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RØsumØ

Dans le domaine de l’aØroacoustique consacrØ aux avions de transport, le moteur est une
source de bruit majeure. Avec l’augmentation du diamŁtre des moteurs, la contribution de la
sou�ante au bruit rayonnØ est devenue dominante. L’interaction des sillages du rotor avec les
aubes du stator est le mØcanisme principal du bruit tonal et à large bande des sou�antes. La
conception de futurs moteurs d’avion silencieux pose deux dØ�s majeurs : une meilleure Øvalu-
ation des sources à large bande et la conception de traitements e�caces pour la rØduction du
bruit. Cette thŁse vise à mettre en oeuvre des mØthodologies dØdiØes à la prØdiction du bruit
d’interaction, en particulier pour l’Øvaluation de dispositifs de rØduction de bruit reposant sur
des ondulations du bord d’attaque des aubes du stator. Ces approches ont principalement ØtØ
appliquØes sur une gØomØtrie de rØfØrence et deux concepts de rØduction de bruit proposØs par
l’ONERA en vue d’une campagne expØrimentale sur une cascade d’aubes rectiligne. Trois ap-
proches sont considØrØes. PremiŁrement, une solution analytique pour des plaques planes avec
des ondulations de bord d’attaque (basse �dØlitØ) qui est Øtendue à des con�gurations variables
en envergure. DeuxiŁmement, une approche CFD/CAA (�dØlitØ intermØdiaire) pour laquelle une
turbulence synthØtique 3D par modes de Fourier est dØveloppØe. TroisiŁmement, des calculs LBM
à deux milliards de points (haute �dØlitØ) simulant l’ensemble du banc d’essai. La comparaison
de toutes ces mØthodes sur une mŒme con�guration a permis de mieux comprendre comment
le niveau de �dØlitØ des approches de prØdiction in�uence le comportement aØroacoustique. En
outre, la gØomØtrie avec bord d’attaque ondulØ proposØe par l’ONERA a dØmontrØ une rØduc-
tion du bruit jusqu’à plusieurs dØcibels en con�guration installØe tout en limitant les pØnalitØs
aØrodynamiques. En�n, les approches de prØdiction du bruit d’intØraction et la mØthodologie de
conception des aubes avec traitement de bord d’attaque sont Øtendues à des con�gurations plus
rØalistes de sou�ante.

Abstract

In the �eld of aeroacoustics devoted to transport aircrafts, the engine is a major noise source.
With the increase of the engines’ diameter, the turbofan contribution has become dominant. The
rotor wakes interaction with the stator vanes is the main contributor to the tonal and broadband
fan noise. There are two main challenges to design future quiet aeroengines: a better evaluation
of the complex broadband sources and proposing e�ective treatments for noise reduction. This
PhD, which aims at the implementation of dedicated methodologies for the interaction noise
predictions, in particular for low-noise designs based on leading edge undulations of the stator
vanes. These approaches have been mainly applied on baseline and two ONERA’s low-noise
designs in preparation for an experimental test campaign on a rectilinear cascade. These methods
include: an analytical solution for �at plates with leading edge serrations (low-�delity), which is
extended to spanwise varying con�gurations, a CFD/CAA approach (intermediate-�delity), for
which a 3D Fourier modes synthetic turbulence is developed, and 2 billion points LBM calculations
(high-�delity) including all the test rig. Comparing all those methods on a single bench enabled a
better understanding of how the �delity level plays on aeroacoustics. In addition, the wavy leading
edge solution has demonstrated up to several decibels noise reduction in an installed con�guration
with limited aerodynamic penalties. Finally, extension of the updated noise prediction approaches
and serration design methodology to more realistic turbofan con�gurations has been discussed.
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Acronyms

ACAT1 AneCom AeroTest 1

ANCF Advanced Noise Control Fan

APP Approach

BPF Blade Passing Frequency
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BRM Blade Reduction Method (BRM)
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OAPWL OverAll sound PoWer Level

OASPL OverAll sound Pressure Level

OGV Outlet Guide Vane
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PWL sound PoWer Level
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RSI Rotor-Stator Interaction
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USF Unducted Single Fan
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Nomenclature

hi = Set average operation

i = 1;2 ;3 = Indices/subscripts denoting a direction ( i = 1 , mean �ow direction)

� = A random angle in [0; 2� ]

� c = Angle of attack

� c = Inlet �ow angle (with respect to x axis)

c = Chord of the airfoil

� = Stagger angle

E = Energy spectrum of turbulence

f = Frequency

f min ; f max = Respectively minimal and maximal considered frequencies

� f = Frequency spacing

f w = Window function

gw = Correction function

hs = Amplitude of the serrations

k = Wavevector

k = Norm of the wavevector k

k ? = Wavevector component in the plane perpendicular to the z axis

(k1; k2; k3) = Coordinates along three orthogonal directions(1; 2; 3) of the wavenumber space

(kx ; ky ; kz ) = Coordinates of the wavevector k in the basis (x ; y ; z)

(kx ; k� ; kr ) = Coordinates of the wavevector k in the basis (x ; � ; r )

(k� ; k� ; kz ) = Coordinates of the wavevector k in the basis (� ; � ; z)

(k� ; k� ; kr ) = Coordinates of the wavevector k in the basis (� ; � ; r )

(ka ; kb; kc ) = A speci�c orthonormal basis in the wavector space

� k = Wavenumber discretization step

L l = Turbulence longitudinal length scale

L t = Turbulence transversal length scale

L y = Length in the CAA between the two sides of the periodic boundary condition

L z = Span of the airfoil

L w = Input parameter de�ning the shape of the window function f w

� s = Serration wavelength
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M = Mach number

nv = Number of vanes in the CAA domain

! = Angular frequency

! 0 = Vorticity of �uctuating velocity

p; p0; p0 = Fluid static, mean, �uctuating pressure

’ 3D
ii ; ’ 2D

ii ; ’ 1D
ii = 3D, 2D (planar), 1D autocorrelation velocity spectra along i direction

� = Velocity potential

 = Random phase in [0; 2� ]

�; � 0; � 0 = Fluid, mean, �uctuating density

Robs = Distance between the (center of) the source and the observer (microphone)

Rw = Ratio between L w (parameter of the window function f w ) and the span L z

s = Inter-vane spacing, Stagger height

St = Strouhal number of the serrations (St = f � hs=U)

� = Unit vector de�ning the direction of a given velocity �uctuation

t = Time

t1 = An arbitrary time interval

u ; u 0 = Velocity vector, �uctuating velocity vector

U = Mean velocity vector

U = jj U jj = Norm of the mean velocity

X ; Y ; l = Position vectors in the physical space

(x ; y ; z) = Orthonormal basis attached to the cascade (y aligned with cascade andz with span)

(x ; � ; r ) = Orthonormal basis attached to the cascade (� aligned with cascade andr with span)

(� ; � ; z) = Main orthonormal basis ( � aligned with the test section and mean �ow before deviation)

(� ; � ; r ) = Main orthonormal basis ( � aligned with the mean �ow before deviation)

zmin ; zmax = Respectively, coordinates of the bottom and top walls in the numerical set-up

r min ; rmax = Respectively, coordinates of the hub and shroud
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Introduction

In the �eld of aeroacoustics applied to transport aircraft, the total radiated noise is usually
divided into two principal contributions. First, the airframe noise mainly generated by the high
lift-devices such as �aps and slats along with the landing gears. Second, the engine noise on
which this thesis focuses. The latter is strongly connected to the engine architecture. The main
con�gurations encountered are unducted designs such as turboprops and ducted designs like
turbojets and turbofans. Each of them has its e�ciency range depending on the air speed, as
illustrated in Fig. 1a.

a) b)

Figure 1: (a) Propulsive e�ciency comparison for various gas turbine engine con�gurations,
adapted from [5]. (b) Fuel burn consumption varying with the bypass ratio (BPR), extracted
from [60].

In order to attain high-subsonic speeds, ducted geometries have been favored over propellers.
One of the key parameters characterizing an engine is the bypass ratio (BPR), that is the ratio
between the mass �ow rate of the cold air "bypassing" the core and the mass �ow rate of the
hot air having passed by the engine core (turbine and combustion chamber). When there is no
bypassing �ow on an engine it is often referred to as a turbojet, otherwise, it is called a turbofan.
From thermodynamics point of view, the higher the BPR, the higher the e�ciency as illustrated
in Fig. 1a. This is the reason why the BPR, and thus the fan diameter, have been increasing
over the last decades to reduce the engine’s consumption as depicted in Fig. 1b. To reduce even
further the consumption, there is a renewed interest in open fan architectures for future aircraft
lines. The new engine generation aims at achieving the same speed as current single aisle aircraft
(up to Mach 0.8) with an additional 20% reduce fuel consumption. The trend towards higher
BPR has been strongly in�uencing the distribution of the noise sources at the intake and exhaust,
as illustrated in Fig. 2: compressor, fan, jet, turbine, and combustor.
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Figure 2: Amplitude and directivity of the main noise sources for a turbojet and a turbofan
depending on the BPR. Extracted and adapted from [103].

With no bypassing air, the jet noise has been overwhelmingly dominant on turbojets. It has
however signi�cantly decreased with the introduction of turbofan with increasingly larger BPR.
In parallel to this aerodynamic improvement, aeroacoustic mitigation of the jet noise has been
extensively studied. Two noise reduction concepts can be noted: chevron shaped nacelles and
nozzles with corrugated or lobe-type noise suppressors, both speeding up and short shortening
the mixing between the di�erent layers of air and thus reducing the jet noise. Consequently,
the contributions of other noise sources have become prevalent, in particular the (turbo)fan, as
depicted in Fig. 2.

Figure 3: Noise spectra of jet engine components and future trends with the BPR increase.
Adapted from [130].

A representative distribution of engine sources over the frequency range is shown in Fig. 3,
pointing out the major contribution of the fan noise. The fan noise will largely contribute to
the overall engine noise of novel ultra-high bypass ratio (UHBR) [130]. It is important to note
that noise sources contributions vary depending on the engine Operating Point (OP). Typically,
3 OPs are of prime interest for acoustic certi�cation. Two OPs are de�ned at take-o� (sideline
and cutback) and one at approach. The noise sources levels, depending on the engine regime, are
plotted in Fig. 4.
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Introduction

Figure 4: Typical engine noise sources distribution at take-o� and approach. Adapted from [9].

The fan noise is again found to be a major contributor, in particular at the approach OP. Several
physical mechanisms are at stake with respect to the fan noise. These mechanisms are listed in
Fig. 5.

Figure 5: Mechanisms generating fan tonal and broadband noises. Adapted from [66, 117].

In nearly all cases, the fan-blade wakes-Outlet Guide Vane (OGV) interaction, also called the
Rotor-Stator Interaction (RSI) is the main contributor to the tonal and broadband fan noise.
Two other signi�cant fan noise contributors should be pointed out too: the buzz-saw noise when
shocks appeared at blade’s supersonic tip speeds and the distortion-rotor interaction which is
expected to increase with shortened intakes, open fan, and boundary layer ingestion architectures.
The interested reader about description of all fan noise sources may refer to [66, 44]. The RSI
mechanism is qualitatively explained through Fig. 6.
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Figure 6: Sketch of the RSI noise mechanism.

The velocity �uctuations generated by the rotor wakes impact the leading edge of the stator vanes
in the OGV stage, which generates high pressure �uctuations. In the far-�eld, these pressure
�uctuations give rise to a tonal noise (associated with the periodic component of the wake and
the Blade Passing Frequency (BPF)) and a broadband noise (associated with the turbulent part of
the wake). One of the key challenges for future aeroengines is to design silent Fan-OGV stages by
primarily reducing the RSI sources, which is the dominant source of noise on UHBR architectures
and which should also be on open fan architectures [1]. There are two main challenges associated
with the RSI mechanism. First of all, it is a matter of better predicting the RSI noise. URANS
calculations have shown to be a very e�ective way of assessing the tonal part of the noise, whereas
the evaluation of the broadband sources generated by the turbulent in�ow remains more complex.
It is also a question of proposing e�ective treatments for noise reduction. Several solutions have
been investigated to reduce the tonal and broadband noises. However, the Technology Readiness
Level (TRL) of devices targeting the broadband sources remains lower than for tones. In order
to reduce the RSI noise, several technological innovations have been proposed in the literature
as brie�y discussed in the state of the art (Part I). One of them comes down to undulating the
stator vane leading-edge. Such undulations are also found in the nature as portrayed in Fig. 7.
They have enabled an evolutionary advantage, whether in terms of sound stealth or aerodynamic
behavior (increased lift and reduced stall). First bio-inspired industrial applications have been
implemented in wind turbines (qualitative example of trailing edge serrations is also provided
in Fig. 7). More recently, serrations at the vanes leading-edge have been proposed to reduce
the strength of the RSI mechanism in stator stages. ONERA has for example designed spanwise
varying serrations in [144], which are depicted in Fig. 7.
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Introduction

Figure 7: Illustrations of bio-inspired serrations, and leading-edge serrations circled in blue solid
line.

In the framework of a new European project, Innovative STATor (InnoSTAT), ONERA is re-
sponsible for providing low-noise serrated geometries taking advantage of the experience gained
in previous studies in collaboration with Safran and of the current work. A comparison of some
active and passive treatments is made within the framework of the European project which aims
at designing and evaluating promising solutions, proposed by the project’s partners by focusing
on broadband noise contribution, for future quiet aeroengines [7].

This PhD work, closely related to the InnoSTAT project, aims at the implementation and eval-
uation of suited prediction methodologies at di�erent level of �delity, for the turbulence-airfoil
interaction noise assessment, as summarized in Fig. 8. Low-noise geometries with leading edge
(sinusoidal) serrations are particularly studied. Fast analytical methods are required as guide-
line for the design (providing raw estimations), whereas numerical methods are able to provide
more con�dent results but involving of course much higher CPU costs. Three approaches are
investigated: (i) �at plate aeroacoustic response using a Wiener-Hopf formulation proposed by
Ayton et al. [28], (ii) hybrid Computational Fluid Dynamics (CFD) and Computational Aero-
Acoustics (CAA) with synthetic turbulence injection [144], (iii) high �delity Lattice Boltzmann
Method (LBM) [12]. These methodologies are applied on relevant turbulence-airfoil con�gura-
tions proposed in InnoSTAT, involving low-noise serrated geometries designed through this thesis
too.
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Figure 8: Multi-�delity approaches for aeroacoustic assessment of turbulence-airfoil noise with
leading-edge serrations.

As discussed later in Part II, leading-edge serrations have shown a great potential for RSI noise
reduction on academic con�gurations, although the TRL at which they are fully validated re-
mains relatively low. Indeed, the assessment of such passive noise concepts on turbofans remains
both challenging and an open question, to at once greatly reduce noise and do not degrade the
aerodynamic behavior. The latter aspect is addressed in the ONERA design process using RANS
calculations. To increase the TRL, InnoSTAT project includes two main experimental campaigns:
a �rst one on a rectilinear cascade impacted by a turbulent �ow generated by a turbulence grid,
on which the present work is mainly focused, and a second one on a realistic turbofan mock-up.

