lefTotal temperature field on the blade and
on a mid-span slice (center) - Heat transfer distion (right)

3.2.2 Multistage compressor stage with labyrinth seals

The second application presented in [25] is thesBafe axial experimental compressor
CREATE tested in LMFA laboratory [57]. A meridiairew of the compressor with the
investigated experimental planes is presented gurEi 3 (left). In this study the
modelling of the labyrinth seals beneath the thatagor blades is discussed. The main
flow channel grid has a classical structured O-ybettopology, the labyrinth is meshed
with non-structured elements (Figure 3 —right).

B = R @@ E

NS

\,\;/\1\\\ SN
i AN 7

s ||| Rre)[| 2 R3*|53

R1

Figure 3: Meridian view of CREATE with measuremensitions. (left) — Global View of the
mesh. (right).

Different steady mixing plane computations havenbygerformed on this configuration.
A view of the relative Mach number at mid-span amside the labyrinth seals for a
computation at nominal operating point is plottedrigure 4 (left).

M .
{ EEr TR T : N
0.10203040506070808 1 1.11.2
static pressure

total pressure

entropy

Figure 4: Mach number distribution at mid-span amthe cavity (left) — Cavity flow within the
three labyrinths (right).

The result is acceptable from a qualitative pointiew. The streamlines and the main

flow pattern within the flow channel are well camtd, while at the same time the flow

within the labyrinth is simulated. Such types ofputations give indeed access to the
complex cavity flow highlighted in Figure 4 (right)

3.3 Multiple-frequency phase-Lagged approach
The computational cost of a time-accurate full-dnswomputation remains very high,
despite the increase of HPC resources. It is therefmportant to have access to
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numerical methods that reduce the computationalaitorand are efficient enough to
simulate accurately the main unsteady effects. lleviate the problem, the phase-
lagged method is commonly used for unsteady rd#iols simulations to reduce
computing resources. This method, limited to flomnfigurations including a single
periodic perturbation (as one single-stage or awe under vibrations), enables the
computation of the periodic flow around one blage pw, using appropriate phase-
shifted boundary conditions at the pitchwise bouieda A generalization of the phase-
lagged approach, called MFA allows unsteady contjuts through several rows,
whilst still limiting the computational domain tme single blade-to-blade passage in
each row is available in elsA. An evaluation of MEA approach is presented in [26].
The first part of the paper presents the methoddistlisses the associated assumptions
and limitations. The method is evaluated on thes3age axial compressor CREATE
[57] (in Figure 3). The CFD results are analyzed aompared both with experimental
data and with a elsA reference multipassage conipatéRC) based on a sliding mesh
approach [57]. An example of flowfield reconstroditiis illustrated in Figure 5. They
are compared to snapshots obtained with the RC thed mixing-plane steady
computations (MPC). One can observe that the maim $tructures seen in the RC
computation are quite well captured by the MFA datian.

Reference computation - h/H = 80% — -
~

i

i

IN=
YN =
— \ W > é\&
Figure 5: Entropy snapshotstat = 50% andyH = 80%.

The MFA approach enables the simulation of unsteaffgcts on a multistage
turbomachinery and access to unsteady informatiahwould not be available with a
MPC. A detailed analysis underlines the limitstoé MFA. If the method is capable of
capturing unsteady effects linked to the adjacg@stream and downstream blade rows
passing frequency, it fails modelling clocking effe i.e., the relative influence
between rows N and N+2.

