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Aeroacoustic perfor mances of the ECL5 UHBR turbofan
model with serrated OGVs:. design, predictions and
comparisons with measurements
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E. Salzé
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Thiswork is devoted to the design and evaluation of a low-noise OGV aiming to reduce
the rotor-stator interaction noise using leading edge serrations and tested on the ECL5
UHBR model in the PHARE-B3 rig at Ecole Centrale Lyon. First, a radially varying 2D
design is proposed and evaluated by means of a fast analytical prediction tool and using a
strip approach. Then, an iterative process combining 3D RANS calculations with an in-
house modeler is carried out to achieve a suitable 3D geometry, while minimizing the
aerodynamic penalties. Following this design process, high fidelity simulations based on a
lattice-Boltzmann solver are performed to assess the sound power level reduction achieved
by the serrated OGV (by comparison to the untreated baseline case primarily tested). Due to
the low-compressibility assumptions of the present LBM, simulations are limited to the
reachable higher regime (45% of nominal rotational speed). Hence, available analytical and
numerical predictions are compared to the experimental data, both in terms of aerodynamic
and acoustic performances. A rather good agreement is obtained with sound power level
reductions up to 3 dB from intake radiation and 6 dB in the bypass duct on the considered
operating points.

Nomenclature

ADP = Aerodynamic Design Point
APP = Approach

CAA = Computational AeroAcoustics
LE = Leading Edge

LES = Large Eddy Simulation

FWH = Ffowcs-Williams and Hawkings
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LBM Lattice Boltzmann Method

OAPWL = OverAll PoWer Level (dB)

OGV(s) = Outlet Guide Vane(s)

OP(s) = Operating Point(s)

PSD = Power Spectrum Density (dB/Hz)
PWL = PoWer Level (dB or dB/Hz)

RANS = Reynolds Averaged Navier Stokes
RMS = Root Mean Square

RPM = Revolutions Per Minute

RSI = Rotor Stator Interaction

SPL = Sound Pressure Level (dB)

TI = Turbulence Intensity (%)

TLS = Turbulence Length Scale (longitudinal intdength scale) (m)
UHBR = Ultra High Bypass Ratio

WH = Wiener-Hopf

WMLES = Wall Modeled Large Eddy Simulation

I. Context and objectives

Although engine manufacturers are pushing towaistsiptive architectures such as the open fan, UliBBofan is
still remaining the most conventional short-terntuion. For both cases, increasing technology meesti level
concepts, priory based on passive treatments, ightytrequired to reach the ACARE targets in termfisEPNL
(Effective Perceived Noise Level) reduction. Irsthontext, ONERA is designing low-noise OGVs chimdzed by
leading edge serrations in close collaboration \B&E (Safran Aircraft Engines) [1]. A new test bepnoamed
PHARE-B3, has been also recently implemented at HClorder to perform aerodynamic and acoustic test
campaigns on realistic UHBR fan modules [2][3][4h particular, this test facility allows to expesemtally
investigate noise reduction technologies in indalstonfigurations.

In the present work, the focus is put on desigrang evaluating silent stator stages in view of oauy the RSI
noise which is expected to be the major contribtiothe overall aeroengine broadband noise. Althopassive
treatments based on wavy leading edges have beemywetudied for the mitigation of turbulence aikfateraction
noise, most of these works were restricted to sfiagl configurations [3][32]. From the authors knedge, this
study constitutes the first numerical and experitalenomparison of noise reduction enabled by sierraton a
realistic turbofan model, although a few recent atipal simulations have assessed the implementafiamavy
leading edges on fan-OGV stages. Studies encommgadgith aerodynamic control (by RANS) and acoustic
performances (by CAA) have been carried out inALLES simulation of a single stage axial fan wits serrations
has been recently investigated by Tong [33] witteduction of the broadband noise up to 4 dB. 3@®uktions
more easily tackled by LBM were also conducted withwavy LE. In [34], serrations and porous seoragi for
stator vanes have been respectively considereth@mp-scaled NASA-SDT turbofan mounted on the HIMCR
Although a rather small broadband noise reductamlieen achieved, this study outlines what coulthééuture of
aeroacoustic simulations for a comprehensive etialuaf noise reduction technologies as close asipte to
performances achieved during certification condgicAlthough serration have been assessed in tefpsessure
and drag coefficients up to the impact on enginesth very few works as those conducted by ONER#eha
quantified the impact of such treatments on aeradyo penalties and implemented strategies for dewig3D
shapes starting from 2D acoustic-purpose serrapatterns in order to reduce those penalties [8]7]
Implementing serrations on future aeroengines th lam aerodynamical and an aeroacoustical challengih
implies that the extension of serrated airfoilsyfracademic configurations to fan-OGV applicatiagquite unusual
and an open-ended topic. This is particularly fiven that the accurate characterization of thieulent flow in the
fan-OGV interstage remains a crucial point [23] &@roacoustics, considering that analytical modal$ design
rules proposed in the literature mostly focus onpdified turbulence assumptions, except some attemnapinclude
anisotropy effects [26].

Regarding the prediction methods, sound reductiom fleading edge serrations can be estimated bysnea
recent analytical formulations based on the Widthepf technique [8], but high-fidelity predictiorm relevant



configurations (with almost no approximations) dam fully assessed using LBM simulations [10][11]otlB
approaches are considered in the present studyaloate ONERA's low-noise design applied to the EGan-
OGYV stage.

The paper is structured as follows. After a shoespntation of the ECL5 turbofan model in sectiprthie section
Ill discusses the serrated OGV design, coveringcbd® acoustic design, with raw estimation of admus
performances, 3D design extension with controleybedynamic penalties, and manufacturing of selegesmetry

(performed by COMOTI). Then main section IV is d®to the LBM simulations limited to a low-speedjime

(45 Nn), describing the numerical setup, and disiogsaerodynamic results and acoustic predictibirglly, the

comparisons with PHARE measurements are presemtgttion V.