The dissertation is structured as follows.
Part I is devoted to a literature review on experimental, analytical, and numerical approaches
for turbulence-cascade interaction noise assessment with a focus on serrated designs. Part I aims
at getting a better sight of existing solutions both in terms of low noise concepts and prediction
methodologies, along with the identi�cation of remaining challenges. Part II deals more speci�-
cally with methods used during this thesis. A brief description of analytical tools and numerical
approaches is provided. Moreover, the di�erent test benches on which these latter methods are
applied are described in this Part. There are three main test rigs of interest for this work: a
rectilinear cascade in KCA test rig of Ecole Centrale de Lyon, a simpli�ed turbofan benchmark
case (NASA SDT) and the next turbofan mock-up in PHARE-2 ECL-B3 facility at Centrale
Lyon too.
Turbulence modeling which is the physical source behind the RSI noise is introduced in Part III.
First, main physical turbulence properties are reminded and useful notations used during this
work are provided. Then, methodology of synthetic turbulence generation with Fourier modes de-
composition is covered in detail for CAA simulations solving Linearized Euler Equations (LEE).
A particular interest is given to obtaining a fully 3D turbulence �eld, more realistic than two-
wavenumber turbulence structures previously taken into account at ONERA.
Parts IV and V are dedicated to the rectilinear cascade experiment. In Part IV, leading edge
serrations are designed in preparation for the InnoSTAT test campaign, based on semi-empirical
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criteria from literature. Acoustic behavior of this initial geometry is evaluated by a state of
the art analytical solution [28] derived for a �at plate with wavy leading-edge by means of the
Wiener-Hopf technique. In parallel, a correction is proposed to get rid of the in�nite span hy-
pothesis. Part V aims at evaluating numerically and experimentally the aeroacoustic behavior
of the preliminary serrated geometry de�ned in Part IV. From CFD RANS calculations, a sec-
ond geometry is proposed with reduced aerodynamic penalties. In parallel, the noise reduction
is cross-validated through CAA taking into account a three-component-wavenumber synthetic
turbulence �eld proposed in Part III. Following analytical and CAA approaches, the LBM sim-
ulations (using ProLB solver) are described and applied on the full cascade rig set-up and for
baseline and two ONERA serrated geometries tested at Centrale Lyon. Cross comparisons of
LBM solutions with previous prediction methods and experimental data are discussed.
Finally, turbofan con�gurations are examined in Part VI. First, the CFD/CAA approach is re-
visited on a reference benchmark turbofan con�guration proposed by NASA. Second, the design
methodology of leading-edge serrations, introduced in Part IV and Part V and also evaluated
throughout Part V, is extended to an OGV stage with realistic turbulence in�ow. A preliminary
concept is provided for the second InnoSTAT test campaign on this turbofan model.
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Part I

State of the art
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As stated in the introduction, the rotor-stator interaction (RSI) noise is one of the main physi-
cal mechanisms behind the tonal and broadband fan noise. More generally, the same phenomenon
occurs when an object such as an airfoil is immersed in a non-stationary �ow, such as a vortex
street or a turbulent �ow �eld. The unsteady in�ow produces an unsteady lift response. The as-
sociated pressure �uctuations at the airfoil’s surface radiate in the far-�eld. This acoustic source
can be considered as a dipole located at the leading edge (LE) of the airfoil [85]. That is why, the
RSI noise is often referred to as the leading edge noise. Below, several approaches for interaction
noise assessment are presented with a focus on the leading edge serrations for broadband noise
mitigation. It is worth mentioning that this review includes several studies which have been
published during this PhD work.

Apart from the serrations, other RSI noise reduction (tonal and broadband) technologies can be
mentioned. The most common is the swept and leaned OGV [71] focused on tone noise reduc-
tion. The idea is to increase the number of wake intersections per stator vanes, which results in
a spanwise phase variation and thus a noise reduction in comparison with radially aligned vanes.
Regarding passive treatment other than the LE undulations, porous media inclusion at the LE
have been also studied [35, 34, 46]. Here, the idea is to make sure that the vortices which impact
the airfoils are not brutally encountering a solid surface but rather slow down by porosity. In the
same line of thought, perforated leading edges can be considered as in [83]. The smaller pressure
jump across the airfoil induces a reduced noise radiation. As for porous media, wavy LE are
often viewed as bio-inspired solutions. Several applications not detailed here, such as wire mesh
screens, can be found in a speci�c review [174]. However, here again, the focus is on LE serrations.

Chapter I.1 is devoted to LE serration concepts for RSI noise reduction. Chapters I.2 and I.3
respectively highlight analytical and numerical tools for the RSI noise prediction in particular for
the LE serrations assessment.
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I.1 LE serrations for the RSI noise reduction

Considering the wavy LE option, a preliminary comparison has been performed between si-
nusoidal serrations and porous media in [158] along with analytical modeling. Nevertheless, the
implementation of LE serrations, at the beginning sawtooth or sinusoidal, dates back to 1970s
studies such as in [96] although the concept was not actually devoted to reducing the turbulence-
airfoil mechanism in this study but mainly the self-noise in priority. There has been a renewed
interest in this technology over the last 10 years and �rst relevant LE serration design aimed at
reducing LE noise was �rstly investigated by ONERA [142, 63] in the framework of the UE project
FLOCON [6]. Many sensitivity studies conducted at ISVR on the amplitude and wavelength of
the serration can be noted as in [135, 138]. Wavy LE shapes have been applied on �at plates im-
pacted by a homogeneous isotropic turbulence (HIT), demonstrating a very high noise reduction,
up to 14 dB. Serrations have also been investigated experimentally on isolated NACA airfoils.
From experimental data, a semi-empirical model, based on the Strouhal number of the serrations,
has been proposed by Paruchuriet al. in [55] along with the derivation of an optimal serration
wavelength by modeling LE noise thanks to equivalent compact sources. Comparisons to the
semi-empirical model have also been performed in [36] highlighting the same trend, especially
when the LE edge noise is isolated from the self-noise. Complementary experiments including
3D sound �eld maps have been also investigated at Centrale Lyon [37]. In addition, the in�uence
of turbulent in�ow characteristics has also been investigated experimentally by several research
teams [40, 138]. A broader statistical-empirical modeling of serration depending on set-up pa-
rameters has been proposed by Biedermannet al. [39]. Regarding LE serrations, a wide range
of patterns can be adopted instead of sinusoidal patterns. In this regard, numerous patterns
have been experimentally evaluated at ISVR on �at plates in [56], such as: double-wavelength,
chopped-peak, slitted pro�les. The key point is that contrary to sinusoidal serrations, for which
the noise reduction is mainly based on a destructive interference between compact sources along
the LE and �ltering of oblique gusts [142], slit e�ects rely on an additional mechanism which is
creation of secondary vorticies at the slitted edge. These slitted geometries can o�er a strong
narrow-band noise reduction in the frequency domain, which seem promising for tone reduction
of OGVs, the interested reader can refer to [50] for further details about the secondary vortices
mechanism. However, in the present PhD work, the focus is made on sinusoidal serrations which
are a more mature and easier solution to industrialize since there is fewer mechanical constraints
and aerodynamic penalties. To end on the exploration of exotic noise reduction devices, thin
curved LE serrations have been considered in [106]. Moreover, a blowing solution mimicking
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Chapter I.1 : LE serrations for the RSI noise reduction

sinusoidal LE edge serration has been proposed in [17], showing a good agreement in the low
frequency region with their solid counterpart. In the �eld of aerodynamics, numerous studies
have investigated wavy LE, here called tubercles, but few have considered both noise reduction
and aerodynamic behavior. However, a recent study from Kimet al. [107] has investigated the
bene�t of LE serrations on the reduction of �ow separation induced noise for airfoils at high
angles of attack, which can hide the bene�t from the LE noise decrease. Although the focus in
this PhD is on the RSI noise, it is of importance to check how serrations modify the self-noise
and aerodynamics as done in [115] for an airfoil at various angles of attack.
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I.2 Dedicated analytical models

Analytical models have also been derived for the LE noise reduction. The most famous one is
Amiet’s solution which has been proposed in [19, 139] for an isolated �at plate in a uniform �ow
impinged by a HIT. A recent extension of Amiet’s model to non-uniform mean �ows has been
proposed by Zhonget al. [179]. Analytical models are not limited to isolated �at plates. The
acoustic response of a rectilinear or annular cascade has been also widely studied. The most used
models in the industry today are Hanson’s [95] and Posson’s [149] models extended to swirling
mean �ows in [128]. A parametric study of the most advanced analytical solutions for fan broad-
band noise prediction has been proposed by Lewiset al. [122]. A collaborative benchmarking
of RANS-informed analytical models for RSI broadband noise predictions has been conducted
recently by DLR [92]. Aside from Hanson’s and Posson’s solutions, the mode-matching technique
have also been investigated by Bouleyet al. [45] for noise generation and propagation between
fan and OGV. It should be noted that cascade response functions are usually restricted to �at
plate vanes. However, in a recent study [31], the e�ect induced on interaction noise by airfoils
with a small camber and thickness has been analyzed. Even if state-of-the-art models including
cascade e�ects are available, they only account for straight LE. That is why, the focus here is
more on models assuming an isolated �at plate which can be more easily compared with up-to-
date analytical solutions derived for LE serrations (with this assumption). In order to account
for wavy LE starting from Amiet’s solution, two ways have been explored by Rogeret al. [158]:
a strip formulation which considers a locally swept straight airfoil and an exact formulation that
takes advantage of a change of variables to get back to the classical straight LE framework.
Unfortunately, this formulation (already implemented and tested by ONERA) failed in giving
realistic quantitative predictions. More recently, analytical solutions accounting for varying LE
have been also provided using the same change of variable but, solving the convective Helmholtz
equations by means of the Wiener-Hopf (WH) technique, as proposed by Aytonet al. [28]. This
formulation assumes an in�nite �at plate with any piece-wise linear periodic LE in a uniform �ow
impinged by a HIT. It has to be noted that the WH approach has been extended to anisotropic
turbulence in [94] only for straight (porous) LE. However, it is interesting to remark that in [131],
a better agreement was found with the semi-empirical model than with the WH-based analytical
solution in the mid-frequency range.

17



I.3 Dedicated numerical approaches

With the rise of High Performance Computing, numerical simulations have been proposed to as-
sess turbulence-airfoil interaction noise in addition to the analytical approaches. An intermediate
�delity approach is based on hybrid CAA methods with an inviscid approximation. Most of the
time, CAA codes solve the non-linear or linearized Euler equations (LEE) written in perturbation
such as ONERA’s code sAbrinA [156]. These hybrid approaches require the prescription of a so-
called synthetic turbulent �eld. For the de�nition of such a �eld, four main techniques emerged:
Fourier modes decomposition, synthetic eddy method, digital �ltering, and proper orthogonal
decomposition (POD). Although a large number of modes is required with POD for modeling
small scale turbulence, this approach is very appealing for the representation of large and inho-
mogeneous turbulent structures for turbofan con�gurations as detailed in [125]. However, POD
approach is still exploratory and not actually adopted in the aeroacoustic community. Fourier
modes decomposition, synthetic eddy method, and digital �ltering are addressed in more detailed
in Part III, dedicated to turbulence modeling. The focus here is rather on their application for
turbulence interaction and more particularly its reduction by LE serrations. A recent study
from Kissner et al. [109], solving Euler equations written in perturbations, has compared two
and three dimensional turbulence �elds generated using the fast Random Particle Mesh method
(which is based on the digital �ltering of a white noise) for the prediction of RSI on a turbofan
con�guration. A three dimensional anisotropic turbulence �eld, halfway between digital �ltering
and synthetic eddy method, has been proposed by Gea-Aguileraet al. [15] for the evaluation
of an isolated airfoil with LE serrations. This allows the study of the correlation between the
turbulence length scales and the characteristic dimensions of the serrations. At ONERA, Fourier
mode decomposition has been implemented and interfaced to the CAA code sAbrinA [61, 62]
and used to assess acoustic response of vanes with spanwise varying LE serrations designed and
published by Polacseket al. [144]. The speci�cities of this recent study lies in the fact that the LE
pattern has been adapted locally to account for radially variable turbulence length scale and thus
to maximize the noise reduction. CFD RANS simulations were performed for the aerodynamic
assessment of the low-noise design. These 3D hybrid CAA simulations [144] are probably the
most advanced ones in terms of serration application to realistic turbofan con�guration, even if
they were limited to two dimensional turbulence �elds. A preliminary extension to a more realis-
tic three dimensional turbulence has been proposed by Caderet al. [47]. Moreover, the reader is
invited to refer to [14] for comparison between synthetic turbulence approaches. It can be noted
that full three-dimensional Euler equations have been employed in [173] to better understand the
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noise reduction mechanism behind a wavy LE. For this purpose, a simpli�ed con�guration where
a �at plate is impinged by a divergence free vortex has been considered. The main conclusion is
that modeling of sinusoidal serrations needs to take into account downstream noise sources and
not only rely solely on LE-based sources. The same framework has been further investigated for
wavy and slitted LE in [49] emphasizing the role played by secondary vortices on noise reduction.

CAA methodologies discussed above require turbulent in�ow prescription. In order to get rid of
this constraint, a Large Eddy Simulation (LES) can be performed for broadband noise predictions.
At �rst, approaches solving the classical Navier-Stokes (NS) equations are brie�y reviewed before
discussing lattice Boltzmann method (LBM) applications. Practically, WRLES (wall resolved
LES) for simulating RSI is currently out of reach so that two kinds of strategies are practically
adopted: hybrid RANS/LES (DES, ZDES) or WMLES (wall modeled LES). Furthermore, multi-
sector calculations are performed instead of 360 degrees simulation to minimize the numerical
cost. Usually, the number of vanes is modi�ed to reach the lowest common denominator between
rotor blades and stator vanes, which makes it possible to apply periodic boundary conditions.
This approach is called blade reduction method (BRM). Otherwise, phase-lagged [132, 76] or pro-
�le transformation approach have to be considered, the latter generating spurious noise sources
[2]. A WMLES with BRM has been performed with the TurboAVBP solver in [150] to assess the
NASA Source Diagnostic Test turbofan con�guration. A WMLES with BRM has also been ap-
plied on another turbofan con�guration with TurboAVBP in [121] and compared with analytical
solutions. This study has highlighted that �ow separation can sometimes contribute more to the
overall noise than RSI mechanism. An additional comparison between LES and analytical models
can also be found in [16] for another turbofan con�guration, the ECL5 fan/OGV stage. Within
the high �delity approaches based on NS, the Zonal Detached Eddy Simulation (ZDES) proposed
by Deck et al. [68] has been intensively studied and currently applied at ONERA. The idea be-
hind ZDES way is to resort to hybrid RANS/LES approaches in which the whole boundary layer
is solved with RANS modeling. The ZDES presents similarities with the DDES from Spalartet
al. [166] with the main di�erence concerning the choice of the characteristic mesh length. ZDES
has been applied in [77, 145] for turbofan noise prediction on the same con�guration ACAT1
than [120]. Regarding NS-LES for aeroacoustic assessment with serrated vanes, studies have
been mostly restricted to isolated airfoil cases. For example in [57, 170], the rod-airfoil noise
reduction by a wavy LE has been discussed. However, an LES simulation of a single stage axial
fan with LE serrations has been recently investigated by Tonget al. [171] with a reduction of
the broadband noise up to 4 dB. Although the focus for serration design is primarily on the RSI
noise reduction, proposing aerodynamically e�cient LE treatments is crucial. In this regard, the
reader may refer to [151] where LES has been performed at University of Southampton to better
understand the bene�ts of wavy LE for deep-stalled airfoils.

Finally, the LBM approach (still in the LES framework) seems to be unavoidable and maybe the
most valuable strategy to simulate RSI noise and to assess LE serration performances on relevant
con�gurations. The use of a LBM formalism (with stream and collide algorithm) is found to be
much less dissipative than genuine NS solvers for acoustics, even though slightly more dispersive.
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Chapter I.3 : Dedicated numerical approaches

Again rod-airfoil interaction, here with straight LE, has been investigated in [172, 119] using the
ProLB solver. For turbofan LBM applications, contrary to NS-LES, 360 degrees simulations are
performed. Among those, several LBM simulations based on the PowerFLOW solver have been
carried out on the NASA SDT benchmark case providing an impressive accurate solution com-
pared to other numerical predictions from the aeroacoustic community. For instance in [89], the
balance between rotor noise and RSI noise at intake and exhaust has been investigated. In [90],
the authors have analyzed the turbulence properties between the rotor and stator stages. Those
quantities are of prime importance for the RSI mechanism. In particular, the turbulence length
scale plays a major role in the design of LE serrations as shown earlier by experimental data and
CAA-LEE simulations [138, 15]. A �nal simulation on the SDT case has consisted in replacing
the triggering instability devices in PowerFLOW by suited equations enabling natural turbulence
transition [54]. In LBM simulations devoted to turbofan application, the Advanced Noise Control
Fan (ANCF) con�guration has been also investigated by the same teams using PowerFLOW and
recently by ONERA using ProLB solver [67] with successful results. Several studies with the
LBM approach have also been devoted to wavy LE. In Casalinoet al. [53] and Teruna et al.
[169], serrations and porous serrations for stator vanes have been respectively considered on the
SDT case but, showing a rather small noise reduction and no particular study on aerodynamic
penalties (apart for the con�guration with porous serrations). More promising low noise designs
with serration and/or porous media have been proposed in [168] for a rod-airfoil con�guration.