3.4 Assessment of scale adaptative simulation

CFD results depend significantly on the Navier-&®kclosure i.e. on the used
turbulence model and turbulence approach (RANS, ,DEES, DNS). Classically, the
RANS turbulence model is based on the Boussinepgthgsis by using a model with
one or two transport equations such as the Spalkmiaras or the Menter SST models.
The turbulence is clearly anisotropic in the vigindf the tip gap and second moment
closure DRSM is able to capture this characterigtanal DES was also performed at
ONERA [58][59] to study the tip leakage vortex aitsl interaction with incoming
wakes and vortices. The SAS approach is a way harere traditional RANS model
with low implementation effort. It can improve dratitally unsteady RANS
computations especially when massive flow separatiocurs, even for non-refined
grids. A well-known example is the jet in crossflg40]. The classical turbulence
models (even DRSM) fail at reproducing the diffusiaf the jet downstream, whereas
the same models coupled with the SAS approach gibrfieeproduce the experiments,
using classical RANS grids. The standard SAS amprad Menter associated to the
SST keo model [60] is present in elsA for years [40]. TBAS approach can be
generalized to any RANS turbulence model. It hasnbienplemented in elsA [27] for
the DRSM model (only the term, responsible for dleerease of the eddy viscosity in
case of occurrence of flow instabilities, has todsieled to right side of the-scale
transport equation). The study presented in [27ipat validating this combination.
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The first rotor (R1) of the axial compressor CREA[BH] (in Figure 3) is investigated.
CFD setup computational domain, mesh and boundanditons and numerical
methods are detailed in [27]. Two meshes are u3bik first one (M1) can be
considered as a fine mesh for URANS simulation,steond grid is the same used for
ZDES simulation of [58][59]. SAS-DRSM computation ¢ompared to URANS using
k-o SST or DRSM models, as well to SAS-SST and ZDE#mgdations, and
experimental data.

Figure 6: Instantaneous entropy flelds at 22.3%9,346% and 96% x/c for (from left to rlght)
M2-URANS-SST, M2-SAS-SST, M2-URANS-DRSM, M2-ZDES, MAS-DRSM

Figure 7: Instantaneous view of the tip leakages/flor (from left to right): M2-SAS-SST, M2-
M2-ZDES and M2-SAS-DRSM

The instantaneous entropy variation field at foxiaklocations for all simulations is
depicted in Figure 6, and an instantaneous viewheftip leakage flow is shown for
SAS and ZDES computations in Figure 7. The SAS-DR&Wroach much better
captures turbulent structures than URANS/SST, URANRSM and SAS-STT
computations. The global representation of turbulgrnuctures with SAS-DRSM is
close to ZDES.

Reference [27] provides a full analysis of the camfions by exploring the time-
averaged flow in blade passage and downstream eofrdtor, as well as the time-
averaged radial profiles, and time-averaged ovegraiformances and comparison to
experlments Besides, all power spectral denilﬂé@) are depicted (in Figure 8).

i Reduced frequency [-] (1= BPF) » Reduced frequency [] (1= BPF’

G,(f), [Pa’Hz"]
G,(f), [Pa’Hz"]

T W,

M2-SAS-DRSM-w,,

0 T T T
Frequency [Hz] Frequency [Hz]

Figure 8: PSD of static pressure for all meshdt) @ad only M2 mesh (right)

The comparison of the two meshes shows that wighfilst mesh, the SAS-DRSM
technique is able to capture the same PSD as tloadenesh up to the ninth harmonics
(on the same mesh, the discrepancy between ZDESABIDRSM arises at the 20
harmonics) while the first mesh is ten times smalle

3.5 Implementation of a surface roughness-based transition onset
correction in the Menter-Langtry transition model

The vy -Rey, transition model of Menter [61] gives rather a@tarresults on turbine
blade calculations for smooth cases [42] [20] [[&&]. However, surface roughness can
have a significant effect on boundary layer traositindeed, given a certain minimum
height, transition will move upstream as the rowggsheight increases. The reference
[28] presents an extension of theRe,; model that aims to take into account the effect
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of a specific type of surface roughness on thesttiam location. Stripf roughnesss
correlation [64] correction has been selected faitiple reasons. First, the fact that it
takes the form of a correction of the smooth valti®,, allows it to be used in many
transition methods in a relatively automatic mans&cond, it was established through
experiments on turbine blades, making it well slite turbomachinery cases. In this
study, they -Re,; model is coupled with the &-turbulence model of Wilcox [65]. As
the transition Reynolds number takes multiple foimshe y -Re,; model, different
implementations of the Stripf correction were tdst@d are discussed in [28]. The best
results are obtained by correcting the value of ¢hcal Reynolds number R .
Computation results on a rough low-pressure turlanee are presented and compared
to experimental results. There is a good agreemerthe transition location between
the computations and experiments. In particulag,rtftodel displays accurate sensitivity
to the roughness height, though the influence ef bughness spacing, which is of
second order in these experiments, is not as &ptuced.