1. ECL5 turbofan model presentation

The UHBR engine considered for this study is th& E€@irbofan model shown in Fig. 1 [4]. The nacellameter is
roughly equal to 0.25 meter and the engine is camgmf 16 fan blades and 31 outlet guide vanes (OGke
revolution speed at nominal regime (100 Nn, dendi@®) is equal to 11000 RPM and the approach cmmdis at

55 Nn (6050 RPM) and denoted APP. All operatingditions discussed here are defined at the desigmt po
working line. This turbofan model (baseline casay heen tested in the PHARE ECL-B3 test facilige(fig. 2) by
mid 2023 and the low-noise serrated OGV desighe@NERA has been tested recently in January 2024.

¢) ECLS

16 Carbon blades /@ 50cm 0.30 -

Z (m)

Fig. 1 ECL5 fan front view (left) and fan-OGV stage meridian geometry (right) [4].
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Fig. 2 Picture of PHARE ECL-B3 test facility (top) and sketch of therig with main instrumentation (bottom),
from [20].
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The picture in Fig. 2 clearly shows the turbulenostrol screen surrounding the intake and the patenicrophone
circular antenna. A total of 187 microphones aredus the test-rig to provide extensive data ofribise radiation
of the rotor-stator stage. These microphones ateilalited as follows: (1) a total of 27 microphomgstream of the
duct, mounted on a 2 meters radius circle thatbearotated around the vertical axis so as to reptake directivity
on a portion of a sphere, and (2) 160 randomlyrdiisted microphones, some of whom are mounted tating
rigs, are used to extract the modal amplitudesi®fressure in the duct. More details and analgkz&sese tests are
discussed in a complementary ECL paper [20].

1. Serrated OGV design

A. 2D acoustic design using inflow tur bulence characteristics
Starting form ECL-5 baseline geometry, a 2D LE &@on design based on sinusoidal patterns has teeved
from simple rules and using turbulence length sadaracteristics provided by CFD calculations (presly
performed by ECL [21]). The parametric laws adogtedraw the serrations are those proposed by Seltdd]:

- As=2TLS

- hAs =1
whereAs and Ry are respectively the serration wavelength andaserr amplitude, and TLS is the estimated
(longitudinal) integral length scale of the turlbntldlow impacting the vane in the LE region. Thisale was
prescribed at 55 Nn (approach condition) by considethe radial profile issued from a WMLES soluti¢Fig. 3),
extracted closely upstream to the LE position. isswubsed in [1], a strip approach (Fig. 4, leftysed to match the
radial profile and to set the suitable strip valfe@s\s and R, leading to the initial 2D design shown in Figright.
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Fig. 3 TLSprofilesover the span assessed from CFD at 55 Nn: ONERA design based on A profile (orange
curve) from WMLES solution [21].
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Fig. 4 Strip approach for setting the evolutive patterns (Ieft) and 2D flat-plate design (right).

B. Acoustic performancesat design stage

A raw estimation of acoustic performances (in theigh step) has been first performed using a fastigtion tool
(MATLABcode) based on the Wiener-Hopf formulation progdsg Ayton [8]. This model is valid for a flat-ptat
with infinite chord and span, but geometrical coti@s for practical application to actual spargkbn(without need
of recalibration) have been proposed by Buszyk\adidiated in Ref. [1]. Furthermore, in order togdkto account
the radial evolution of the serration patternstrigp approach is introduced for the evaluation pssc(solving the
problem for each strip and performing a non-cohteseim). A few assessments of sound power levelctemiu
(APWL spectra) are plotted in Fig. 5 at APP (ECL WNB:-Based inputs) and ADP (ONERA RANS-based inputs)
conditions. Estimations issued from the empiridalg”law" evidenced by Paruchuri [3] (academic opsnrig
experiments with isolated airfoils mounted beyonuidulence grid), are also plotted for comparisignificant
PWL reductions (reaching 6.5 dB at APP) are clehigjnlighted with a reasonable agreement with thg faw",
despite more important deviations at ADP. An OAPY&tuction of at least 4 dB, obtained by integratimg levels
in the frequency range [0.5 BPF - 3 BPF], is expédbr both OPs, which is quite promising.
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Fig. 5 APWL spectraissued from WH model and empirical log law at APP and ADP.

C. 3D aerodynamic design using RANSto reach acceptable penalty targets

Starting from the initial 2D design, a 3D extensignthen realized using an in-house modet¥sdt? and by
performing iterative RANS calculations (witisAONERA code). The focus is put on ADP, in ordereach the
targets specified by SAE in terms of aerodynamimajtees and final integration purpose. Several lloca
modifications have been proposed from the initesign (design V1) to the last manufactured desiigsign V7)
plotted in Fig. 6. This low-noise design so obtdinge expected to ensure acceptable aerodynamidtigsnas
demonstrated in Fig. 7, both in terms of isentragfficiency (-0.4 point penalty) and pressure lossfficient (-0.12
point penalty).

Fig. 6 Low-noise ONERA serrated OGV (last design V7, left) and CAD view including the attachments
(right).
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Fig. 7 Aerodynamic penaltiesin terms of isentropic efficiency (Ieft) and pressureloss coeff. (right).

D. OGVsmanufacturing (by COMOTI)
After specific computations carried out by COMOW®I ¢heck the mechanical behavior (not discussed),htre
serrated blades have been manufactured (by COM@)Ilusing CNC machining. Photography of the eradipct
(totalizing 31 vanes) is shown in Fig. 8.

Fig. 8 Manufactured serrated vanes.