With regard to this multi-domain (covering three topics) state of the art, two areas of improve-
ment can be identi�ed. First, a simultaneous signi�cant reduction of the noise without altering
the aerodynamic behavior remains to be demonstrated in particular on realistic turbofan con�g-
urations. Second, application/validation of prediction methods with di�erent �delity levels on
more advanced experimental con�gurations (from cascade to turbofan test rigs) involving low-
noise serrated geometries would give a further step towards the design of a future demonstrator.
These are the main objectives of the present work.
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Part II

Methods and Materials
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The aim of this part is to present the analytical methods and numerical tools used during this
work, along with experimental facilities on which these approaches have been applied.

Figure II.1: Several approaches used in this thesis to predict broadband interaction noise.

As for aeroacoustic prediction methods, the focus is on broadband interaction noise. Figure II.1
illustrates the di�erent methodologies, used during this work, depending on their level of �delity.
Low-�delity approaches (Chapter II.1) consist in analytical solutions with geometrical approxima-
tions, where the aerodynamic inputs, mean �ow and turbulence properties, have to be provided.
Intermediate approaches (Chapter II.2) rely on fully numerical mean �ow and acoustic sources
computations. However, semi-analytical methodologies are mandatory for turbulence generation
and noise propagation. The CAA (sAbrinA code) is presented in Section II.2.1 and the steady
�ow assessment required for CAA provided by CFD codes (RANS or Euler) in Section II.2.2.
The high �delity approach (Section II.2.3) relying on Large Eddy Simulation (LES) implemented
in the lattice Boltzmann framework allows the simulation of all the physical mechanisms. Some
of these approaches, from low to high �delity, combine several tools based on usual acoustic
analogies to calculate the acoustic response and the radiated sound �eld (in free-�eld or in duct).
These ONERA tools derived from acoustic analogies brie�y introduced too in the Section II.1.1.
The more speci�c turbulence modeling is covered in a dedicated part, III.

Finally, Chapter II.3 of the present part is devoted to the presentation of the test rigs on which
the previously mentioned methods are applied.
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II.1 Semi-analytical methods for broadband
interaction noise predictions

Semi-analytical methods for broadband interaction noise prediction are presented. First, a
brief description of a central technique in aeroacoustics is provided: the Ffowcs Williams and
Hawkings (FWH) analogy [74], which extends Lighthill theory [124] to account for solid surfaces.
FWH is at core of aeroacoustic predictions, as it allows the computation of a given set of acoustic
sources propagation in the far-�eld. Initially, con�ned to free-�eld cases, FWH has been extended
by Goldstein to annular geometries [87]. In order to compute analytically the noise sources,
theoretical approaches are focused on Amiet’s solution to predict �at plate-turbulence interaction
noise (Section II.1.2.1) and Ayton’s solution [28] based on the Wiener-Hopf (WH) technique to
assess interaction noise reduction from leading edge patterns (Section II.1.2.2). Some analytical
models taking into account the cascade e�ect are also mentioned in Section II.1.2.3.

II.1.1 Acoustic analogy and dedicated ONERA codes (integral
methods)

In the continuity of the work initiated by Lighthill [124], Ffowcs-Williams and Hawkings (FWH)
[74] have proposed a general formulation to calculate radiation of acoustic sources (monopolar,
dipolar, and quadripolar). Contrary to Amiet or WH-based analytical solutions, there is no
model for the aeroacoustic response in FWH. Sources are supposed to be known. The main idea
behind acoustic analogy consist in the rewriting of Navier-Stokes (NS) equations to derive an
acoustic propagation equation. Indeed, Lighthill has shown that the acoustic �eld at a given
observation point can be obtained by the convolution of an adequate Green function, satisfying
the boundary conditions, with the acoustic solution to an impulse source. FWH have extended
this idea by including solid surfaces inside the domain. Acoustic sources which are the input of
FWH-based methods are usually provided by numerical simulation (CFD or CAA) but, can also
be fully analytically de�ned. For instance, Amiet’s solution presented in Section II.1.2.1, uses
Curle’s analogy [65], which is a particular solution of FWH method.

As previously mentioned, the FWH analogy consists in rewriting the �uid mechanics to make
appear a wave propagation equation. The local formulation can be de�ned as follows, taking into
account a uniform convecting mean �ow:
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Chapter II.1 : Semi-analytical methods for broadband interaction noise predictions
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where � denotes the Dirac function andH the Heaviside function. S is null on solid surfaces,
positive outside and negative inside.n is the normal to the considered surface. Di�erent source
terms appear in that equation:

� Q associated with the monopolar sources inside the domain,

� Fi denoting the surface forces imposed by the solid boundaries on the �uid. This is the
main source of noise in the interaction noise mechanism. It corresponds to a dipolar source
and is often called loading noise,

� Tij the Lighthill tensor. It is associated with the deformations of the turbulent structures.
It produces quadripolar noise sources.

In order to solve the wave equation with a source term, one may use a Green function which
satis�es the following equation in the case the right-hand side source term is simply an impulse.
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(II.1)

Once the Green function is de�ned (taking into account the boundary conditions), the general
solution is obtained by a convolution with the real source term (noted RHS, right-hand side):
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In the case of the FWH formulation in the frequency domain, the Fourier transform (e) of the
pressure satis�es:
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(II.2)
In the present work based on the turbulence-airfoil interaction mechanism, only the second dom-
inant source term Fi (loading noise) is kept and Eq. (II.2) can be simpli�ed as follows (velocity
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II.1.2 Analytical models for interaction noise predictions

terms are neglected on the solid surface):
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Two in-house solvers used in this thesis to assess far-�eld radiated sound, provided by Eq. (II.3),
are brie�y presented in the following paragraphs. They relate respectively to two environments:
free-�eld for the rectilinear cascade con�guration (Section II.3.1) and con�ned for turbofan appli-
cations (Sections II.3.2 and II.3.3), by means of adequate Green functions. Both solvers, called
MIA and FanNoise, rely on Fortran parallel routines. They are used in this thesis in the frequency
domain, considering only a solid formulation,i.e. the dipolar interaction sources.

Free-�eld radiation: MIA code
To obtain the free-�eld noise propagation of acoustic sources starting from Eq. (II.3), the free-�eld
Green function has to be used. It has the following expression, in the frequency domain:
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with � 2 = 1 � M2, M = jjM jj =
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In-duct propagation: FanNoise code
FanNoise relates rotating (rotor blades) or �xed (stator vanes) noise source terms to the radiated
sound �eld in a ducted domain. For these con�gurations, the Green function has been derived
for a simpli�ed geometry representing a semi-in�nite annular duct. The key de�nition of the
associated Green function is provided below. The detailed de�nition of the Green function in
the case of a ducted propagation can be found in [87, 152]. A semi-in�nite annular duct, of
radius rmin and rmax is considered, in which the mean �ow is purely axial. Source terms in
Y = ( rY ; � Y ; xY ) radiate to an observer located atX = ( rX ; � X ; xX ). The expression of the
ducted Green function in the frequency domain is given by:

eGf (X ; Y ; ! ) = �
i
2

+ 1X

m= �1

+ 1X

n= �1

Cmn (rX )Cmn (rY )
� mn 2�r max

e� im ( � X � � Y + k �
mn (xX � xY )) (II.5)

with kmn , the axial wavenumber. For additional explanation about the de�nition of terms in Eq.
(II.5), please refer to [87, 152].

II.1.2 Analytical models for interaction noise predictions

Some models for analytical computation of acoustic sources, with di�erent underlying assump-
tions, are presented below. They cover Amiet’s solution for isolated �at plates and WH-based
technique proposed by Ayton et al. for �at plates with leading edge serrations. A practical
discussion about cascade e�ects is proposed in the end of this section.
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II.1.2.1 Isolated �at plate with straight leading edge: Amiet’s theory

Amiet’s theory, introduced in [18], is the most famous model currently adopted for the leading
edge noise prediction. Although the model is dedicated to an isolated (�at plate) airfoil, it can be
considered for rectilinear and annular cascades by neglecting all the cascade e�ects (as done in this
work and discussed in Section II.1.2.3). The brief overview provided here, only summarizes the
main steps, which are detailed by Reboul [152] and Clair [61]. The model has several assumptions:

� the turbulence is supposed to be frozen, and represented by an isotropic spectrum model,

� the incoming turbulent structures are distributed over harmonic gusts,

� the mean �ow is parallel to the chord,

� the airfoil is supposed to be �at without thickness.

Figure II.2: Sketch illustrating Amiet’s model con�guration.

These assumptions are illustrated by Fig. II.2. The turbulence velocity, more precisely the
component perpendicular to the chord, is supposed to be of the form, withA � an amplitude:

u0
� = A � ei (k� � + kz z� !t ) (II.6)

Thus, the pressure jump, across the �at plate, can be written as:

� p0 = 2 �� 0UA� g(�; k � ; kz)ei (k� � + kz z� !t ) (II.7)

whereg is called the reduced lift function and is obtained via the Helmholtz convected equation.
Moreover, the amplitude of the gust �uctuations can be related to the turbulence spectrum model.
All the calculations done, the 2D spectral density of the radiated sound pressure has the following
expression:

Spp(X ; !; k z; L z) =

 
!�� 0c
2c0S2

0

! 2
ULz�

2

sin2
�

L z
2

�
!z

c0S0
� k�

� �

� L z
2

�
!z

c0S0
� k�

� 2 jL (�; k � ; kz)j2’ 2D
�� (k� ; kz) (II.8)
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with: L , the aeroacoustic transfer function,! = k� U, ’ 2D
�� the planar turbulence spectrum (see

Part III), M the Mach number, � =
p

1 � M2, S0 =
p

x2 + � 2(y2 + z2), c the chord, L z the span,
and � 0 the mean �ow density. In Amiet’s formulation presented here, two contributions are taken
into account for L : the leading edge itself and the �rst order correction term due to the presence
of the trailing edge. Two further simpli�cations are presented below to derive the 1D spectral
density of the radiated sound pressure,i.e. depending only on the wavenumberk� = !=U � .

3D Amiet’s formulation in the in�nite span limit: Spp(X ; !; L z ! 1 )
First, Eq. (II.8) can be integrated over transverse wavenumberskz to obtain the 1D density of
the radiated sound pressure:

Spp(X ; !; L z) =

 
!�� 0c
2c0S2
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�
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c0S0
� k�

� 2 jL (�; k � ; kz)j2’ 2D
�� (k� ; kz)dkz

(II.9)
Equation (II.9) can be simpli�ed further under certain hypotheses. If the span L z is assumed
to be in�nite and the observer located in the mid span plane,i.e. z = 0 , the pressure spectral
density becomes:

lim
L z !1

�
Spp(( �; �; 0) ; !; L z)

�
=

 
!�� 0c
2c0S2

0

! 2
ULz�

2
jL (�; k � ; 0)j2’ 2D

�� (k� ; 0) (II.10)

3D Amiet’s formulation with a parallel gust in�ow: Spp(X ; !; 0; L z)
Let us now consider a parallel gust formulation (i.e. kz = 0 ) and an observer located in the mid
span plane (i.e. z = 0 ). The pressure spectral density can be expressed as:

Spp(( �; �; 0) ; !; 0; L z) =

 
!�� 0c
2c0S2

0

! 2
ULz�

2
L z

2�
jL (�; k � ; 0)j2’ 2D

�� (k� ; 0) (II.11)

In order to recover the solution from Eq. (II.10), the spectral density from Eq. (II.11) has to be
multiplied by 2�=L z:

lim
L z !1

�
Spp(( �; �; 0) ; !; L z)

�
=

2�
L z

Spp(( �; �; 0) ; !; 0; L z) (II.12)

In order to illustrate this point, a comparison of the solutions obtained using both formulations,
corresponding to left and right-hand sides of Eq. (II.12), is plotted in Fig. II.3. They have been
obtained with parameters close to InnoSTAT experiment discussed in Section II.3.1. A Liepmann
planar turbulence spectrum, de�ned in Section III.1.3, has been considered here. Power spectrum
is obtained by a weighted angular integral over half a circle downstream (used in FLOCON project
[6], see for example equation (2.3) in [138]), following:

PWL = 10 log10

0

@L zRobs

� 0c0

X

mics in �

SPL(�)��

1

A � 10 log10

�
W ref = 10 � 12 W

�
(II.13)
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Figure II.3: SPL (at 90� ) (a) and PWL (Eq. (II.13) integrated from -90 � to +90 � ) (b) spectra
obtained from Amiet’s solution. Eq. (II.12), computed with: Robs = 1 :8 m, turbulence intensity
TI=5 %, integral length scaleL l = 8 mm, M=0.3, and L z=0.2 m. Left-hand side of Eq. (II.12)

and right-hand side .

This key result is particularly useful for CAA computations, when synthetic turbulence injection
is restricted to structures with kz = 0 (see discussions in Chapters III and V).

II.1.2.2 Isolated �at plate with a spanwise periodic leading edge pattern

This section presents an analytical solution, for turbulence noise interaction with a wavy lead-
ing edge. It has been originally proposed by Ayton and Kim in [30] and generalizes the ideas
from Envia [70], whose study was restricted to a swept airfoil in a channel. Indeed, the solution
provided by Ayton et al. takes into account in�nite airfoils with periodically patterned leading
edges. The notations of the solution have been slightly rewritten in [28]. The latter formulation
has been implemented in Chapter IV.1. It has to be noted that a simpli�ed solution has been
proposed by Lyu et al. [126], in order to speed-up calculations by adequately approximating
in�nite integrals and sums by a single straightforward sum. Moreover, an optimization study of
the leading edge pattern has also been performed by Lyuet al. [127].

This analytical solution based on the Wiener-Hopf technique enables the calculation of the far-
�eld noise generated by a gust-plate interaction including LE serrations. The main speci�city
of this formulation is to take into account any serration shape with a periodic pattern. This is
useful to estimate the broadband noise reduction associated with the sinusoidal LE serrations
discussed in Chapter IV.2. The analytical model makes the following assumptions:

� a uniform convective velocity parallel to the chord,

� a semi-in�nite plate (in the chordwise and spanwise directions),

� a periodically patterned leading edge,

� an acoustic perturbation potential satisfying the Helmholtz convective equation,

� a 2D planar wavenumber turbulence spectrum.
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II.1.2 Analytical models for interaction noise predictions

Figure II.4: Sketch of the con�guration used by the analytical model.