3.6 Method comparison for fan performance in short intake nacelle

The aim of this numerical study [29] is to demoatsrthat elsA is able to assess the
strong aerodynamic interactions between the secpnéEn/OGV stage with the
airframe engine integration system and to deterrfimetake/fan interactions prevent
the use of simplified methods which are availablé¢hie software. This study has been
conducted in the frame of the European ASPIRE ptdja collaboration with Airbus,
DLR and NLR).

Several numerical methods have been tested. Thegerfom RANS computations
where the engine is modelled using simplified bargaonditions to full 360° URANS
computations including the rotating fan bladesedmtediate methods such as Body-
Forces and Actuator Disk approaches have also lassassed. The configuration
studied is a double-flux isolated nacelle includanty HBR engine (fan/OGV stage). In
order to obtain comparable and relevant resulspexial mesh procedure is set-up to
study the different fan modelling approaches (ralltick structured meshes): (i) the
nacelle is meshed independently; (ii) the fan stage is left empty to be filled with a
specific mesh for each case. Figure 9 shows thelleawith the 2 AD (the first AD
models the fan and a second AD models the OGV)nteelle with the two Body-
Force volumes at the fan (front red volume) and OQ@¥ar red volume) blades
locations and the complete 360° case which inclaflesngine components (fan, OGV,
core, nacelle and nozzle).

S

Figure 9: Visualization of the three tested appheac (a) nacelle with Actuator Disk; (b) nacelle
with Body-Forces; (c) nacelle with all fan and OGMddes.

The purpose of using the AD approach is to redweeputational time as required in a
pre-design stage, while having a realistic modgllai the fan stage. The BF method
consists in applying source terms to the RANS dgnatto model the effect of blades.
In this study, the BF method is used to model #rednd the OGV blades. For RANS
360° computations, a mixing plane boundary condit®applied at the three interfaces
(between nacelle and fan domains in the air intbledween fan and OGV domains;
between OGV and nacelle domains) and for the URAbISputations, an interpolation
on the sliding mesh is performed in order to take the account the unsteady effect.
To draw more relevant conclusions, a grid convergestudy is performed for all
methods with three grid levels. Two operating ctiods are considered (transonic
cruise conditions and take-off).

In term of global values, these results have shthahin cruise conditions, all methods
are able to predict the primary and secondary rflags with a deviation lower than
0.3% with the medium and fine grids compared to s$pecifications provided by
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Airbus. Regarding the Fan Pressure Ratio (FPR),attmuracy with respect to the
specifications is about 0.1% in cruise and 0.3%watspeed. Finally regarding fan and
OGYV efficiencies, the fan modelling methods and diiel size have a strong impact.
Indeed, with the AD and BF approaches, the dewiatiare between 2 and 14%
compared to the reference URANS computations ormtedium grid. The differences
between RANS and URANS are rather small.
Radial and surface distributions of static and rsdéign pressure have also been
compared. Results show that among the simplifiqgut@gches only the BF one is able
to capture the main tendencies regarding the ralisalibutions but also the distortion
maps downstream of the OGV blades (Figure 10). 36@° RANS computations
provide relatively accurate results for the radigdtributions but cannot correctly
predict the distortion maps downstream of the OG¥ tb the azimuthal averaging of
the flow using the mixing plane boundary condition.

AD BF RANS URANS

\

£ 0‘

o ' /> >
\ '( { ’ )
P,

-
”*

Figure 10: Stagnation Pressure maps downstreaned®GV for the different fan modelling
approaches (Medium grid computations) at a low dpeadition.