V. LBM simulations at 45 Nn

A. Overview of themain ProLB v2.8 features

The LBM simulations have been performed with thelecBroLB [12] using available functionalities. The key
features are the following. In contrast with tramitl CFD solvers relying on the Navier-Stokes (M8yations, in
the LBM, the fluid is described by probability disution functions describing the fluid particlés.the present case
the discretization is performed on a D3Q19 lattiistribution function. For quasi-incompressiblevilyy this
discrete formulation involving nineteen velocitiabows the computation of the athermal formulatmfnthe NS
equations [13]. On this D3Q19 lattice, which isther words the octree mesh of the simulationgtrution of the
distribution function can be governed by a two-s#dgorithm often called "stream and collide". Csithns take
place locally and the streaming operation is pemntat following the octree lattice while staying eixdmanks to the
Courant-Friedrichs-Lewy (CFL) equal to 1. This maltkis step non-dissipative and its numerical inm@station
quite simple and cost effective since coarser ncefli have a smaller time step. The CPU efficiesmng very low
numerical dissipation make the solver suitable deroacoustic simulations. Additionally, immersedutdeary



conditions handle geometries, around which thelfhoundary layer is resolved thanks to an advaaadog-law
taking into account an adverse pressure gradiedt amvature effects [14][15]. In the present wobl8M
simulations are carried out with tiReoLB solver in the 2.8 version. IRroLB, an advanced collision operator, the
hybrid recursive regularized (HRR) operator is ieménted, enhancing the stability of the schemeredhdcing the
spurious noise at mesh refinement transition alwitly high order correction terms to removeM3j errors [16],
leading to a more robust code below M=0.7 [17]. fAs turbulence modeling, ifProLB, the Shear-Improved
Smagorinsky Model (SISM) [18] is employed as a sighgcale viscosity to model unresolved eddies,laity to
traditional CFD solvers Finally, to reduce spuriowsse source generation at mesh transitions dtieetadvection
of the variables across grid refinements, the Di@mupling (DC) cell-vertex algorithm is used [19].

Since the actual version B8foLB available at ONERA is the low-compressible onacpical limitations for current
applications are trimmed by the local flow Mach toan values that should be locally lower than 0.RisT
constraint is affecting the set-up of the LBM siatidn. For this reason, the higher reachable redimthe present
configuration was 45 Nn (4950 rpm), with a targe@® condition roughly corresponding to the blueleion the
working line of the fan map characteristics (ifi§isstarting from 50 Nn) shown in Fig. 9 with a abpressure ratio
and a mass flow rate respectively around 1.05G6 &nd 18 to 19 kg/s. Even though, this off-chegime had to be
considered, several chained calculations had beeded with an increasingly fine mesh to avoid ®pmreds
during the transitional period, as illustrated dgraerodynamic analysis in 111.B.
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Fig. 9 ECL5 fan map characteristics[4][5].

Concerning the geometrical elements which have Iséenlated, the full engine rig is included in thBM
numerical set-up (Fig. 10), without taking into aant the TCS (Turbulence Control Screen) and tHetesystem
of course. Three-dimensional views of the hub dwdud surfaces with the fan-OGV rows are preseintédg. 11,
left and right, respectively for the baseline ao@-hoise serrated OGV. No valve control law beiagailable in
this version oProLB used here, it has been decided to extend witip @shdition the duct downstream making the
flow free to leave out from the outlet open sectidhe external fluid is set at rest with standardaspheric static
pressure. A rigid conical exhaust with a slip wadhdition, which can be seen in Fig. 10, is addeduoid the
sound waves radiation towards the upstream dimrediidhich could pollute the acoustic field generafexn the
intake). It has been checked that such a cone megligible effect on the aerodynamic behavior. ideer, the
absence of a winnowing law with radial equilibriimmplies that the operating point will naturally bet. This does
not pose any major problems for airflow and aeraglyit comparisons, either with experimental dat&RANS
simulations, as several winnowing points are scdninethese cases, the closest one being choserdss c
comparisons performed here. Finally, it has to ighllghted that all simulations presented here Hasen carried
out prior to the test campaign.
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Fig.10 LBM set-up for PHARE-B3rig simulations.
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Fig. 11 3D viewsof skin mesh of hub and shroud with thefan-OGV rows: baseline OGV (left) and low-
noise serrated OGV (right).

The octree mesh consists of several refinementdevith a doubling of the mesh size at each tramsitAll solid
boundaries in the Fan-OGV stages (stator, rotdp, ad shroud) are protected at least 6 layerppfoximately
0.2 mm mesh size. The finest level is however locatethetip region (with 0.1 mm) in order to ensurdeatst 7
points. The choice of meshing the tip region hanbmotivated from RANS computations performed aNd5and
a mass flow rate of 21 kg/s) with the rotor aldinethe shroud region, a more intense productictudifulent kinetic
energy is visible if the tip gap is modeled (Fig, 1op left) in contrast to the case where the édaare extended to
the shroud (Fig. 12, bottom left). This is highligti in the plane corresponding to OGV leading ddygthe full set-
up configuration) in Fig. 12, right, revealing thadial evolution of the turbulence intensity. THigure also
illustrates the fact that the hub and shroud regirould be major contributors to the RSI noisecEsiand of from
a more general perspective of prime importancenduttie design of silent OGVs.
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Fig. 12 Cut viewsof the turbulent intensity from arotor alone RANS simulation at 55 Nn: blade extended
up to the shroud (top) and taking into account the tip gap (Bottom). Radial evolution of the circumferentially
aver aged turbulenceintensity (right).