Thus, the present problem can be depicted by Fig. II.4. A �at plate with a periodically patterned
leading edge, here with a sinusoidal shape of amplitudehs and length � s, is impinged by a HIT.
The incoming gust is only represented by a single vector component normal to the chordu0

� .
Indeed, this component primarily generates the noise. The key elements of the formulation are
presented below. The governing equation to be solved assumes that the pressure perturbation
can be derived from a scattered velocity potential, i.e.p0 = � � 0D�= Dt. The problem is sought
for harmonic solutions of incoming harmonic gusts normal to the plate and assuming a frozen
turbulence, which leads to the convective Helmholtz equation:

(1 � M2)
@2�
@2�

+
@2�
@2�

+
@2�
@2z

+ 2 ikM
@�
@�

+ k2� = 0 (II.14)

A detailed derivation of the analytical model using dimensionless variables is given in [30, 28, 127].
The main steps involve the use of convenient variable changes that are adopted to describe the
serration over one wavelength with periodic boundary conditions. Then, a Fourier transform is
applied on the main unknown function (h function in [30, 28]) and the solution to the governing
equations is obtained using the separation variable technique. Finally, the system of equations
obtained is solved by the Wiener-Hopf (WH) technique, and the acoustic �eld is deduced from
an inverse Fourier transform in the in�nite limit approximation of the observer distance to get an
asymptotic expression forh. A more compact form is proposed by Lyuet al. [127], which relates
the radiated sound pressure (in the far-�eld) as a response to a 2D gustu0

� (k� ; kz) associated
to streamwise, k� , and spanwise,kz, wavenumbers. Considering an incoming gustu0

� of the
form, u0

� = Ae(k� � + kz z� !t ) , where A is the gust amplitude, the dimensionless(b) far-�eld sound
pressure can be written in a compact form.

bp0( dRobs; b� ; bz; bk� ; bkz) = L ( dRobs; b� ; bz; bk� ; bkz)A( bk� ; bkz) (II.15)

In Eq. (II.15), (Robs; �) are the 2D polar coordinates of the observer from a compact source
taken at z (for most practical applications z corresponds to the middle of the span and can be set
equal to zero), andL is the aeroacoustic response function. The reader is referred to appendix A
in [144], which summarizes the main steps of the analytical model (full derivation can be found in
[30, 28, 127]). The broadband noise spectrum is obtained from Eq. (II.15) by integrating over the
spanwise wave numberskz, and introducing a 2-wavenumber turbulence spectrum (such as those
from von Karman or Liepmann models), ’ 2D

�� , that is related to the upwash velocity disturbance
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(see Section III.1.3). The dimensional Power Spectral Density (PSD) of the sound pressure in
the wavenumber space takes the form:

��p0(Robs; � ; k� )
��2 = � 2

0U2
� + 1

�1
jL j2 ’ 2D

�� (k� ; kz)dkz (II.16)

The PSD in the frequency space,Spp(f ) (in Pa2/Hz), is given by:

Spp(f; R obs; �) =
2�
U

��p0(Robs; � ; k� )
��2 (II.17)

The model implementation in MATLAB is discussed in Section IV.1.1 and a correction is proposed
in Chapter IV.1 to take into account �nite span airfoils.

II.1.2.3 Taking into account the cascade e�ect

Figure II.5: Sketch of a cascade con�guration.

Although, there is no analytical in-house tool at ONERA modeling acoustics of cascade con-
�gurations, illustrated in Fig. II.5, several approaches have been developed in the literature (for
�at plates with straight leading edges only), some of which are highlighted below. Particular
attention is paid to di�erences with isolated �at plate solutions. Indeed, a noise reduction is
expected at low-frequencies (above a cut-o� frequency) due to the cut-o� modes, in particular
for high-solidity cascades,i.e. small ratio s=c.

Two approaches used in the industry
A widely used approach by turbomachine manufacturers is the Hanson’s model [95] which extends
previous work from Glegg [86], from rectilinear to annular cascades. Although Hanson does not
account for ducted mode propagation, he has included �at plate with non zero stagger, sweep,
and lean angles. Moreover, a strip calculation can be performed in order to take into account
spanwise varying conditions. More recently, Posson [148] has started from the Glegg’s approach
to obtain the analytical pressure jump at the blades. The acoustic sources are then radiated using
Goldstein analogy [87]. Therefore, contrary to Hanson’s solution, ducted mode propagation is
taken into account. However, this result is achieved at the expense of the calculation cost. Hanson
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and Posson models are both implemented in Optibrui, which is a solver own by UniversitØ de
Sherbrooke, Ecole Centrale de Lyon, Airbus, Technofan and Valeo.

Comparison with isolated �at plate solution in an academic con�guration
The aim of this paragraph is to provide some insight about expected di�erences between cascade
and isolated solutions. In the literature, Blandeau et al. [41] compare an isolated �at plate
solution to a rectilinear cascade model proposed by Cheonget al. [58]. A result from [41], with
a solidity s=c = 0 :89, is illustrated in Fig. II.6. The solidity is rather close to the one obtained
for the InnoSTAT rectilinear cascade, for whichs=c � 0:71.

Figure II.6: Downstream PWL per blade predicted by the cascade and the isolated airfoil models,
extracted from [41].

The critical frequency, under which the cascade e�ect is not negligible, is given by:

f c =
1 � M2

�
1 � M2

x

� 1=2
+ My

c0

s
(II.18)

The latter critical frequency, can be evaluated in case of InnoSTAT for the di�erent operating
conditions and reported in Table II.1.

Mach 0.3 0.34 0.53 0.64

f c (Hz) 3203 3077 2407 1828

Table II.1: Critical cascade frequency for various in�ow Mach numbers (KCA rectilinear cascade
con�guration, Section II.3.1).

It has to be reminded that in case of the KCA rectilinear cascade (see Section II.3.1), thick
cambered airfoils are considered, which might reduce the strength of the cascade e�ect.

Comparison with isolated �at plate solution in a turbofan con�guration
As for cascade e�ect in a real turbofan con�guration, a famous benchmark on turbofan broadband
noise named NASA SDT has been performed. NASA SDT test-case is described in Section II.3.2
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and computed in Chapter VI.1. In NASA-SDT baseline con�guration (54 vanes), solidity and
critical frequency can be respectively estimated at mid-span:s=c � 0:61 and f c � 9978Hz, which
might explain the strong cascade e�ect visible in Fig. II.7.

Figure II.7: Downstream broadband noise power spectra: experimental and analytical-based
solutions.

Figure II.7 illustrates a comparison obtained during this benchmark between Hanson’s, Posson’s,
and Amiet-based solutions. Amiet-based solution obtained with ONERA code TinA2D (Amiet’s
formulation extended to annular cascade [92, 152]) overestimates, as expected, the low-frequency
levels, which is also pointed out by Blandeauet al. [41]. On the contrary, Posson’s model
(extracted from [120]) underestimates sound power levels at all frequencies. It is also interesting
to note that even with the same Hanson’s model, di�erent solutions can be obtained depending on
the parameters choice. It showcases the need for adequate setting of analytical models. Additional
parametric studies with Hanson and Posson models applied to NASA SDT have been performed
by Lewis [120].

In�uence of the cascade e�ect on the noise reduction from serrations
When considering LE noise reduction treatments for fan OGV stages, it is interesting to consider
whether the cascade e�ect can have an in�uence on the noise behavior. Mazellaet al. [129] have
carried out an experiment at the Institute of Sound and Vibration Research’s (ISVR) open-jet
wind tunnel facility, which provides some clari�cation on the previous question. This experimental
set-up is close to the InnoSTAT rectilinear cascade: a seven �at plates rectilinear cascade is
impinged by a turbulent in�ow accelerated by a nozzle. A detailed description of the experiment
at ISVR can be found in [129].
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Figure II.8: Sound power reduction due to LE serrations in cascade con�gurations: isolated blade
(left), 4 blades with s=c = 1 :2 (center), and 7 blades with s=c = 0 :66 (right). Extracted from
[129].

Noise reductions obtained from sawtooth LE are compared in Fig. II.8 to a semi-empirical log-
law proposed by Chaitanya et al. [55]. It depends on the Strouhal number of the serrations
St = fh s=U� : � PWL = 10 log(St) + 10 , in dB. The noise reduction in all three cases reproduced
in Fig. II.8 match very well the log-law up to a frequency corresponding to St= 1 . Indeed, the
e�ectiveness of the noise reduction treatment is reduced by the self-noise of the blades in high
frequencies. The LE noise mechanism is less e�cient at these frequencies. Mazellaet al. also
note that peaks and dips visible in Fig. II.8 are linked with cuto� modes of the test section.
This observation is also discussed in Chapter V.2. However, in all cases, it can be noted that a
single airfoil experiment (or in Chapter V.2, a single airfoil simulation) is a cost-e�ective way of
estimating the ability of a LE treatment to reduce broadband noise.
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Numerical codes applied during this thesis (reminded in Fig. II.9) are evoked, starting from
the intermediate �delity approach relying on CFD and CAA simulations. First, in Section II.2.1,
an overview of the CAA code sAbrinA developed at ONERA is given. Based on Euler equations
written in perturbations, it allows the computation of acoustic sources propagation for a given
mean �ow and turbulent �eld. Then, short reviews of two CFD codes, providing the aerodynamic
input for sAbrinA are presented: in Section II.2.2, elsA developed by ONERA (3D RANS calcula-
tions here) and in Section II.2.2, a 2D open source code which solves the Euler equations. Finally,
an overview of a high-�delity approach is provided. The latter relies on the lattice-Boltzmann
method implemented in the ProLB solver, presented in Section II.2.3. Contrary to the hybrid
CFD/CAA methodology, all the physics are captured in the same calculation from turbulence
generation to far-�eld acoustic propagation, even if, a FWH analogy can still be performed.

Figure II.9: Numerical approaches used in this thesis to predict broadband interaction noise.

As for the intermediate �delity simulations, three sub-approaches can be distinguished in Fig.
II.9.

1. The mean �ow is computed around stator vanes by means of a CFD RANS code. But input
turbulence for RANS has to be prescribed at the domain entrance. This sub-approach has
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not been used for CAA mean �ow calculation in this thesis. Indeed, the third sub-approach
is more practical as discussed in Section II.2.2. However, RANS calculations have been
performed to evaluate aerodynamic penalties of serrated designs in Chapter V.1.

2. This second sub-approach relying on a mixing plane method is currently adopted in fan-
OGV calculations instead of expensive URANS simulations [144]. Basically, the CFD vari-
ables are circumferentially averaged over a cross-section (mixing plane) located at the in-
terface between the rotating fan and �xed OGV domains. As discussed in Part VI and in
[144], RANS mixing plane calculations provide the mean �ow used by the CAA. Relevant
turbulent fan wake parameters for the RSI noise are obtained from a fan alone RANS cal-
culation by extending the mesh up to the OGV region, since the wakes are damped by the
mixing process.

3. The mean �ow is computed around stator vanes by means of a CFD Euler code in this
third sub-approach. However, input turbulence properties have to be provided for synthetic
turbulence generation. This sub-approach has been used to obtain the mean �ow input for
CAA simulations in Chapter V.2. This Euler-based mean �ow methodology has also been
used to obtain the mean �ow around stator vanes in a turbofan application presented in
Chapter VI.1.

II.2.1 CAA code solving the Euler equations written in pertur-
bation form

The CAA simulations are achieved using the in-house parallelized time-domain code sAbrinA.
It computes noise sources generation and propagation on multi-block meshes which are curvilinear
and structured. It can solve both the non-linearized and linearized Euler equations written in a
perturbation and conservative form, which are detailed in [156, 61]. The unsteady �ow �eld is
classically split into two parts, namely the mean �ow, which has to be provided as an input, and
the �uctuating part, which evolution is computed by the code. Regarding numerical schemes,
sAbrinA uses a sixth-order �nite di�erence scheme for the spatial derivatives and a third-order
multistage explicit Runge�Kutta scheme for the temporal discretization. Speci�c treatments and
boundary conditions (BC) are implemented, such as a tenth-order �lter in order to remove high-
frequency oscillations and Tam and Dong boundary conditions [167], which are used to allow
both the exit and entrance of the �uctuations in the domain without generating spurious noise
sources nor numerical re�ections. The mean �ow that advects the �uctuating variables is an input
parameter of the CAA computations. Turbulent in�ow generated through a stochastic process
is injected at the entrance of the CAA domain using Tam and Dong’s non re�ective boundary
condition. The procedure developed to obtain the synthetic turbulence is detailed in the next
part, III .

The general equations
The code solves Euler equations in a perturbation form. In order to obtain that system of
equations, the starting point is to consider the Euler equations (conservative formulation).
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Then, from Eq. (II.19), the variables are decomposed as a sum of a mean part and a perturbative
part. That allows to express the previous system as a combination of a mean �ow (which is
supposed to be known), a linear perturbative contribution (linear with respect to the �uctuating
variable) and a non-linear perturbative part. The fully detailed set of equations is given in [155]
and reminded in [61] (Appendix B).

As mentioned before, the sAbrinA code solves the non-linear Euler equations written in per-
turbation variables. However, in the current study, only linearized equations are solved for two
di�erent reasons. First, in the case of turbofan applications, the formulation written in cylindrical
coordinates reveals cross terms (with non zero-divergence) if the non-linearized Euler equation is
considered [63, 61] whenu0

� harmonic gusts are injected (because the �uctuating �eld does not
satisfy the non-linear equations, which adds a source term). Second, Tam’s boundary condition
was derived under the framework of linearized Euler equations. If one performs non-linear Euler
simulations without care, parasitic re�ections could appear at the exit of the computational do-
main. The latter issue can be partially solved by the addition of a stretching zone at the exit of
the domain, to dissipate the hydrodynamic modes and the acoustics before reaching the bound-
ary condition. In any case, it is important to remind that the non-linearity has only an e�ect on
the acoustic response for gusts of high amplitude, around 10% of the mean �ow, as discussed in
[88, 63, 61].

Tam’s boundary conditions
The boundary conditions are de�ned using Tam and Dong formulation [167], which is based
on an asymptotic expression of Euler equations in the far-�eld. The �ow �eld perturbations
are decomposed into three parts: acoustics waves (traveling at a speed equal to the sum of
the �ow and sound velocities), entropic waves and hydrodynamic waves (only convected by the
�ow). These conditions are written assuming the extension to the spherical coordinates system
proposed by Bogey and Bailly [43], assuming that the center of the frame corresponds to the
center of radiation. However, the solution is not very sensitive to that latter assumption, which
also allows to consider various sources located at di�erent points as far as they are enough close
to each other compared to the size of the domain. In the case of an out�ow boundary (the waves
are leaving the domain), the boundary conditions are de�ned as follows:
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More details about Tam conditions derivation can be found in [167] and about their implemen-
tation in sAbrinA in [61].

II.2.2 CFD solvers for stationary mean �ow assessment

A 3D RANS code integrated to elsA solver
In order to perform CAA calculations using sAbrinA (presented in the latter section), a mean

�ow has to be prescribed or provided by a CFD calculation. To this end, RANS calculations are
usually carried out. Moreover, these CFD simulations are required to evaluate the aerodynamic
penalties of passive acoustic designs.
RANS calculations performed in Chapter V.1 and in Chapter VI have been carried out by means
of the eslA code developed at ONERA. It computes internal and external �ows around �xed and
moving bodies, for which the domain is de�ned by a multi-block hybrid structured/unstructured
and body-�tted mesh. eslA features a variety of turbulence models, ranging from Reynolds
averaged Navier-Stokes (RANS) to Large Eddy Simulations (LES), and passing through Zonal
Detached Eddy Simulations (ZDES). More general information about elsA capabilities and ap-
plications can be found in [48]. In Chapter V.1 and in Section VI.1.2, RANS simulations have
been conducted by applying the Jameson spatial scheme and thek � l Smith turbulence model.
The k � l Smith model is commonly used at ONERA and Safran Aircraft Engines (SAE) for
turbofan applications. A comparison of several turbulence models on the ACAT1 Benchmark is
provided in [110] in the framework of an EU project TurboNoiseBB [13].

A 2D and open source Euler mean �ow solver
As mentioned in the previous section, a RANS calculation is currently performed to obtain a

mean �ow for CAA. However, in order to comply with the inviscid assumption of the CAA code,
the boundary layers have to be �ltered. Otherwise, numerical issues may occur, particularly

37



Chapter II.2 : Numerical tools

in the presence of serrations [144]. To avoid this correction step, the mean �ow can also be
obtained thanks to CFD solving the Euler equations, which intrinsically satis�es the inviscid
assumptions of the CAA. Indeed, the solution provided by the Euler code is free of recirculation
zones and boundary layers. However, unlike RANS simulation, the CFD Euler computations do
not provide any information on turbulence properties. This is not a limitation for the �rst part of
the InnoSTAT test campaign (see Section II.3.1 and Part V). Indeed, the turbulence properties are
prescribed from pre-test conditions and then ful�lled experimentally by an adequately designed
turbulence grid.
The mean �ow Euler simulations performed here use an open source solver on 2D structured grid.
The code is provided as a companion material to [42]. The required inputs are the total pressure
and the total temperature at the inlet and the static pressure at the outlet. A dedicated grid
generator is also provided with the CFD code. This solver has been used to obtain the mean
�ow around NACA airfoils in Chapter V.2. Note that this Euler code has also been applied to
the NASA SDT turbofan case, with some adaptations discussed in Section VI.1.2. A comparison
with RANS-obtained mean �ow is carried out for CAA purpose.