In conclusion, to correctly model the fan in terofsmass flow or FPR, simplified
methods like the BF can provide realistic resulis 360° computations are required to
have a good estimation of the fan and OGV effidenicWith high distortion levels in
the air inlet, the steady RANS computations are afde to correctly transfer these
distortions through the fan and OGV stages, whiohld be critical in off-design
conditions (at low-speed or in cross-wind condisipn

3.7 Jet noise of a UHBR nozzle using ZDES: external boundary layer
thickness and installation effects

In order to compute accurately jet noise, relialbtesteady approaches are needed to
simulate the turbulent mechanisms which generaenbES has proven to be efficient
to do so but this approach is challenging to im@etrin an industrial framework when
dealing with complex geometries for which it doest 8eem to be reasonable nor
relevant to resolve the turbulence production meigmas in all attached boundary
layers (BL). Hybrid RANS/LES methods have been tigwed to model the attached
BL (or at least the internal part) and resolve tlehce in free shear layers.

The ZDES [48] approach available in elsA for yehes been used with success for
different academic and technical configurations[38@], ZDES in its automatic mode
(namely mode 2, [66]) is used to simulate industranfigurations of jets and evaluate
the effect of the external BL thickness and of theag/flap installation. Very small
differences have been observed on the aerodynamupepiies of the jet when
increasing the nacelle external BL thickness. Fglt shows that the thicker external
BL leads to a slightly shorter jet.

...

L ] ZDES-BL1

e

Figure 11: Q criterion isosurfaces and contoungooficity (left) for the thin (BL1 - above) and
thicker (BL2 - below) boundary layer - Streamwiséoe#y and static temperature fields (rigth)
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An acoustic analysis is performed with the FWH apph and recent ONERA

developments allowing the use of closed surfacésnédium frequencies the results
display high noise levels attributed to vortex Hgils at the nozzle exit. The noise
variation between the baseline BL case and thd fBlc case varies within a range of
+/- 0.5 dB. This low sensitivity of the radiatedis® may be attributed to the fact that
the baseline BL is already rather thick for thigeyof flow.

— —- mi

10° 10°

10° 10°

freq
Figure 12: Q criterion isosurface colored by stred@sa velocity - Norm of the vorticity (center) -
Wall pressure spectra on the upper side of the(fight)

Q criterion isosurface and norm of the vorticitg atotted in Figure 12 for the installed
configuration. Regarding the installation effectwhs shown that the jet length is
reduced by 30% due to the presence of the winglapdand that the mean jet direction
is deviated due to the jet impinging the trailirdge of the flap (which participates to
the jet length reduction). This interaction leadssbme increased temperature and
pressure fluctuations on the flap which createsengburces at f = 10 kHz (Figure 12
right). The presence of the wing entails a shigjdiffect of the acoustic waves and the
near-field fluctuating pressure levels are decrasethe direction above the wing.
Work related to jet noise is currently devoted e uise of ZDES mode 3 to enable
WMLES inside the nozzle and alleviate the RANS-tSLtransition related noise.

3.8 Ground effect on fan forced response

The ability to predict the level of response at design stage allows for implementing
design solutions preventing possible failure dukigih cycle fatigue and reduces design
margins. In [7] the ground effect on the forcedpmsse of a large civil fan operating
near the ground under crosswind conditions is igated. Under these conditions a
vortex can form between the ground and the intakkcan lead to possible failure due
to high cycle fatigue. An initial validation of tt#D RANS approach has been carried
out against experimental data on an academic infike numerical approach has been
used to compute the flow field around the intaké¢hef full-scale turbofan demonstrator
MASCOT 2 with (Figure 13 —left- shows the flow fiefopology in the presence of the
ground performed with elsA) and without the grouithe distortion induced by the
ground vortex has been characterized by compaoitad pressure and swirl angle maps
obtained for configurations with and without groufidhe ground vortex is responsible
for a total pressure loss confined at its coresirmhg positive and negative swirl angles
impacting a large radial area.