The octree mesh near the rotor tip is displayeBign 13 (left). The inter-stage turbulence propagah the fourth
resolution layer with cells of approximately 0.9 nsize. Several successive refinement jumps aredbesidered
up to the far-field boundary conditions set at rsd protected by sponge’s zones to dissipateualsidaves at low
frequencies and avoid parasitic reflections. Ineortb limit the memory footprint linked to the tbtaumber of
points, two half-spheres are considered at 1 and fadius from the inlet plane, for the propagatminthe
downstream acoustic waves, with approximate cutf@fuencies equal to 6 and 12 kHz with 8 points pe

wavelength.
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Fig. 13 Zoom on the mesh (fine case) around tip gap (left). M esh transitionsin the intake region (middle).
Intake region with specific extraction probes over half-spheresfor radiated sound field analyzes (right).

Closer views around the intake region are displdagelig. 13 (middle), are revealing two half-spterthe larger
sphere matching the position of the microphonerargdvisible on PHARE-B3 facility in Fig. 2). In didion to the
experimental far-field microphone array which ipne@duced in the numerical domain, a second sphéhe half

10



diameter has been also added in order to providestic data taking advantage of the finer mestoufnt from the
inlet as illustrated in Fig. 13. Among severalpuis (volume fields, surface extraction and ponatoes), turbulent
wall pressure on blades and vanes are stored &r todeed a FWH-based in-house coBanNois8, solving the
loading noise generated and propagated in the (suttt annular geometry and uniform mean flow asstiomg).
These LBM+FWH predictions allow in particular asseg the contribution of OGV sources expected to be
attributed to the RSI mechanism and separate themm fotor alone sources.

Finally, regarding HPC performances, the fine miés$igned for acoustic predictions totalizes abahitlibn points

and the simulations are performed over 3600 coisarxsimulation time covering 12 revolutions, @sponding to
a duration of 0.12 s. The required CPU time is etud10 khours leading to a restitution time am®6 days on
ONERA's NEC SATOR supercomputer.

B. Steady and unsteady aerodynamic analyzes

Several consecutive computations have been laungdiad different sets of grids (adjusting the refirent levels)
to reach the target mass flow rate by adopting #i+fireld mapping strategy. This is illustrated Fig. 14, left,
showing the progressive convergence of the masg fide, using successive coarse/medium/fine gtmghe
expected value of 18.5 kg/s (issued from a RANSuation performed wittelsA code). The average variables
appear to converge after a transient lasting abalitthe total calculation time. The pressure valobtained by
LBM are compared to the RANS solutions in Fig. ght, for the fan and fan-OGV stage, respectivélye small
deviations observed can be attributed to the athleamd low-compressible approximationsPiroLB.

20 1.08
! wt 107F
] I
ll
15— f 1.06 -
o o
2 ! 21.05 L
i) ®
s [ °
= 10 B 51.04F
2 f g
a n &1.03F
g ' H — RANS (FAN stages)
- == RANS (FAN + OGV stages)
5w T T T ' T 102 | @ LMB (FAN stage)
3 (1) coarse I @ LMB (FAN + OGV stages)
[ -
p (2) medium 1.01F @ EXP (FAN +OGV stages)
Ly 0 (3) fine (with tip gap) |
1 L 1 TR | L | - | L | I 1
) 10 20 30 40 50 60 14 16 18 20 22 24
Rotations Massflow [kg/s]

Fig. 14 Massflow rate convergence from coarse to fine mesh set-up (left). Pressureratio versus mass flow
rate (right) provided by the LBM (at the end of the calculation) compared to RANS solutions at 45 Nn for
various winnowing.

Nevertheless, a very good agreement between LBMR&INS is achieved in terms of mean velocity prafikes
shown in Fig. 15, related to the axial velocity gament extracted along a plane between the farO&id (x = 100
mm). The same trends between RANS and LBM methmalalao observed on the static pressure in Figright.
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Fig. 15 Radial profiles of mean axial velocity (left) and static pressure (right) at x = 100 mm issued from
RANSand LBM.

In addition to azimuthally averaged data in theiirstage at x=100 mm, mean axial flow velocity (Ri§, left) and
static pressure (Fig. 16, right) are plotted at5G-Phm downstream of the OGV stage. Behind the istdte mesh

has been coarsened both in LBM and RANS, whichagxplwhy wakes and boundary layers are more or less
pronounced in the cross-sections of the solutield fieven if the levels and trends are similarathlzases.

Fig. 16 Cutsat x=250 mm from RANS (left side of each subfigure) and LBM (right side of each subfigure).
Axial velocity from 50 to 150 m/s (left) and static pressure from 98 to 101 kPa (right).

In order to compare the forces exerted on the soiithces, the wall pressure coefficient Cp iswat@d both on the
reference rotor blade and stator vane at variadiglrpositions according to:

Cp — 1p - prezf
7pref Uref

12
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Fig. 17 Cp profile comparison at variousradial positionsfor therotor (left) and the stator (right).

In Fig. 17, a very nice agreement is observed batwiee RANS and LBM approaches, despite quite rdiffeset-up
have been used (open configuration for LBM and edosne for RANS). However, there are two points of
divergence, a local flow detachment at the traikkoige of the rotor (r = 0.15 m) and at the statading edge (r =
0.25 m). Regarding the first observation, it miglgo explain why turbulent wakes are supposedlyittense as
discussed in the following aeroacoustics analydegecrease of this kind of flow detachment has bagserved in
previous studies [8] (in comparison with [35]) whefining the mesh. As concerns the second obsengtit can

be related to the tip flow modeling which is quiteallenging to capture with a few points meshing thgion and
by relying on wall laws.

After assessing the stationary behavior of the flibwe important to study its unsteady characti&ss which are the
key mechanisms behind the broadband noise soufcethermore, the main focus of the unsteady aemayjn
analysis is on the turbulence wakes characterjdbiesause they are the main mechanism driving dteg-stator
interaction noise as discussed in parts dedicategdustics. Analysis of turbulent properties pnése below relies
on 16 rows of radially aligned probes placed 20%stator vane chord upstream from their leading edgad
depicted in Fig. 18 (left).
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Fig. 18 Visualization of the probesrows used for post-processing of the unsteady data in the fan-OGV
interstage (left). Diagram illustrating the changes of reference frame consider ed for the post-processing of
wake turbulence (right).