II.2.3 High-�delity lattice Boltzmann code

Aside from RANS and LEE CAA simulations, aerodynamic and aeroacoustic predictions are
also achieved by means of a high �delity approach based on the lattice Boltzmann method (LBM).
Contrary to the traditional CFD solver relying on the Navier-Stokes (NS) equations, the lattice
Boltzmann method originates from the kinetic theory of gases. The latter idea is illustrated in
Fig. II.10. LBM approach is a de�ned as mesoscopic, being situated halfway between particle
methods and macroscopic conservative equation from NS. Indeed, in LBM, the �uid is described
by probability distribution functions of �uid particles.

Figure II.10: From microscopic to macroscopic description of �uid mechanics, extracted from
[100].
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II.2.3 High-�delity lattice Boltzmann code

Figure II.11: Continuous Boltzmann equation to Discrete-Velocity Boltzmann Equation (DVBE)
by a set of discrete velocities on a D3Q19 lattice.

In practice, the �uid velocities are discretized on a lattice, which acts as the mesh of the simula-
tion. On this lattice, the LBM process is governed by a two-step operation often called "stream
and collide" which allows to compute the evolution of the distribution function. Collisions take
place locally and the streaming operation is performed following the octree lattice and is exact
thanks to the Courant-Friedrichs-Lewy (CFL) equal to 1, which makes this step non-dissipative
and its implementation very simple. A simple cubic octree mesh is illustrated in Fig. II.11.
This basic idea behind LBM process explains the e�ciency of the algorithm, in comparison with
traditional NS solvers on parallel computers. Moreover, it o�ers a very low numerical dissipa-
tion suitable for aeroacoustic simulations. Additionally, immersed boundary conditions handle
with ease complex geometries, even if the implementation of the boundary conditions on curved
surfaces represents a challenge. For these reasons, LBM is a good candidate for simulating chal-
lenging aeroacoustics con�gurations. In the present work, LBM simulations are carried out here
by means of the ProLB solver. It has been developed by a French consortium composed of uni-
versities, research institutes and industries [12]. In this study, the weakly compressible version of
the solver has been used. The main variable in the lattice Boltzmann method is the distribution
function, from which the density and momentum of the �uid are given by its statistical moments.
For quasi-incompressible �ows, the discrete distribution function involves nineteen components,
also called D3Q19 as illustrated in Fig. II.11. The D3Q19 allows the computation of the ather-
mal formulation of the NS equations with an error scaling with the Mach number to the third
power [162]. This method is also referred to as isothermal LBM. In ProLB, an advanced collision
model, the hybrid recursive regularized (HRR) operator is implemented, enhancing the stability
of the scheme and reducing the spurious noise at mesh re�nement transition [104, 21]. Indeed,
the HRR scheme features some corrections to cancelO(M3) terms leading to a more robust code
under M=0.7 [73, 91], while remaining athermal. As for the convection of the variables across
grid re�nements, a Direct Coupling (DC) cell-vertex algorithm is used [22, 23, 21]. It helps re-
ducing spurious noise source generation at mesh transitions. Solid surfaces are represented by
immersed boundary conditions, where the �uid boundary layer is resolved thanks to an advanced
wall log-law taking into account the adverse pressure gradient and the curvature e�ect. Similarly
to traditional CFD solvers, a Large Eddy Simulation turbulence model controls the unresolved
turbulent dynamics. In the present case, the Shear-Improved Smagorinsky Model (SISM) [118]
is employed as a subgrid-scale viscosity to model unresolved small-size eddies.
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The di�erent experimental facilities, on which the previously mentioned analytical and numer-
ical tools have been applied, are presented. This chapter covers:

1. The rectilinear cascade at Centrale Lyon used during the InnoSTAT project, in Section
II.3.1. It aims at evaluating several treatments for interaction noise reduction, provided
by the project partners. In preparation for this test campaign, ONERA has designed LE
serrations in Part IV, which are assessed by numerical simulations, CFD/CAA and LBM,
in Part V.

2. In Section II.3.2, the NASA Source Diagnostic Test (SDT) which is a scaled-down fan
simulator at Glenn Research Center. It represents an international benchmark for turbofan
broadband noise predictions. An assessment of the ONERA’s CFD/CAA approach on this
test-case is analyzed in Chapter VI.1.

3. Finally, in Section II.3.3, the ECL-B3 test rig, representing a 1/3 mock-up of a turbofan
engine fan. This test facility will be used for the second part of the InnoSTAT project,
in order to validate the successful acoustic treatments from the rectilinear-cascade test
campaign on a bench which is more representative of a real turbofan. A �rst proposal of a
LE serration design, adapted to this con�guration, is discussed in Chapter VI.2.
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II.3.1 Rectilinear cascade in KCA test rig of Ecole Centrale de
Lyon

Figure II.12: Picture of the anechoic room at Centrale Lyon.

The experimental facility at Centrale Lyon used for the �rst test campaign of the InnoSTAT
project is located in the main subsonic anechoic wind tunnel at Centrale Lyon. The �ow is
generated by a centrifugal fan powered by an 800 kW engine and the maximum mass �ow rate
is about 20 kg/s. The �ow then passes through a series of absorbing acoustic treatments before
reaching the 720 m3 anechoic room, depicted in Fig. II.12.

a)
b)

Figure II.13: Picture of the test facility at Ecole Centrale de Lyon (a). 3D geometric modeling
of the bench (in light blue turbulence grid and vanes) (b).

A dedicated test section, presented in Figs II.13a, II.13b, and II.14 has been designed for this
experimental test campaign. It consists of a rectilinear cascade as in similar [75]. A 0.5 m long
contraction adapts the test section from 0.56� 0.56 m2 to 0.56� 0.2 m2. The nozzle accelerates
the �ow by this geometrical squeezing in order to reach the adequate mean �ow between 45 m/s
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and 180 m/s. In the thinner part of the test section, seven evenly spaced NACA7310 airfoils
are mounted on a rotating disk to modify the cascade angle (between the incident �ow and the
normal to the cascade frontline) around the nominal value� c = 34 � , see Fig. II.15. The stagger
angle is kept at a constant value� = 13 � and the leading edge of the central vane is located
at about 0.5 m downstream of the contraction. Vertical side plates guide the �ow down to the
trailing edge of the cascade, while the horizontal plates extend downstream of the cascade as a
semicircle centered on the trailing edge of the central vane. The geometrical parameters can be
visualized in Fig. II.15.

Figure II.14: Mid span cut of the complete test section geometry.
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II.3.1 Rectilinear cascade in KCA test rig of Ecole Centrale de Lyon

Figure II.15: Mid span cut of the test section geometry and de�nition of the coordinate systems.
Location of the microphones downstream of the cascade.

The NACA pro�les are impinged by a turbulent in�ow, which is generated by a grid placed in
the test section just upstream of the contraction. Initially, a turbulence grid previously evaluated
in another test rig [36] (with a smaller test section), has been proposed during the InnoSTAT
Critical Design Review (CDR). Its pattern generates a turbulent intensity (TI) of 4.5 % and an
integral longitudinal length scale L l of 9 mm, both quantities probed at 50 cm from the grid.
However, due to a delayed experimental campaign, it has been decided to re-use another already
available grid. Geometrical characteristics of both grids are compared in Table II.2. The analysis
of turbulence obtained with this grid during the InnoSTAT test campaign is discussed in Section
V.3.2. Table II.2 summarizes the main geometrical parameters of the experimental set-up.
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Parameter Value

Airfoil

shape NACA7310

chord c 12 cm

span L z 20 cm

inter-vane spaces 8.5 cm

Upstream �ow
Velocity ( U direction) 45 m/s to 180 m/s

Angle between cascade and �ow axis� c 34� (nominal)

Turbulence grid

(rectangular-section bars)

Early CDR grid [36]

D = 1 cm

L = 4 cm

Final grid

D = 2 cm

L = 5.5 cm

Table II.2: Main parameters of the test campaign.

Regarding the instrumentation, static pressure probes which are �ush-mounted in transverse
direction are used to check the �ow homogeneity. The latter might be in�uenced by the presence
of bends along the test section, as shown in Fig. II.14. Hot wire anemometry at midspan
characterizes the incoming turbulence, particularly the one component spectra at the blue circle
location in Fig. II.16a. X wire probes also measure the velocity pro�les along the red lines
depicted in Fig. II.16a. Finally, airfoil chordwise probes are distributed at mid-span, over the
pressure and suction sides of the reference middle vane (see Fig. II.16b), in order to measure the
wall pressure coe�cients.
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II.3.2 Source Diagnostic Test (SDT) turbofan model at NASA Glenn

a)

b)

Figure II.16: (x; y) cut of the geometry and wire probes locations (a). Pressure probes at the
vane surface (b).

Acoustic measurements are performed both upstream and downstream of the cascade. The
positions of the 43 microphones are plotted in Fig. II.15. A linear array made of 26 microphones
is located upstream of the cascade. This array can be used to separate the acoustic waves
propagating in the upstream and downstream directions and thus isolate the upstream radiation
from the cascade. Three microphones are located just downstream of the trailing edge of the
central blade. A far-�eld circular array containing 14 microphones is centered on the trailing
edge of the central vane with a radius of 1.95 m. The microphones are located in the mid-span
plane, with an angular spacing of 10� from -90� to +90 � . No microphones are located in the
turbulent wake of the cascade between -20� and +40� . Acoustic predictions obtained in this PhD
work are focused on this far-�eld antenna.

II.3.2 Source Diagnostic Test (SDT) turbofan model at NASA
Glenn

The NASA Source Diagnostic Test (SDT) refers to a 22-inch fan rig simulator without core
�ow (illustrated by Fig. II.17) tested at the NASA Glenn Research Center [8]. A dedicated AIAA
session took place in 2014 to discuss the turbofan broadband noise on this test-case. The main
novelty associated with this test rig is that it represents a 3D simpli�ed geometry including rotor
and stator stages (without the primary �ow) with a quasi-annular nacelle, well suited for bench-
marking and code validation. The purpose of the test-case was primarily to compare methods
for broadband noise prediction.
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Figure II.17: NASA-SDT facility, picture extracted from [154] (a). Mean �ow and turbulent
velocities are provided for the positions 1 and 2 (b).

Three di�erent stators have been tested: "baseline" (54 blades), "low count OGV" (26 blades)
with a longer chord enabling the �ow redirection, and "low noise OGV" with 26 inclined stator
vanes in order to reduce passively the noise generation. The provided measurements cover the
spanwise turbulence velocity components, the mean �ow velocity, and the sound spectrum during
the experiment (captured via a traversing microphone). In this work (simulations in Chapter
VI.1), the focus is only on the "baseline" case at approach condition. In that con�guration, the
engine power is de�ned at61:7 % of its nominal capacity. At this speed, the �ow rate is 26; 29 kg/s
and the �ow is subsonic. Several data were acquired among which: hot wires to characterize the
turbulent in�ow at locations 1 and 2 in Fig. II.17 (right) [141], laser Doppler velocimetry, surface
pressure probes, and in-duct and far-�eld noise microphones [177]. Additional details about the
SDT project are given in [8].

II.3.3 PHARE-2 ECL-B3 turbofan test facility at Ecole Centrale
de Lyon

Figure II.18: Picture of the ECL-B3 anechoic chamber, fan stage mock-up with its windscreen
and external microphone array reproduced from [140]
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II.3.3 PHARE-2 ECL-B3 turbofan test facility at Ecole Centrale de Lyon

The ECL-B3 turbofan test rig, illustrated in Fig. II.18, is issued from an EquipEX investment
program, called PHARE (Plate-forme macHines tournantes pour la maîtrise des Risques Envi-
ronnementaux), which has given rise to 3 test benches [10]. ECL-B3 aims at studying instability
phenomena occurring in the �uid and the structure along with aeroacoustic sources generation
and propagation.

Figure II.19: 3D model of the building housing the ECL-B3 facility [159]

Located in a dedicated building at Centrale Lyon depicted in Fig. II.19, it represents a 1/3
scale fan stage co-designed with Safran Aircraft Engines. The particularity of the test rig lies in
its modularity, which allows the testing of innovative concepts, such as low noise stators in the
framework of the InnoSTAT project. The power of the facility is 3 MW.
With regard to the acoustic measurements, the fan mock-up is placed in an anechoic chamber.
Upstream noise directivity can be characterized by a microphone array placed on a rotating stand
as depicted in Fig. II.18. This allows the characterization of the acoustic waves over half a sphere.
In-duct measurements are also made possible by 160 microphones adequately located to perform
mode decomposition [140]. Further details about the acoustic instrumentation can be found in
[159].

A second InnoSTAT test campaign at ECL-B3 is planned in 2023. Low-noise OGVs will be
manufactured from the tests on the rectilinear cascade (Section II.3.1) and compared to a reference
silent OGV, designed previously by ONERA and SAFRAN. However, the studied con�guration
in Chapter VI.2 comes from ENOVAL project [154], close to ECL-B3 and for which RANS data
is available. Indeed, numerical simulations on PHARE ECL-B3 will be carried out in 2023 and
are outside of the framework of the present thesis.
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Part III

Turbulence modeling
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This third part, involving turbulence modeling, is divided into 5 chapters. The aim is to
provide useful information for turbulence characterization and extend synthetic turbulence gen-
eration methods in preparation for the next parts dedicated to LE serration design and evaluation.
In the �rst chapter, key theoretical background of turbulent �elds representation is introduced.
Its purpose is to provide mathematical expressions to characterize turbulence properties and ex-
plain how to compute them in practice. The second chapter deals with synthetic turbulence
generation, three main techniques are discussed: Fourier modes decomposition, digital �ltering,
and Synthetic Eddy Method. Special attention is given to the generation method implemented
at ONERA, in order to perform aeroacoustic computations. Third chapter presents turbulence
generation framework put in place during this PhD to deal with the InnoSTAT rectilinear cascade
experiment. In particular, the challenge of generating a 3-wavenumber turbulence while taking
into account boundary conditions (periodicity and solid walls) is addressed. The extension to
annular geometries is discussed in the fourth chapter. It is done in connection with previous work
conducted at ONERA on synthetic turbulence generation for rotor-stator interaction noise as-
sessment in turbofan con�gurations. Finally, numerical implementation of turbulence generation
routines is addressed in Chapter III.5.
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III.1 Characterization of turbulence �elds

III.1.1 Geometrical notations and turbulent �eld de�nition

Geometrical notations

Figure III.1: Overview of the geometrical notations in cascade con�gurations

Figure III.1 provides the geometrical parameters considered in the following sections. The
notations are given either in the Cartesian or annular coordinate systems.L y and L � represent
the width of the simulation domain (respectively for rectilinear and annular cascades). In annular
coordinate systems,L � denotes the quantity r � � , with � � the angular sector of the CAA domain.
The spanwise length is denoted either byL z in Cartesian coordinate systems (such aszmax =
zmin + L z) or L r in annular con�gurations (such as rmax = rmin + L r ).

Reynolds decomposition
The starting idea to synthesize turbulence is based on an ergodic stochastic process. First, a set
averagehi can be applied on the velocity �eld in order to get a decomposition in a mean part
and a �uctuating part, 8

>><

>>:

u = U + u 0

U = hu i


u 0� = 0

(III.1)

In case of squared �uctuating values, it can be easily demonstrated that:

D
u02

E
=

D
u2 � 2u hui + hui 2

E
=

D
u2

E
� h ui 2 (III.2)
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The ensemble average can be seen as the expected value in the framework of the probability
theory, with (n) a given realization. Hence,

hu i = lim
N r 7!1

0

@ 1
N r

N rX

n=1

u ( n )

1

A (III.3)

To move from the discrete to the continuous formulation, the summation in Eq. (III.3) can be
replaced by an integral, with pr (u ) denoting the probability density function of u ,

8
>>>>><

>>>>>:

�

R3
pr (u )du = 1

�

R3
upr (u )du = hu i

(III.4)

Equation (III.4) provides the main properties of the probability density function.