Both decoupled and coupled approaches have bedrtaisstimate fan forced response
on the MASCOT?2 at the crossing of tH¥ Bending mode (2F) and th& éngine order.
These approaches are based on aerodynamic URAN&ulatans. Arbitrary
Lagrangian—Eulerian formulation is used to take iatcount the deformation of the
mesh at each time step [54] and linear structugalkliour. The decoupled approach,
based on superposition principle and linear aeraghjo behaviour, was used with two
twin elsA calculations with different prescribedrimonic motion. The aerodynamic
excitation forces due to distortion and the aeraglyic response due to blade motion
are then obtained through the analysis of genedlaerodynamic forces from the two
twin calculations. The coupled approach is basetemporal integration for which the
fluid and the structure are solved iteratively iotinvergence for each time step. Four
steps (mesh deformation, fluid resolution, compoiet of generalized aerodynamics
forces, structure resolution giving displacemerdasg repeated several times until
convergence for the same time step (only 3 loopsacessary) before switching to the
next time step. This approach is much more timesgoting than the decoupled one.
Both approaches have led to very close results hwhalidates the assumptions of
superposition and linear aerodynamic behaviour usélte decoupled approach.
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The numerical predictions of fan forced responseeviken compared to experimental
results and showed a good agreement for both withwithout ground cases. The
increase of the vibration level induced by the gibwortex is well captured by the
numerical approach. However, the maximum vibratéels are slightly overestimated
by the numerical approach (in Figure 13-right).

decoupled - ground
decoupled - w/o ground
coupled - ground

I exp - ground
exp - w/o ground i
" e a
» if
oy ks

0.75 0.80 0.85 0.90 0.95 1.00 1.05 110 115

N
Figure 13: Flow field topology in MASCOT2 case (Jeft-orced response for the 2F-4/rev
crossing with and without ground (right).

A current work consists in taking into account tien-linear behaviour of the structure
in the case of another configuration.

3.9 Comparison between coupled CFD/CSM hot shape prediction and
AIPX-7 CROR experimental data

In [31] CROR wind tunnel tests results are compamedumerical hot shape (i.e. the
deformed shape due to centrifugal forces and aeedic loads during the flight)
computations. In a previous paper numerical contjmuts. were performed using the
design shape in both CFD and CSM computations.clineent study is a step forward.
The blade manufacturing failures (Figure 14 —cgngee introduced and the finite
element model is tuned considering these new shapesflowchart for the CFD/CSM
static coupling is shown in Figure 14 (right). Ortbe flow has converged toward a
steady solution, the aerodynamic forces and monaetextracted from the CFD grid
to be interpolated on the CSM grid. This is dorgida the aeroelastic interface. These
structural loads are then injected in the CSM so(@Nastran) which computes the
displacements of the structure submitted to theadd. The aeroelastic interface then
interpolates these displacements from CSM grid B® @rid aeroelastic interfaces and
propagates the displacement in the aerodynamic m@lumesh using a mesh
deformation tool. This process is continued untihwergence to equilibrium between
the loads and the structural displacements, usheipaied fixed point procedure.

CSM solver

(Nastran...)

Figure 14: Rotor blades (left) - CD blde mesh swgfm black and manufactured blade mesh
surface in red (center) - Static coupling stratelgy/Nastran (right)

Then, blade displacements and blade pressurebdistmis are compared. If some
differences are still noticeable concerning thedblaisplacements, this methodology
improved a lot the blade pressure distributionsetations with the experimental data.
These encouraging results show that manufactuaidgrés can have a non-negligible
impact on the numerical / experimental comparisad aust be evaluated and, if
necessary, be taken into account.

4.0 CONCLUSION AND PERSPECTIVES

The previous section has presented recent chafigngirbomachinery studies. That
demonstrates that the elsA software has becomeyanature and reliable tool for CFD
studies, which can be used for industrial desig &or advanced research in
turbomachinery field.
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An important work which revolutionizes the archit@e of the software is in progress.
The first results in terms of CPU provide very impat gains (ensuring exactly the
same numerical solution as with the former architex). One of the test cases is the
CREATE axial compressor presented above. For a RAMISputation with Spalart-
Allmaras model the CPU gains range from a factoB ofith a structured mesh to a
factor bigger than 6 with an unstructured mesh.

The elsA V4.0 release produced in 2018 alreadyatositthese achievements for a
limited scope of the numerical and modelling par@mgepresent in elsA. Details will be
published shortly by the elsA team.
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