In order to refocus the turbulent flow analysisngldts preferred direction (while dissociating thdial component),
a change of reference frame is implemented aswsllo

We

WT

ux UX

Uz ex.eye;z Ur
The three reference frames are depicted in FigrigBt. Furthermore, in order to isolate the velp@tochastic
fluctuations, the standard genuine decompositiorafluctuating quantity is considered (as done for example in
[22]):

ex.eg.er egep.er

q(x! t) = qcyclo (x! t) + qstoc(x' t)
N

1
qcyclo(x; t) = Nz q(x,t +nT)
n=1

In the above equations, T is the period of theatigre (1-blade passing time), andiblthe number of time blocks.
The stochastic fluctuations (turbulent part}£x.t), are classically obtained by substracting pirase-averaged
(cyclostationary) part, Go(X,t), to the total fluctuating field, q(x,t). Prazally, the phase-averaged signature is
duplicated N times before realizing the substraction. Moreoverenhance the statistics which are rather under-
resolved due to the limited simulation time andsttmdecrease statistical errors, a spatial avegagier the B = 16
probes (see Fig. 18, left) is also performed. Tarifyl the notation,q,,. will be confounded withg'. In the
following analysis, the focus is set on the two angjuantities describing a turbulent flow field,nmaly mean
square velocities and length scales. The RMS wglacdefined as follows (with ) the ensemble average).

wy"T = 1’(W{2>

As for the turbulence length scales, two approaenesonsidered. First, in the time domain (as donexample in
[23]):

t1

Lii_f =W; f

to

(wi (t) - wi(t +dt)) it

(wii)
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In theoryt;, should tend toward. But, in practice due to spurious numerical oatiins, the integral is stopped at
the first zero crossing. Second, in the frequenoynain, an asymptotic extrapolation is performedofeing
equation (6.213) in [24]:

, Sww (N W)’
) — Wi - ) AU
Fug = 03 (Wf 4. (Wi’i2)> }}L% (Wg 4- <Wi,i2>

Wherew’, denotes the Fourier transform of{ andS,,, its power spectral density. As for the steady ysis) a

convergence study of longitudinal fluctuating vép@nd length scale is carried out in Fig. 19 lonsidering the
data on single full revolutions at different timieshe calculation.
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Fig. 19 Radial evolution of the RM S streamwise velocity post-processed from various singlerevolutions
(Ieft). Radial evolution of the streamwise length scale post-processed from various single revolutions (right).

While there seems to be little change in veloditigtuations during the calculation, a higher vaitigbis observed
on the integral length scale. In fact, in the htere the characteristic length scales of the tartme are in general
much more challenging to accurately assess tham&sance turbulence intensity both from RANS [b][znd
WLES simulation [8][23]. Nevertheless, as for thean flow, the quantities appear to stabilize ab/em the
revolution apart from the turbulence length scalethee shroud which exhibits a great discrepancywvben
successive revolutions. In any case, for the postgssing of turbulence that follows, 6 completeohations are
considered (from the 6th to the 12th revolution)ttRermore, in Fig. 20, not only are the longitwdiproperties of
turbulence are considered, but also its transweragacteristics.
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Fig. 20 Radial evolution of the RM Sfluctuating velocities (left) and turbulent length scale (right). Post-
processing performed over the 6 last revolutions.

First, it is interesting to study the curves in .F&§, left and right, with respect to the assumptiof a locally
homogeneous and isotropic turbulence. First,fibisid that close to the walls:

1 2 2
mrms _— 2 ~ Tms o mTms rms
W \/5 ((Wfs‘ TS)" A+ (Wapy )"+ (W TS) ) Weg ~ Wi =W

which is consistent with [23]. However, the agreatrie less satisfactory at the hub and shroud, visiconsistent
with the boundary layers locations. Moreover, eiglgcnear the hub, the strong geometric curvatfréhe duct
makes the assimilation of tifeirection with that of the flow less satisfactoBecond, as for the integral scale, it is
found over a wide radial range that:

Legg =2 Lype =2 Lypg

which is in agreement with the isotropic turbulernbeory. This observation has also been made ih ¢@a3the
NASA SDT benchmark test case, both from LBM postepssing and experimental data. Additionally, fram
methodological standpoint, it is interesting to enthat frequency-based and time-based approackés wery
similar trends. This result reinforces the relevand the homogeneous and isotropic turbulence gs$omin
modeling the RSI noise. Nevertheless, it highlightst the stator upper and lower portions remairsitige areas
for acoustic noise prediction and reduction sirtceger anisotropy appear near the boundary lajetbese areas,
a more detailed study of all turbulence componeatserning noise reduction, as done in [26], agpeabe more
comprehensive. Nevertheless, it is important tcalfethat an accurate modeling of wake turbulencmaias
challenging, especially regarding the convergerdaesults provided by RANS, WLES, or ZDES calcwdas with
experimental data as discussed in [21][23][30].

As in [1][21][23][27][30], the data obtained herarcfeed available analytical models aiming to as#es RSI noise
emitted by OGVs with/without LE serrations. For teerrated case, the Wiener-Hopf formulation presipu
discussed is adopted. For the baseline case (widemwations), the in-house codéA2D [28] based on Amiet
theory extended to ducted annular cascade is wsetbimparisons to the numerical predictions (sedi®@es V.A
and V.B).