Statistical stationarity
In case of stationary boundary conditions, the turbulence �eld is considered as statistically sta-
tionary, which provides for the probability density function:

@pr (u )
@t

= 0 (III.5)

For an ergodic process, when the condition from Eq. (III.5) is satis�ed, the expected value can
be simply estimated by a time average:

hu i = lim
T 7!1

 
1
T

� t+ T

t
udt

!

(III.6)

In practice, Eq. (III.6) is used to compute mean �ow �elds in simulations as well as in experiments.

Homogeneity and isotropy

a) Homogeneous and
isotropic

b) Homogeneous and
non-isotropic

c) Non-homogeneous and
isotropic

d) Non-homogeneous and
non-isotropic

Figure III.2: Illustration of turbulence properties: homogeneity and isotropy (velocity vector
plot)

Figure III.2 illustrates combinations of homogeneous and/or isotropic properties applied to
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turbulent �ows. The mathematical representation of these two properties is given below. IfX
denotes the �uid particle position vector, and

8X 2 D ; 8i 2 [[1; 3]];
@pr (u 0(X ))

@Xi
= 0 (III.7)

the probability density function of a homogeneous �eld inside a domainD satis�es Eq. (III.7).
The probability density function of two velocity components, u0

i and u0
j , is now considered.

8X 2 D ; 8i; j 2 [[1; 3]]2; pr (u0
i (X )) = pr (u0

j (X )) (III.8)

Likewise for isotropy, the condition de�ned in Eq. (III.8) has to be veri�ed.

Frozen turbulence assumption: Taylor’s hypothesis
The frozen turbulence assumption implies that turbulence structures are simply advected along
streamlines by the mean velocity �eld.

8X 2 D ; 8t � ; u 0(X ; t) = u 0(X + U t � ; t + t � ) (III.9)

The validity of the frozen turbulence hypothesis in Eq. (III.9) depends on characteristic times
of turbulence and of the advection by the mean �ow. They must satisfy� turb � � conv , that is,
u0=U � 1. Furthermore, the frozen turbulence assumption requires in Fourier space that the
angular frequency of the velocity �uctuations is directly related to the wavevector thanks to the
following dispersion relation: ! = k � U .

III.1.2 Representation of turbulent velocity �elds in Fourier space

Spatial Fourier transform
The turbulent velocity �eld is de�ned in the wavevector space through a Fourier transform TF
(with s denoting the spatial domain),

bu 0(k ) = TF s
�
u 0(X ; t)

�
=

1
(2� )3

�

R3
u 0(X ; t)e� i k �x dx (III.10)

The double correlation tensor is considered in the case of steady and homogeneous turbulent
�ows, which is only a function of the separation in space and time,

Rij (l = X � Y ; � = t � t1) =
D

u0
i (X ; t)u0

j (Y ; t1)
E

(III.11)

The spectral tensor is de�ned as the Fourier transform of the double correlation tensor from Eq.
(III.11).

’ ij (k ) = TF s
�
Rij (l ; 0)

�
=

1
(2� )3

�

R3
Rij (l ; 0)e� i k �l dl (III.12)

The spectral tensor de�ned in Eq. (III.12) will be described further in Section III.1.3. The reverse
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mathematical operation can be applied to recover the double correlation tensor in the physical
space.

Rij (l ; 0) =
�

R3
’ ij (k )ei k �l dk (III.13)

Thus, the inverse Fourier transform is given by Eq. (III.13). It can be shown that:
D

cu 0
i (k )cu 0

j (k )
E

= ’ ij (k ) (III.14)

A more useful variant of Eq. (III.14) will be introduced in Section III.14, where spatial Fourier
transform is replaced by Fourier transform in the time domain. In practice, it is also more
convenient to deal with one-dimensional spectra, since they only require to perform calculations
along one direction (in most cases aligned with the upstream mean �ow direction� ). 1D spectra
are obtain considering that,

’ 1D
ij (k� ) = TF s

�
Rij (l � ; 0)

�
=

1
2�

�

R
Rij (l � ; 0)e� i k �l � dl � (III.15)

From Eqs. (III.13) and (III.15), one can deduce that:

’ 1D
ij (k� ) =

�

R2
’ ij (k )dk? =

�

R2
’ ij (k )dk� dkz (III.16)

with k? de�ned such ask ? = k � k � kz z . The expanded form of Eq. (III.16) will be provided
in Section III.1.3.

Temporal Fourier transform
The temporal Fourier transform with subscript t denoting the time domain is de�ned by:

eu 0(X ; f ) = TF t
�
u 0(X ; t)

�
=

�

R
u 0(X ; t)e� i 2�f t dt (III.17)

Let us introduce the double correlation tensor using time measurement at a single point. One
can show that Eq. (III.11) becomes:

Rij (0; � ) =
D

u0
i (X ; t)u0

j (X ; t + � )
E

(III.18)

’ 1D
ij (f ) = TF t

�
Rij (0; � )

�
=

�

R
Rij (0; � )e� i 2�f t dt (III.19)

The 1D frequency spectrum in Eq. (III.19) is obtained by taking the temporal Fourier transform
of Eq. (III.18).

turbulence hypothesis in Fourier space
Frozen turbulence assumption presented in Eq. (III.9) implies that:

u 0(X ; t) = u 0(X + U t � ; t + t � )

, Rij (l � ; 0) = Rij (0; � ) (III.20)
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, k � U = 2 �f

Under the frozen turbulence hypothesis, there is an equivalence between correlation in space and
time.
Therefore, one can deduce from Eqs. (III.18) and (III.20) (see demonstration in Appendix A,
Eq. (VI.1)), the following relation:

D
fu 0

i
�
(X ; f ) fu 0

j (X ; f )
E

= � (0)
2�
U

�

R2
’ ij (k )dk? (III.21)

with � (0) denoting the Dirac function at 0. Equation (III.21) will be particularly useful for the

post-processing. The quantity
�

R2
’ ij (k )dk? is called ’ 1D

ij (k� ) (see Eq. (III.16)) and it will be

expanded in Section III.1.3.

Expected value with a �nite number of outcomes Particular attention has to be given
to the set average operations. Indeed, in practice, only a �nite number of outcomes can be used
to perform the expected value operation. In cases simulated in Part V, the boundary conditions
are time independent after a transient period. There is no moving parts nor variable boundary
conditions (after a transient initialization). Turbulence can be considered as statistically steady
over a certain time interval (see Eq. (III.6)). It implies that the set average operation can be
replaced by a time integral.

For the set average operation in the Fourier space things are quite di�erent. Three options can
be examined in practice to obtain the expected (average) value.

1. One could runNsimu simulations of a time Tsimu without the transient period and average
the results. In practice, this option is not considered since multiple simulations are required.

2. A single simulation, with T0
simu = Tsimu � Nsimu , could be run and the results cutted in

Nsimu pieces. An average is then applied as in1). The choice ofNsimu is discussed in [78].

3. Running a simulation with T0
simu = Tsimu � Nsimu and averaging results on frequency bands

of width 1=Tsimu . This option has been compared to the �rst one in [61] p.66 or in [47],
providing a similar output. In some cases in this manuscript, the band average is replaced
by a moving mean average operation, in order to keep more point in the smoothed solution.

The two latter options are discussed in [82]. The tools presented above will be useful to either
check injected synthetic turbulence properties or post-process turbulence �elds from high �delity
LBM numerical simulations.

III.1.3 Modeling of main turbulent quantities and spectra

Turbulence energy analysis
The main quantity to interpret turbulent �ows is the turbulent kinetic energy. This variable is
de�ned as follows:
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k =
1
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(III.22)

From the turbulent kinetic energy in Eq. (III.22), the turbulent intensity can also be de�ned in
order to easily compare the ratio of turbulence velocities to the mean �ow magnitudeU = jjU jj .

TI =

q
2
3k

U
(III.23)

In order to have a look at anisotropic �ows, it can be interesting to de�ne a quantity depending
on each direction:
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In case of an isotropic turbulence, one can recover from Eqs. (III.23) and (III.24) that:

TI =
r

1=3
�

TI 2
� + TI 2

� + TI 2
z

�
= TI � = TI � = TI z.

Spatial analysis of turbulence �elds
The other essential quantity for the computation of turbulence spectra (detailed in Section III.1.3)
is the integral longitudinal length scale. More generally, the coherence of a turbulent �eld can be
characterized in all directions of the space.

�r�ij (X ; 2l ; t) =

D
u0

i (X � l ; t)u0
j (X + l ; t)

E

r D
u0

i (X � l ; t)2
Er D

u0
j (X + l ; t)2

E (III.25)

Equation (III.25) has been centered around 0, in comparison with the formulation given in [137].
A centered formulation is also provided page 109 in [147]. Indeed, in the case of a turbulent �ow
in a nozzle aligned with the axis� for example, the centered choice appears more relevant since
the correlations at a point X will be de�ned by taking contribution from upstream X � l � and
downstreamX + l � positions equally. The integral length scalesL ij;k are then de�ned as follows,

L ij;k = 2
� + 1

0
�r�ij (X ; 2l k ; t)dlk (III.26)

It has to be noted that the implicit summation is never used in this work. In case of isotropic
�ows, one can derive the following relations:

8i 6= j; L ij;k = 0
8i; 8j; L ii;i = L jj;j

8i 6= k; 8j 6= k; L ii;k = L jj;k

(III.27)
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III.1.3 Modeling of main turbulent quantities and spectra

From Eq. (III.27), it can be deduced that for isotropic �ows, turbulence is characterized by two
quantities, namely the longitudinal integral length scaleL l and the transverse integral length scale
L t , with L t = 1=2L l for isotropic �ows. Under the frozen turbulence assumption (see Section
III.1.2), the integral longitudinal length scale can also be obtained from the temporal Fourier
transform of the velocities (see equation (6.213) in [147]):

L l = L ��;� = 2
� + 1

0
�r��� (X ; 2l � ; t)dl � = lim

f ! 0

0

B@
Su0

� u0
�
(f )U

4
D

u02
�

E

1

CA (III.28)

In Eq. (III.28), S u0
� u0

�
denotes the one-sided Power Spectrum Density (PSD) of the streamwise

velocity component.

Liepmann turbulence spectra (1D, 2D and 3D) for CAA implementation The
expressions of the turbulence spectra are detailed here to comply with the numerical simulations
carried out in Chapter V.2 and Part VI, for which the geometrical notations are presented in
Section III.1.1. In this study, the wavenumber spectra of turbulence are based on the de�nition
proposed by Liepmann [123]:

E (k) =
8TI 2U2L l

�
(kL l )4

�
1 + ( kL l )2

� 3 with k =
q

k2
� + k2

� + k2
z (III.29)

where the subscript � still indicates the direction parallel to the mean �ow, TI the turbulence
intensity, and L l the integral longitudinal length scale of turbulence (see Section III.1.3). From
Eq. (III.29), the link with the autocorrelation velocity spectra can be made through, refer to
equation (9.1.8) in [85],

’ 3D
ii (k� ; k� ; kz) =

E (k)
4�k 2

 

1 �
k2

i
k2

!

(III.30)

To consider simpli�ed cases with turbulence in a plane and also 1D spectra, an integration is
performed over transverse wavenumber components.

’ 2D
ii (k� ; kz) =

� + 1

�1
’ 3D

ii (k� ; k� ; kz)dk� (III.31)

’ 1D
ii (k� ) =

� + 1

�1
’ 2D

ii (k� ; kz)dkz (III.32)

The previous integrations in Eqs. (III.31) and (III.32) can be analytically performed to obtain
explicitly ’ �� , ’ �� , and ’ zz which are of major interest for the implementations in the turbulence
generation routines. They are listed in Table III.1.
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Table III.1: Integrated autocorrelation spectra obtained from Liepmann spectrum in Eq. (III.29).

With the aim of simpli�cation and with approximations discussed in Section II.1.2.1, one may
choose not to consider the in�uence of the componentkz, with the subscript z referring to the
direction aligned with the span of the studied airfoil or �at plate. Indeed, it has shown to be
not signi�cant for �at plates placed along the z axis, following Amiet’s theory under certain hy-
pothesis discussed in Section II.1.2.1 and [19, 63]. Thus, the spectra are not explicitly discretized
along the latter direction since kz = 0 . To recover the expected magnitude of turbulence, a
correction is required by multiplying the spectrum by a factor � kz = 2 �=L z, as proposed in [63].
Beyond the previous assumptions, the particular geometrical characteristics and CAA set-up of
the rectilinear cascade facility, as depicted in Fig. III.1, must be considered. First of all, in order
to limit the CPU cost, the test facility is not fully included in the CAA. Adjacent vanes are taken
into account through periodic boundary conditions applied along they direction. Multi-channel
calculations can be performed, simply considering thatL y = nv � s. An example is given in Fig.
III.1 (see Section III.1.1) for nv=2. The fact that the cascade direction that is tilted from the
normal axis to the mean �ow, as shown by Fig. III.1, requires to be taken into account in the
generation procedure since the gusts are injected in the coordinate system of the cascade(x; y; z)
and not the one aligned with the test section and upstream mean �ow(�; �; z ). Therefore, to
ensure periodicity, all wavenumbersky have to be multiples of2�=L y . Moreover, wall boundary
conditions are taken into account for the CAA computations at both ends of the airfoil span.
These slip �ow boundary conditions considered for the CAA computations represent a major
constraint for the generation of a fully 3D turbulence as it will be explained later in Section
III.3.5.
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III.2 Overview of synthetic turbulence
generation methodologies

For CAA solvers based on linearized Euler equations, turbulence-interaction noise studies imply
the injection of a synthetic turbulence in the domain (even though some CAA codes work in the
frequency domain). Moreover, for high �delity approaches such as LES and LBM, for which
the turbulence can be directly generated by the geometry, it is often very convenient to inject
a synthetic turbulence �eld. Indeed, it allows much more control over the turbulence properties
and it avoid meshing adequately all the surfaces to properly generate turbulence. The reader may
�nd more information about stochastic turbulence generation methods for CAA purposes in [116]
or [14]. The main idea of the section is to provide some insight about these synthetic turbulence
techniques, especially those recently applied to turbulence-cascade interaction noise or leading
edge noise reduction from serrations. Moreover, a particular focus is put on the generation of
isotropic divergence-free velocity �elds, matching a target energy spectrum. The divergence-free
constraint is of prime importance for CAA computations using LEE. Because, if unsatis�ed, it
may generate non-negligible spurious sources in the simulation domain which might overwhelm
the physical acoustical sources. The latter point will be discussed in Chapter V.2. Finally, the key
points of the generation processes used at ONERA, up to this PhD thesis, will be summarized.
The challenging requirements with respect to the con�gurations studied in the InnoSTAT project
will also be discussed.

III.2.1 Fourier modes decomposition

The general form of Fourier modes-based methods is given below.

u 0 =
X

k

A k cos(k � X � !t +  k )

div(u 0) = �
X

k

k � A k sin(k � X � !t +  k ) = 0 ( 8 k ; k � A k = 0
(III.33)

Turbulence �elds are thus represented by a summation of sinusoidal functions with random phases.
A k is the amplitude associated to the modek . A su�cient condition to ensure a divergence-free
�eld veri�es k � A k = 0 . Originally, these idea was introduced by Kraichnan [114] to produce a
Gaussian energy spectrum. For instance, Huanget al. [102] proposed to adjust the amplitude of
each mode, in order to make the energy spectrum �t any chosen shape. For these formulations,

59



Chapter III.2 : Overview of synthetic turbulence generation methodologies

the divergence-free formulation was practically achieved by takingA k of the form (V � k )Bk ,
with V a vector and Bk an amplitude. However, an alternative approach has been proposed by
Yu et al. [178]. Instead of applying the Fourier decomposition directly on the velocity �eld, as in
Eq. (III.33), the velocity potential is obtained as a summation of sinusoidal weighted functions.
By de�nition of the curl, the divergence-free property is therefore ensured.