C. Direct acoustics and analogies-based predictions
Acoustic predictions have been recently obtained anly first relevant results are discussed hetge Tain
objective of these LBM simulations is to assesuiifnerical simulation is able to provide the acaupgrformances
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of the low-noise serrated OGV (designed by ONERA) @ more complex configuration than previously
implemented (a rectilinear cascade test-case Jn [} this reason, the focus is put on the cappfi®GV sources
since the serrations are expected to reduce tdintpadge noise from stator vanes generated bR Bienechanism
(resulting from interactions between the turbulestor blade wakes and the OGV). Furthermore, dutth be
emphasized that the RSI noise is expected to beantia source of broadband noise on this configumaas
discussed in [21] (figure 4.23(b)) in comparisorihwthe rotor alone emissions. This assertion wélldiscussed in
the subsequent acoustic analyses. Nonethelesgyéhall noise reduction achieved by serration sthaa caped by
the rotor noise sources which are not tackled uttdemwork.

The physical mechanisms at stake are qualitativigiglighted in Fig. 21, revealing the turbulentustures in the
Fan-OGV interstage from the rotor and impactingstator in term of iso-surfaces of Q-criterion (F2g, left), the
wall pressure distribution over the vanes (Fig.rijht), and the acoustic waves radiated by thakiat

Fig. 21 Snapshot of LBM solution showing qualitativein-duct turbulent structuresfrom iso Q-criterion
surfaces colored by axial velocity (left), fluctuating wall pressure distributions over vanes (left), and radiated
sound waves.

Acoustic analyzes are presented mostly in termsoafnd power level spectra and by considering twdénma
approaches: (1) the direct LBM solution providimg tsound field radiated from the intake (acousétdfdirectly
extracted on probes over spheres described ini1Big.and (2) the coupling with a FWH (solid surfpe@alogy
restricted to the loading noise sources on the OB\this second approach, the in-duct propagatiteces are
included by adopting Goldstein's formulation [28&}plemented in the in-house coBanNoise[30]. Practically, for
spectrum analyzes, the temporal signal durationoigering at least 6 rotor revolutions, providingragquency
spacing of 16.5 Hz. In order to reduce inherentisiteal errors, relevant PSD are currently asskaseng the
classical Welch method, but efficient sliding awgng functions Pythonor MATLAB smoothing tools) are adopted
here, more suitable for short duration signaturRegyarding the farfield acoustic analysis, a consecg assessment
is first performed. To this end, we consider theraged spectrum obtained at several microphonedeldat 2
meters from the intake. Results obtained for déiferstarting full revolutions (from which the PS® dalculated)
and limiting the signal duration to one revolution this exercise, are depicted in Fig. 22 (left).
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Fig.22 Raw PWL spectra calculated from the signals over different singlerevolutions (left). OASPL levels
(broadband part) at far-field intake microphones (levelsintegrated from 1to 6 kHz).

The signals appear to converge starting from the révolution (approximately halfway through the ik
simulation time on a fine mesh) analogously to whead been observed for the mean flow or turbuleopenties.
For informational purposes, the temporal delay leetwthe physical phenomena associated with turbulakes
and the convection of acoustic waves to the fad fieicrophones is approximately 70% of a singleotation time.
For the subsequent acoustic analyses, the secdhdfhhe temporal signal obtained from the simigiatcan be
considered. From a methodological perspectivesitawy the idea of using an acoustic zone at adgs of 1 meter
for acoustic evaluations could be worthwhile. Tis thnd, the OASPL levels (integrated between 16kHz) for
the different microphones of the two spheres ar@mémed. By applying a -6dB correction (correspogdto
doubling the distance for a perfectly sphericalustic source), a very good agreement is observedeka the two
sets of microphones in Fig. 22 (right), in partaoutiose to the x axis. Elsewhere, it can be legitely thought that
mesh dissipation at 2 m will be slightly greateremhwave propagation is not aligned with the priatimesh

directions.

PWL spectra related to each OGV (baseline andtedjrare compared in Fig. 23. In Fig. 23 left, bBWL spectra
are related to the intake radiation from direct LBMlution (including all sources generated by r@od stator),
whereas in Fig. 23 right, the spectra are onlyteel#o the OGV sources propagating in the bypass(tksued from
FanNoisg. In each case, a PWL reduction is clearly obsktud it is more significant in Fig. 23 right, déed to
the OGV noise contribution.
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Fig. 23 PWL spectrafor baseline and serrated cases assessed by L BM: radiated power from direct acoustic
extractions at spherelocations (left) and bypass duct power from coupling with FanNoise (right).

In view of comparisons with measurements (Sectipnsyecific analyzes have been performed with r@sjoethe
turbulent pressure on the vane surface obtainech fitBM (FanNoiseinputs), and to the behavior of FWH
predictions when limiting the surface integratiortie expected source region (RSI sources confmé&dE region).
RMS wall pressure fluctuations maps are plottedim 24, on vane suction side (picked at a frequeariase to
BPF2) for baseline and serrated cases. Three no@itsran be noticed: (1) most intense sourcesoaeted in the
vicinity of the LE, (2) a source level reductiondkearly observed along the valleys of the sernapatterns with
maximum levels concentrated at the roots (as paiate by numerous studies from the literature) s@)eral zones
with significant levels are present on the reghefsurface particularly for the serrated (secondaurces in the TE
region). As investigated by Lewis [27], Polacs8R][ and Buszyk [8] the origin of such "extra seagtmight be
attributed to local flow detachments and/or voltis@muctures, captured here by LBM here (more aesyto be
done to status about reliable physics), which caltufe the radiated sound field involving the thetaral RSI
mechanism. Additional calculations have been laaddby considering limited surface integrations {ckegl in Fig.
25, left) and resulting in PSD at bypass shroudly(fannular duct assumption iRanNois@, shown in Fig. 25
(right). A strong attenuation of the PSD level Isserved, more significant at medium and high fregies, and
much more evidenced with the 30% chord integrati@me should take advantage of this result in Sedtfipwhen
comparing LBM+FWH predictions with solutions frorersi-analytical models (derived from Amiet and Wiene

Hopf) and with experiments.

Fig.24 RMSwall pressure on stator vane suction side: basdline (Ieft) and serrated (right) case.
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Fig. 25 On theleft, chordwise limitation of FWH surfaceintegation: 50% (left) and 30% (right) from LE.
On theright, PSD at shroud from FanNoise predictions (baseline) for selected integration.

V. Comparisonswith PHARE-B3 measurements
A. Aeroacoustic comparisonson the baseline case

The SPL spectra (from intake) at microphone 7 Ege2) assessed by LBM for baseline OGV is comgpaoethe
PHARE-B3 measurements in Fig. 26, left. The PSDpsha in good agreement with the experiment uphto t
maximum frequency reachable by the LBM mesh aathitenna position (or equivalent angular positiohat the
radius), but the predicted level is about 6 dB &the measurements. Further investigations arerwageto
understand this mismatch, mainly focusing on theshmeesolution at the rotor skin, which has not besfimed
further due to limited computational resources. Using on RSI sources on the OGV, PSD at bypassughro
assessed hiyanNoiseusing the 3 integration surfaces previously disedgsame predictions than in Fig. 25 (right),
but applying a sliding averaging leading to thespré smoothed spectra) are compared to measureatéviis.130
(one microphone of the linear array shown in Figb@tom). As discussed in [20], microphones atntpsvall are
located within the boundary layer and certainlylygeld by the hydrodynamic modes tending to increhedow-
frequency part of the spectrum when no filteringajgplied (which is the case here). Regards to ttheauest
comparison (Fig. 26, right), an overestimationha tevels is expected (since the LBM data are asddputs), but
the FWH predictions using full surface integratitsue curve) seems not reliable (more than 10 dBadien), as
the 30% chord integration result giving rise tooaer-reduction of the level (since too much soumrestruncated).
The PSD obtained using a mid-chord integrationg®ad compromise choice (as discussed further Hedo will

be adopted for the following comparisons.
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Fig.26  SPL spectra of radiated sound field by intake at Mic. 7 (see Fig. 2) issued from direct LBM and
measur ements (left) and SPL spectra at bypass shroud issued from FanNoise and compared to measur ements
at Mic. 130 (right).

To take the comparison a step further between sithonl and experimental data, two other approacteassessed.
First, the FWH-solid analogy is performed to evédute acoustic power both in the intake and inbypass duct.
Second, based on the turbulence properties distuss®ection IV.B, the Amiet-based solutichifA2D code) is
addressed too. In Fig. 27, an excellent agreensnbe observed betwe@mA2D andFanNoise(using mid-chord
integration) solutions, both in the intake (Fig., #ft) and in the bypass (Fig. 27, right), and fnedicted power
spectra in the bypass are not far from the experinssued from the ARMD [20][31] post-processingg(F27,
right). As discussed in [20], the ARMD techniqueoposed by Pereira [31] should be able to providgoad
prediction of the acoustic power spectrum in thpasg duct, from array-processed sound field decsitiqo into
modal and radial Fourier-Bessel modes, and thesbtain a representative estimator of the power cigolu from
serrated OGVs. However, the complete array measmemmequired for applying this technique were @udguired
at selected regimes (55 Nn, 80 Nn and 90 Nn) anthes@®RMD result at 45 Nn has been derived herenftbe
measurements at 55 Nn and by applying a basic atamne(spectrum ratio calibration from Amiet-bassalind
power predictions respectively at 55 Nn and 45 Mgimes). Moreover, the indirect approaches are #ble
reproduce fairly well the direct LBM solution redak to intake radiation (Fig. 27, left). Two hypesles can be
drawn. Firstly, it seems to confirm that the RSlcimenism is indeed the dominant source at play. i@#gpover-
predicted levels observed in Fig. 27 (left), conepato measurements from external antenna, mighttbdbuted to
over-energized turbulence from rotor blades capltimeLBM at this regime. To conclude on explanagioa more
accurate study dedicated to mesh refinement sétsihould be performed, and fan sources contidnushould be
evaluated too.
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Fig. 27  All predictions vs. measurements: (left) PWL spectraradiated by intakeissued from direct LBM,
FanNoise, TinA2D and (right) PWL spectrain the bypass duct issued from FanNoise, TinA2D and ARMD.

B. Acoustic performances

Despite of the deviations previously observed an dbsolute levels, a correct shape is found (sinhiémds are
obtained on the serrated case not presented foisemess), so that a relative PWL estimation betvbeeseline and
low-noise casesAPWL spectrum assessment) should be reliable. AP&/L spectra resulting from the PWL
assessments on baseline and serration cases #esl pfoFig. 28 and Fig. 29. The lower acousticf@anances
obtained on the upstream radiated field (Fig. 28hjgared to the bypass (Fig. 29) can be due tohhedtor noise
that could be more significant at this very lowineg, partly masking the OGV contribution. Indeddwas found
from steady RANS calculations performed at 45 Ns\discussed further below), that high flow detachtsmevere
present on blades and vanes, since the beta gugsigned for best aerodynamic performances at AD@padly
aligned to the streamlines. As a consequence,iadditsources might be created on the blade and wadls that
could also explain the lower PWL reductions obtdifeven when focusing on OGV sources) comparethdset
issued from low-fidelity WH predictions in Fig. Z&ith PWL reductions up to 6 dB amdDAPWL around 4 dB).
NeverthelessAPWL levels from measurements are found higher tharpredicted ones, reaching 3 dB upstream
(Fig. 28) and 6 dB in the bypass duct using the AR&&timations (Fig. 29) which is a very encouragiesult. It
should be noted that in high frequencies (abovédZ) kthe ARMD method is expected to overpredict tloése
reduction, since the low-noise concept tends tmulelate the noise sources and thus require a higlmaber of
fixed reference sensors to carry out the analyi$. [ Hence, it can be outlined that this acoug@cformance is
close to WH-based prediction and also to the FWskHarediction if the source integration is cortitte the LE
region (30% chord here). This suggests that theeeptactical methodologies (using present LBM ingata) are
quite relevant in order to assess the actual s@awer reduction, assuming that the experimental Rpectra
derived by the ARMD estimator obtained at 55 Nntaustful at 45 Nn.
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Fig. 28 APWL spectrafrom intakeradiation assessed by direct LBM and measur ements.
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Fig.29 APWL spectrain the bypass duct assessed by FanNoise (full/mid/30% chord integration), WH, and
compared to experiment (ARM D post-treatment).