Becharaet al. [38] developed a Stochastic Noise Generation and Radiation (SNGR) model to
be used as a source term in linearized Euler computations. The key idea is to include a random
phase term  in order to compute an isotropic, homogeneous, and more particularly here, a
random velocity �eld at each time step of the simulations. The adequate temporal correlation is
obtained by a �ltering in the frequency domain in [38]. The idea of convected turbulent structures
is evoked by Becharaet al. [38]. However, it is set up explicitly by Bailly et al. [33]. In order to
allow the convection of the turbulent structures, a convection term is considered in Eq. (III.33).
In practice, ! is replaced by k � U + ! random . In case of a pure convection,i.e. under the
frozen turbulence assumption,! random = 0 . First approaches using SNGR-like notations were
devoted to the study of the jet noise. In these approaches [33], the amplitude of a particular
velocity �uctuation was de�ned such as: A k =

p
E (k)� k� , with � a unit vector perpendicular

to k . Usually, the wavevectork is sorted randomly over a sphere. A similar approach has been
proposed by Niedobaet al. [136], as an inlet boundary for LES.

Another scope of application for SNGR methods, is turbulence-airfoil interaction noise. It has
been highlighted in Section II.1.2, that the upwash velocity component plays the major role in
the noise generation process. That is why, �rst calculations have only considered single velocity
component driven solutions with a turbulence �eld invariant along the upwash and spanwise
directions, as in Clair et al. [63], where the amplitude is de�ned via the autocorrelation spectrum
of the upwash velocity component, i.e. u0

� /
q

’ 2D
�� (k� ; 0)� k� 2�=L z. Gill et al. [84] have

considered two and three velocity-components approaches. The two-velocity approach with a
streamwise and upwash variations of the turbulence �eld is of particular interest for cascade
con�gurations. Gill et al. have compared the di�erent turbulent structures on isolated airfoils
of di�erent thickness and camber. The single velocity approach has shown to be su�cient for
airfoils of a small camber or angle of attack. It is interesting to note that in these approaches
the wavevector k is not sorted randomly over a sphere of a radiusk. In fact, each wavevector
component, i.e. wavenumber ki , is explicitly de�ned. This choice allows to compute turbulent
�elds in presence of periodic boundary conditions. For example, Gillet al. [84] and Rigall et
al. [157] have considered discrete values of the spanwise wavenumber:kz = 2n�=L z, in order to
ensure the spanwise periodicity.

Turbulence cascade applications have also been studied in the literature. Hixonet al. [98] have
proposed a formulation to inject gusts in an Euler solver called BASS [97]. The turbulent gusts
interact with rectilinear cascades con�gurations at zero-angle of attack. Preliminary computa-
tions have also been performed on cambered NACA airfoils [98]. As for annular con�gurations,
several methods based on linearized Euler equations have been developed in the framework of
a NASA benchmark proposed by Nambaet al. [134], which consists of an annular �at plate
cascade placed in a uniform axial mean �ow. This test case was investigated by Hixonet al.
[99] using the BASS code. Computing the acoustic response of an annular cascade placed in an
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III.2.1 Fourier modes decomposition

non-uniform swirling mean �ow was studied by Atassi [27]. His method is based on the resolution
of linearized Euler equations written in the frequency domain. He has accounted for 3-velocities
and 3-components gusts. However, the radial velocity implemented had simply a shape of the
form sin(� (r � rmin )=(rmax � rmin )), to ensure the zero velocity conditions at the walls. A similar
methodology, when the radial velocity component is neglected, was obtained by Sescuet al. [161]
and Hixon et al. [99]. The studies previously mentioned primarily focused on the prediction
of a particular mode transmission. The ability to reproduce broadband noise spectra has been
demonstrated by Atassi et al. [26, 24, 25]. These broadband noise calculations were performed
on the NASA SDT (low count) con�guration (see Section II.3.2).

One can notice from this overview of Fourier modes literature, that SNGR methods developed
for turbulence-airfoil interaction noise often focus on accurately representing the upwash velocity
component to the leading edge. In that case, axial and azimuthal velocity components are
constructed such as the �uctuating velocity �eld is divergence-free.

Synthetic turbulence developed at ONERA for CAA calculations

Synthetic turbulence at ONERA has been studied and already implemented in the sAbrinA
code (see Section II.2.1), which solves in the time domain the Euler equations written in per-
turbation. Tam’s boundary conditions [167] were implemented, both to allow the exit and the
entrance of �uctuations in the domain without generating spurious noise sources nor numerical
re�ections (see Section II.2.1). Broadband noise calculations have been performed in the frame-
work of the European project FLOCON [6], dealing with an isolated baseline and serrated airfoil
[62, 63]. Clair et al. [63, 61] have highlighted the importance of taking into account a non-
uniform mean �ow as close as possible to the real �ow, instead of a uniform axial �ow. In these
computations, the synthetic turbulence is based on Kraichnan [114] and Baillyet al. [32], al-
though only the upwash velocity component is represented. All the Fourier modes have the shape
u0

� (k� ; kz) / 2
q

’ 2D
�� (k� ; kz)� k� � kz. However, for the NACA computations, the turbulence struc-

ture was limited to parallel gusts, i.e. ’ 2D
�� (k� ; 0). Although 3-wavenumber mode propagation has

been studied by Clair in an annular con�guration [63, 61, 143], broadband noise calculations were
only performed considering planar turbulence structures:u0

� (k� ; kr ) / 2
q

’ 2D
�� (k� ; kr )� k� � kr

[63, 61, 143]. Indeed, it would have been too expensive at that time to carry on a computa-
tion accounting for all 3 wavenumbers. The particularity of the planar turbulence simulation
performed by Clair and Polacsek lies in the fact that the formulation accounts for the non-zero
stagger angle and periodic boundary condition, similarly to [99]. These broadband noise pre-
dictions were achieved on an unloaded annular con�guration for which the swirl was taken into
account. The same con�guration has been studied by Atassi and Vinogradov [26]). Reboulet al.
[154] and Caderet al. [47] applied the previous methodology to assess realistic turbofan stages,
respectively the NASA SDT benchmark (see Section II.3.2) and the AneCom AeroTest Rotor
1 (ACAT1) turbofan model [133]. In particular, they accounted for spanwise variation of the
turbulence properties (intensity and length scale) and a realistic mean �ow obtained from RANS
simulations. Noise reduction achieved with serrated leading edges was also predicted using this
methodology by Reboulet al. [154], and Polacseket al. [144] in the framework of the European
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Chapter III.2 : Overview of synthetic turbulence generation methodologies

project TurboNoiseBB [13]. Caderet al. [47] proposed to extend the 1-velocity driven turbulence
with 2 wavenumbers to 3 wavenumbers turbulence �elds. However, the generation process has
shown to be very CPU demanding due to additional nested loops over the azimuthal coordinates
and the azimuthal wavenumbers. Therefore, no acoustic post-processing was provided at that
time. Moreover, as it will be shown in Chapters III.3 and III.4, this solution leads to very high
�uctuations along the streamwise component in the low-frequency range. This might alter the
numerical acoustic solution in case of thick airfoils.

III.2.2 Digital �ltering
8
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>>>>:

u 0 = r �  

8i 2 [[1; 3]];  i =
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 s 2 R3
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8X 2 
 s; div(u 0(X )) = 0

(III.34)

Equation (III.34) presents the core idea of the digital �lter family of methods. Although in
practice the integral is replaced by a sum, the analytical integral notation has been kept here, in
order to emphasize the fact that a white noiseWi is convoluted with a �lter kernel G. A denotes
the amplitude of the signal. The idea of �ltering a white noise has been originally proposed
by Careta et al. [51] to generate two dimensional HIT �elds. By modeling the potential �ow
vector, the method is by de�nition divergence-free. A Langevin’s equation, originally derived to
describe motion of Brownian particles, is used to de�ne the evolution of the turbulence �eld. The
idea of �ltering a white noise to obtain a synthetic Gaussian turbulence �eld for aeroacoustic
applications was particularly studied by Ewert [72], who developed his Random Particle-Mesh
(RPM) method. He derived the equations for a n-dimensional space. Equation (III.34) presents
the 3D simpli�ed solution. An extension to non-Gaussian spectra has been proposed by Siefert
et al. [165] which consists in a summation of Gaussian kernels. In the aeroacoustic �eld, one
should also mention Diesteet al. [69], who applied the digital �lter method to study turbulence
interaction noise with a �at plate. Their study provides �lters precisely derived in order to obtain
turbulence energy spectra such as von Karman or Liepmann. Moreover, they compared frozen
turbulence hypothesis with a temporally evolving turbulence thanks to Langevin’s equation.

Turbofan applications were also studied by means of the RPM method, extended to the suited
fRPM-fan method [113, 112]. In particular, Wohlbrandt et al. [175] investigated how to take into
account the e�ect of cyclostationarity. The synthetic turbulence generation process is coupled
with a CAA code, PIANO, solving the linearized Euler equations [11]. These two-dimensional
simulations were performed at midspan on the NASA SDT test rig (see Section II.3.2). The 2D
approach was extended by Kissneret al. to 3D turbulent �elds generation and applied on the
turbofan test rig ACAT1 [112]. However, 3D turbulence calculations being very CPU demanding,
the injection is only performed on one third of the span. Moreover, it has to be noted that the
generation cost of the turbulence is reduced by taking a bigger time step for the RPM process than
the one used for the CAA computation. The boundary conditions represent also a major challenge
of these simulations, since the RPM methodology does not intrinsically take into account walls or
periodicity. Therefore, particular treatment has to be applied at the limits of the source domain
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III.2.3 Synthetic eddies methods

to avoid spurious noise sources. The authors mentioned that contrary to simulations with 2D
turbulence, the 3D cases were solved with the non-linear version of the PIANO code, although,
this choice was driven by stability considerations rather than an in�uence on the generation of
acoustic sources.

Finally, it has to be noted, that RPM methods usually require the discretization of the mean
�ow streamlines, which makes this noise prediction approach a mix between Lagrangian frame-
work for the turbulence motion and Euler usual description for the noise sources computation and
propagation. In that regard, it should be mentioned that an Eulerian divergence-free approach
has been proposed by Cozzaet al. [64].

III.2.3 Synthetic eddies methods
8
>><

>>:
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8i 2 [[1; 3]];  i =
X

e
Ae;i f e;i (r � r e)

(III.35)

An alternative strategy for describing and generating turbulent �ows has also been proposed.
The key idea is based on the well-known Synthetic Eddy Method (SEM) is to consider the
turbulent �eld as a sum of individual vortices. A generic form of such a turbulence �eld is
given by Eq. (III.35), where the summation operation is performed over the eddies "e". Ae;i is
the amplitude of a given eddy andf e;i a function describing the shape of a given eddy, usually
Gaussian or Mexican hat-like. From the initial study conducted by Jarrin et al. [105], who
proposed three-dimensional synthetic turbulence to feed LES from RANS simulations, Polettoet
al. [146] adapted the formulation to generate divergence-free �elds. The divergence-free solution is
derived by applying the methodology introduced by Jarrin to the vorticity instead of the velocity.
The solution written in terms of velocity is analytical obtained by solving a Poisson equation under
the incompressible �ow hypothesis. Another way of achieving divergence-free turbulence �elds is
to model the vector potential. This approach was proposed by Sescuet al. [160] for aeroacoustic
calculations. Hainaut et al. [93] proposed also a method based on the vector potential, in order to
inject localized vorticity sources in the LEE code PIANO. They studied leading edge interaction
noise. However, the limitation to 1D von Karman spectra leads to an overestimation of the decay
slope at high frequencies for airfoils with an angle of attack. Kim and Haeri [108] proposed a way
of extending the generation method to construct particular velocity spectra by superimposing
various eddies. 15 parameters are taken into account for the de�nition of the �eld. A gradient-
based approach is used to obtain a HIT following the von Karman spectrum. Their methodology
handle periodic boundary conditions by duplicating the turbulence �eld adequately depending
on the periodic distance of the CAA computations. Divergence-free condition is preserved since
it is associated to the de�nition of an individual eddy. Finally, the synthetic turbulence �eld
obtained by Kim and Haeri is applied to study turbulence-airfoil interaction noise.

In the SEM family, the advanced digital �lter proposed by Gea-Aguilera et al. [79, 14] can be
included. Although the mathematical framework corresponds to digital �ltering, the numerical
implementation is similar to the synthetic eddy method approach. The interesting feature of this
approach is that less parameters are needed to reproduce a particular turbulence spectrum than in
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Chapter III.2 : Overview of synthetic turbulence generation methodologies

[108]. This new approach is compared to Fourier modes in [79] and [80], to assess turbulence-airfoil
interaction noise. Gea-Aguileraet al. also account for cyclostationarity in [81]. This work has
been also extended to study serrated leading edges impinged be a 3D anisotropic turbulence [15].
Gea-Aguilera’s formulation relies on a superposition of either isotropic or anisotropic Gaussian
eddies, which implies that a set of parameters depending on the Mach number has to be derived
for each simulation. Shenet al. [163] have proposed a new technique called Random Eddy
Superposition (RES) which provides the general form of an anisotropic �lter instead of relying
on the Gaussian superposition. This work has been generalized in [164], and the is referred to as
Direct anisotropic �lter (DAF) method. In particular, it has focused on the link between isotropic
and anisotropic �lters and the exact derivation for Liepmann and von Karman spectra.

III.2.4 A few words about challenges in synthetic turbulence gen-
eration

From the previous non-exhaustive overview, one may notice that generating three-dimensional
turbulence is still a challenging issue, in particular for turbulence-airfoil interaction noise studies
on industrial applications. Recent works in Fourier modes [84, 47], RPM [112], and SEM [14]
allowed the generation of 3D stochastic �elds, while taking into account various turbulence prop-
erties (and other costly cyclostationarity, anisotropy,...). However, the ability of these approaches
for industrial con�gurations remains non-trivial, whether in their use in CAA codes (RPM usu-
ally requires a dedicated mesh following the streamlines) or in the generation process (SEM
requires several parameters to be optimized in order to recover a given spectrum). That is why,
the classical SNGR framework with much more simpler Fourier-modes decomposition remains
attractive and is adopted in this work for assessing full 3D con�gurations. The purpose of the
following chapter is to derive in detail 1D, 2D, and 3D turbulence �elds following approach used
by Gill et al. [84] and previous work at ONERA on synthetic turbulence [63, 154, 47, 144]. The
developments will focus on the way of enforcing a divergence-free �eld while taking into account
simultaneously periodic and wall boundary conditions. As a �rst step, the generation approach
will be presented in a Cartesian coordinate system in order to comply with the geometry of the
rectilinear cascade from the InnoSTAT project (see Section II.3.1). A particular attention will
be paid to boundary conditions: both periodicity and solid wall. Thus, the way of taking into
account these boundary conditions should comply with the divergence-free conditions, in order
to avoid spurious noise sources in the CAA computations. Subsequently, the generation of a
three-dimensional turbulence in cylindrical coordinate system will be discussed in Chapter III.4
for turbofan applications.
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III.3 Development of a 3D Fourier-mode
synthetic turbulence in Cartesian coordinates

All the numerical applications in this chapter, are performed with the following �ow parameters:
U = 102 m � s� 1, TI = 5 %, and L l = 8 mm.

III.3.1 (k� ; kz = 0) turbulence structure

Figure III.3: Coordinate systems with associated wavenumbers and involved turbulent velocities
for turbulence structures lying in the plane (k� ; kz).