It should be reminded that LBM simulations haverbbmited to the off-chart 45 Nn regime due to liation in
reachable Mach number (weakly compressible versioRroLB has been used under this project). Therefore,
increasing the fan rotating speed is expected i le beneficial impact on the achieved noise rédiicand
aerodynamic losses. The main reason for this ts #sethe angular pitch is fixed, the offset betwtee local chord

at the leading edge of the stator vanes and rd&oleb relative to the incident flow will be minireit. In fact, the
design of the test bed has been thought out witlew to obtain the best propulsive efficiency atmioal speed
(100 Nn), as depicted in Fig. 30. For a better wstdading of the RPM effect, mean flows from RANS
computations at two regimes are compared in FigaRhg with mean flow from LBM but only at 45 Nn).
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Fig. 30 Radial sections showing the axial mean flow and streamlines.

As illustrated in Fig. 30, mean flow streamlinee amisaligned with the vanes leading edge at 45 dfre@ally at

the shroud (red arrows on Fig. 30). Indeed, the @irbofan model is at this RPM regime far fromriteminal

operating corresponding to 100 Nn. A very goodratignt of the streamlines is found when obtainechfi®0 Nn,

with a significant modification of the inflow anglat the shroud (green arrow). This angular offsetha low

rotating speed may explain the significant pressorgce observed at the casing in Fig. 24. It lkshba reminded
that analytical model in Fig. 29 assumes a flatepfeerfectly aligned with the incident mean flowowever, it is not
easy to separate the influence of the improved #ignment on noise reduction from other physicathanisms at
play at different engine regimes. However, quigniicant sound power level reductions at highelVRrave also
been assessed experimentally in [20], with broadienise reduction illustrated in Fig. 31.
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Fig.31 PW.L reduction (broadband part) from experimental data at other operating pointsfrom [20].

As expected from the literature [1][6][7][8][9], shift towards higher frequency is expected whemeasing the
mean flow velocity (streamwise component roughlgradd with the OGV at LE position). This trend das seen
experimentally on the 45 Nn, 55 Nn, and 80 Nn reginm Fig. 31 (broadband noise reduction onlyaddition, as
discussed in more detail in [20], aerodynamic lssae decreased when the rotational speed is geteahich

reinforces the analysis made from Fig. 30.
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V1. Conclusion

This paper has clearly described the design statie prediction methods dedicated to passive treatrfr RSI
noise reduction using sinusoidal leading edge tens which have been finally assessed during>qermental
test campaign at ECL. In the present work, thenéittn was focused on broadband noise for whictolgdB PWL
reduction has been achieved at the intake and BWRB in the bypass. Several prediction methods wsesl both
during the design and evaluation phases. Firstlget on semi-empirical models, a 2D pattern of Wweagling edge
was proposed supplemented by analytical predictimsed on a Wiener-Hopf formulation. An in-housedeier
(ersatd was then used to design and provide 3D geometagged from the initial 2D pattern. An iteratipeocess
allowed, after several iterations based on RANSukitions, to select a final geometry, with aerodygiapenalties
reaching the target values prescribed by SAE, ahithwhas been manufactured by COMOTI. Before the
experimental test campaign, an LBM simulation wias aet up, for a low-speed regime suitable toctiae ability,
to estimate the noise reduction achievable withptfugposed concept. From this simulation, severahounlogies
for predicting noise and its reduction could be paned: either by direct calculation at micropholeestion or by
considering indirect approaches. For the latter,aanlytical solution based on Amiet's theory fedhwpost-
processed turbulence data from the LBM calculatias been addressed, in addition to a FWH solveisasgy the
loading noise generated by the stator vanes (atiogufor in-duct propagation following Goldsteingpproach).
These different approaches have shown a very ggoeement between them, confirming the idea thatRBé
mechanism is the main component of the broadbarsk rapserved on this turbofan model. A good agretnme
terms of noise spectra shapes was also observadewierimental data, despite an over predictiothefradiated
noise. However, the agreement was even better fidwarsing on relative comparisons between the baselnd
low-noise geometries, by focusing for exampleA®WL spectra achieved at intake and bypass.

Future work should be devoted to a finer analyStsidulent wake sensitivity, and thus RSI, to rateesh. For this
purpose, rotor oriented simulations coupled witllgiical solution Tina2D for instance) to predict RSI appear
quite relevant as pointed out in this work. In diddi, fan alone noise contribution could be asskessa~anNoise
using LBM-based turbulent pressure field on therdilades. Regarding the OGV stage, a finer refegrdnat the
skin should also reduce the contribution of thaasburces which are expected to partially polth& LE noise
source in high frequencies as pointed out in [§][35PU cost of these additional studies is nevésge non-
negligible. Finally, noise reduction treatments afgarticular interest for engine manufacturersSa& for their
future architectures. Furthermore, particular dtbenshould be paid to optimization techniqueshafse treatments
for which the adjoint method appears especialliable [36][37].
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