First of all, let us consider the simplest turbulence �eld for 3D geometries, namely parallel
gust, for which kz = ky = 0 , as illustrated in Fig. III.3. The divergence free condition leads
to the simple condition @u0x=@x= 0 . This is ensured by settingu0

x equal to zero so that the
overall turbulence velocity is driven by the one-component velocityu0

y . To recover the prescribed
normal velocity, u0

� , we set u0
y = u0

� =cos(� c). The angular frequency is independent of the
considered reference frame, thereforekx = k� =cos(� c) = !=U x = != (U cos(� c)) . The phase term
simpli�cation k� � = kxx is obtained considering a �at plate aligned with the mean �ow (all points
of the �at plate being at a location � = 0 , whereas, in the CAA, the airfoil thickness is considered.
More details can be found in [61] (pages 132-134). The spatial discretization step is given by
� k�;l = cos(� c)� kx;l which can be associated with the angular frequency discretization through
! l = 2 �l � f . This equation allows to generateL modes equally distributed from f min = � f
to f max = L � f . For each model , a random phase l is also introduced. The autocorrelation
spectrum of the upwash velocity component is de�ned by’ 2D

�� (k� ; 0), refer to ’ 2D
�� (k� ; kz) de�nition
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Chapter III.3 : Development of a 3D Fourier-mode synthetic turbulence in Cartesian coordinates

in Table III.1. Since, the wavenumberkz is set to zero, the turbulence spectrum has also to be
weighted by � kz = 2 �=L z, in order to obtain the prescribed magnitude of the injected turbulence
as mentioned in [63].

u0
y(X ; t) =

2
cos(� c)

LX

l=1

r
’ 2D

�� (k�;l ; 0)� k�
2�
L z

cos
�
kx;l x � ! l t +  l

�
(III.36)

Since the synthetic turbulence de�ned by Eq. (III.36) depends only on thekx wavenumber, the
numerical results match exactly the analytical solution as depicted in Fig. III.4. Here, the 2D

spectra ’ 2D
�� =

�
’ 2D

ii dk� multiplied by � kz are compared, since the wavenumbers along the

spanwise direction are unde�ned, and thus set to zero.

Figure III.4: Analytical spectrum of the upwash velocity component and synthetic turbu-
lence spectrum�� , obtained with � f = 1 Hz and averaged over 250 realizations.

III.3.2 (k� ; kz) turbulence structure

For (k� ; kz) turbulence, the same geometry and notations than previously are used as illustrated
by Fig. III.3. The only di�erence is that the wavenumber kz is no more equal to zero. Instead,
the wavenumbers along thez direction are discretized followingkz;n = n� kz. Now, L � N angular
phases ln are randomly selected. Fig. III.5 validates the correct implementation of this spanwise
varying turbulence,

u0
y(X ; t) =

2
cos(� c)

LX

l=1

NX

n= � N

q
’ 2D

�� (k�;l ; kz;n )� k� � kzcos
�
kx;l x + kz;nz � ! l t +  ln

�
(III.37)

even if the kz variation gives rise to statistical errors in PSD spectrum. Here, the comparison

is performed on the 1D spectrum: ’ 1D
�� (k� ) =

�
’ 2D

�� (k� ; kz)dkz, since a single 1-point probe is

required under the frozen turbulence assumption.
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III.3.3 (k� ; k� ; kz = 0) turbulence structure

Figure III.5: Analytical spectrum of the upwash velocity component and synthetic turbu-
lence spectrum�� , obtained with N = 30, � kz = 2 �=L z, � f = 1 Hz, and averaged over 250
realizations.

III.3.3 (k� ; k� ; kz = 0) turbulence structure

Figure III.6: Coordinate systems with associated wavenumbers and involved turbulent velocities
for turbulence structures lying in the plane (k� ; k� ; kz = 0) .

The purpose of the structure(k� ; k� ; 0), is to take account for the pitchwise variations that should
produce signi�cant cascade e�ects in such rectilinear con�gurations. Fig. III.6 is helpful to follow
the discussion. There are several ways to derive the equations for the injected velocities(u0

x ; u0
y)

or (u0
� ; u0

� ) depending on the coordinate system. Two of them are listed below. Contrary to the
(k� ; kz) turbulence for which the spectrum was integrated overk� , the summation is explicitly
de�ned here. Consequently, theu0

� component of the velocity is no more independent of the
k� wavenumber. To ensure a divergence free solution, a second velocity component must be
considered and satis�es,

@u0�
@�

+
@u0�
@�

= 0 (III.38)
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Chapter III.3 : Development of a 3D Fourier-mode synthetic turbulence in Cartesian coordinates

Consequently,u0
� is de�ned by u0

� = � k� =k� u0
� , and furthermore, ’ 3D

�� (k� ; k� ; kz = 0) = ’ 3D
�� (k� ; k� ; kz =

0)k2
� =k2

� . The spectrum along the � axis is also correctly prescribed. Turbulence equations can
also be obtained starting from the energy spectrumE (k), as more usually done in SNGR models
[38],

u 0(X ; t) = 2
KX

k=1

r
E (k?

k )� k? 2�
L z

cos
�

k ?
k � X � ! k +  k

�
� k (III.39)

where k? is de�ned such ask ? = k � k � kz z , ! k = k ?
k � U and � is a unit vector such as

� � k ? = 0 . Eq. (III.39) describes the discretized velocity forK modes distributed over a disk.
As for (k� ; kz = 0) turbulence, a factor2�=L z has to be taken into account to recover the expected
magnitude of the spectra. However, the turbulence modes are mapped on a rectangular box in the
wavenumber space in the present work. This discretization proposed by Gillet al. [84] represents
an original variant to the classical SNGR formulation [38, 136]. The wavenumbers relations are
k�;l = 2 �l � f=U = k�;l = cos(� c)kx;lm + sin( � c)ky;m and k�;lm = � sin(� c)kx;lm + cos(� c)ky;m ,
which can be deduced from Fig. III.6.

u 0(X ; t) = 2
LX

l=1

MX

m= � M

vuuut E
� q

k2
�;l + k2

�;lm

�

�k
� k� � k�
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L z

cos
�
k�;l � + k�;lm � � ! l t +  lm

�
� lm

(III.40)
A similar equation is derived by Gea-Aguileraet al. [80]. The wavenumber decomposition along
the spatial directions in Eq. (III.40) easily ensures the periodic boundary condition along they di-
rection by satisfying ky;m = k �y = m2�=L y , with m an integer. The formulation coming from the
autocorrelation velocity spectra can be recovered considering thatE (k) = ’ 3D

�� (k� ; k� ; 0)4�k 4=k2
� ,

E (k) = ’ 3D
�� (k� ; k� ; 0)4�k 4=k2

� and that � �;lm = � k�;lm =k; � �;lm = � k�;l =k. The gusts are then
generated as follows,
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cos
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k�;l � + k�;lm � � ! l t +  lm

�
(III.41)

The numerical implementation is validated for both streamwiseu0
� and upwashu0

� velocity com-

ponents as plotted in Fig. III.7. Here, the 2D spectra’ 2D
ii =

�
’ 3D

ii dk� multiplied by � kz are

compared, since the wavenumbers along the spanwise direction are unde�ned and set to zero.
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III.3.4 Choice of a modeling suitable for 3D turbulence(k� ; k� ; kz )

Figure III.7: Analytical upwash and streamwise spectra. Synthetic upwash�� and
streamwise�� spectra, with M = 16, L y = s = 8 :5 cm, � f = 1 Hz, and averaged over 250
realizations.

III.3.4 Choice of a modeling suitable for 3D turbulence (k� ; k� ; kz)

Let us see now how to obtain a fully three-wavenumber spectrum. The role of all the wavenum-
ber components on the aeroacoustic response can thus be investigated for both the impinged base-
line and serrated airfoils in a cascade con�guration. As a preliminary step, it can be useful to un-
derline the failure of a turbulent �eld built with only two components (u0

� (k� ; k� ; kz); u0
� (k� ; k� ; kz))

de�ned as follows,

u0
� (X ; t) = 2
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q
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� cos
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�
(III.42)

The autocorrelation spectrum of theu0
� component where the summation over thek� wavenumber

has been replaced by an integral is considered.

@u0�
@�

+
@u0�
@�

= 0 ) ’ 2D
pseudo;�� (k� ; kz) =

TI 2U2L 2

4�
1
k2

�

(k2
� + k2

z )
�

1 + L 2(k2
� + k2

z )
� 3=2 (III.43)

After integration, Eq. (III.43) is providing a so-called pseudo 2D autocorrelation spectrum. The
1D spectrum should be obtained from an integration overkz. However, this ’ 2D

pseudo;�� (k� ; kz)
tends asymptotically to 1=jkz j, which prevents the convergence of the integral with respect tokz.
Moreover, close to low frequencies the solution will diverge due to the1=k2

� term. That is why,
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Chapter III.3 : Development of a 3D Fourier-mode synthetic turbulence in Cartesian coordinates

even if in practice u0
� is discretized over �nite intervals and not over R2, this formulation leads to

very high values of the velocity component along the� axis. For a �at plate impacted by such
gusts, u0

� plays absolutely any role and there is thus no issue. However, for a NACA airfoil with
a non zero thickness, an issue may appear if the magnitude ofu0

� is much higher in comparison
with what it should be if turbulence had been properly de�ned. Consequently, the generated
gusts have to include a non-zero componentu0

z in order to match correctly the three components
of the autocorrelation spectra.

Each velocity component is now de�ned through its spectral tensor following Eq. (III.30) with,

u0
i (X ; t) = 2
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l=1

MX

m= � M

NX

n= � N

q
’ 3D

ii (k�;l ; k�;lm ; kz;n )� k� � k� � kzcos
�
k�;l � + k�;lm � + kz;nz � ! l t +  lmn

�

(III.44)
The turbulent �eld must satisfy the incompressibility condition in order to avoid the creation of
spurious sources, which leads to,
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+
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= 0 ,
X
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ki

q
’ 3D

ii = 0 (III.45)

When injecting ’ 3D
�� and ’ 3D

�� in Eq. (III.45), one can deduce that ’ 3D
zz is inadequately prescribed.

Namely,

’ 3D
pseudo;zz(k� ; k� ; kz) =

1
k2
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�
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q
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� + k2
z + k�

q
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� + k2
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� 2
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� + k2

�
’ 3D

zz (k� ; k� ; kz) (III.46)

The shape of the spectrum is strongly altered. Although the component’ �� plays a key role role
in the aeroacoustic response [15], non-negligible e�ects might be expected.

For this reason, the most reasonable path to obtain a fully 3D turbulence relies again on the
usual SNGR formalism already initiated with (k� ; k� ; kz = 0) turbulence,

u 0(X ; t) = 2
KX

k=1

p
E (kk )� k cos(kk � X � ! k +  k ) � k (III.47)

Eq. (III.47) is the general form of Eq. (III.39). However, it is not possible to take directly
into account the periodic boundary conditions in the y-direction ky = m2�=L y . The present
approach generalizes the key idea already probed with the(k� ; k� ; 0) turbulence structure. The
wavenumber space is no more discretized by spherical volumes of an equivalent radiusk and
thickness � k, but by rectangular boxes with an elementary volume� k� � k� � kz. The relation
between the two discretizations is given by� k �= � k� � k� � kz=(2�k 2), and the velocity �eld is
expressed as,
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III.3.5 Taking into account periodic and wall boundary conditions in case of 3D turbulence �elds

u 0(X ; t) = 2
LX

l=1

MX

m= � M
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n= � N
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A similar decomposition has been proposed by Gillet al. [84]. The divergence free condition is
now given by k � � lmn = 0 , with k = ( k�;l ; k�;lm ; kz;n )T and � lmn , a unit vector. The direction
of the turbulent velocity in Eq. (III.48) has to be determined. This is practically achieved by
means of an e�cient algorithm, similarly to [38], whose main steps are summarized in Appendix
B. Finally, a piece of demonstration is given to show the consistency between this modi�ed energy
spectrum formalism proposed here and previous formulations in Appendix C.

III.3.5 Taking into account periodic and wall boundary conditions
in case of 3D turbulence �elds

The fully 3D turbulence formulation implies that a vertical velocity component u0
z has to be

considered. This additional component must be damped near the wall boundaries in order to
avoid spurious noise sources, which is a non-trivial issue. A window functionf w(z) is applied to
a stochastic velocity �eld, de�ned here for a single wavevector component in order to simplify
the notations,

u 0(X ; t) = Af w(z)cos(k � X � !t +  ) � (III.49)

where A is the initial amplitude of this given �uctuation, such as the velocity tends to zero near
the wall boundaries. The chosen windowing, without care on divergence, could be a gate function
with half sinusoidal lobes on each side controlled by a length sizeL w .
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(III.50)

The function f w proposed in Eq. (III.50) ensures a smooth, that is without discontinuity, tran-
sition to the zero velocity condition at wall boundaries due to the fact that f w is C1 (di�eren-
tiable function whose derivative is continuous) everywhere on the interval[zmin ; zmax ] and that
f w(zmin ) = f w(zmax ) = f 0

w(zmin ) = f 0
w(zmax ) = 0 .
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Chapter III.3 : Development of a 3D Fourier-mode synthetic turbulence in Cartesian coordinates

div(u 0) = f 0
w(z)A cos(k �X � !t +  )� z� f w(z)A sin(k �X � !t +  )(k �� ) = f 0

w(z)A cos(k �X � !t +  )� z 6= 0
(III.51)

The divergence free property of the synthetic turbulence �eld is no more ensured when the
windowing is introduced as demonstrated by Eq. III.51. The impact on the far-�eld acoustics
will be discussed on the baseline numerical simulations in Part V.

Figure III.8: f w(z) with Rw = L w=Lz = 15% and L z = 0 :2 m.

An example of a window function is plotted in Fig. III.8 for a set of given parameters. Figs.
III.9a and III.9b show respectively turbulence spectra atz = 0 (where f w(z) = 1 ) and z = 0 :185
(where f w(z) = 0 :5). They demonstrate a good agreement with the theoretical spectra, which
validates the adapted formulation relying on the energy spectrum. Since the windowing consists
simply in the multiplication of the turbulence �uctuations by a constant, the spectra amplitude
at z = 0 :185 are simply reduced here by a factor0:52 as illustrated in Fig. III.9b.

a) Spectra at location z = 0 :1 where f w (z) = 1 :0. b) Spectra at location z = 0 :185where f w (z) = 0 :5.

Figure III.9: Analytical upwash, spanwise and streamwise spectra. Synthetic upwash
�� , spanwise �� , and streamwise�� spectra, with N = 30, Rw = 15 %, M = 16,
L y = s = 8 :5 cm, � f = 1 Hz, and averaged over 250 realizations.

The choice has been made to only modify the componentu0
z in Eq. (III.51) which plays a minor

role in the noise source generation process:u0
z is replaced byu0

z � gw(z)A� z, where gw denotes
the correction function.
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III.3.5 Taking into account periodic and wall boundary conditions in case of 3D turbulence �elds

@u0z
@z

= � f w(z)A sin (k � X � !t +  ) kz� z + f 0
w(z)A cos(k � X � !t +  ) � z � g0

w(z)A � z (III.52)

Consequently, in order to cancel the additional spurious term appearing in Eq. (III.51) the
derivative of u0

z is modi�ed by means of a corrective functiongw(z), as de�ned in Eq. (III.52).
Other options would have been to alter all the components of the velocity. However, it would
have led to less accurate acoustic predictions, especially, since the spectrum of the perpendicular
component to the airfoils, u0

� would have been inevitably modi�ed. Another option could have
consisted in shifting phases to obtain a zero velocity at walls. However, it would have led to a
complete loss of the spatial correlation and representativeness of turbulence length scales along
the spanwise direction. The spatial correlation plays a major role regarding the noise reduction
mechanism obtained with a serrated design. After some calculations ensuring(f w ; gw) 2 C1 and
speci�ed boundary conditions, refer to Eq. (VI.10) in Appendix D, the following equality must
be satis�ed,
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(III.53)

There are two types of constraints which can be applied onkz to ensure the equality coming from
Eq. (III.53). Firstly, let us consider that cos(kzL ! =2) = 0 , satisfying Eq. (III.53) which gives 0=0.
Under this assumption,kz = (2 n + 1) �=L w with n 2 N. However, sincekz 6= �=L w , as derived in
Appendix D, this solution implies that the discretization cannot be uniformly spaced, since one
cannot choose whatever integern 2 N. Moreover, if L w is chosen too small the discretization step
tends to become very wide which could a�ect the precision of the solution. Another possibility
is to considerkz = 2n�= (L z � L w), for which the left and right handside of Eq. (III.53) become
cos(kxx + kyy + 2n� (zmin + L w=2)=(L z � L w)� !t +  )cos(2n�L w=(2L z � 2L w)) . The case
Rw = 15 % provides the same envelope as for the non divergence-free scenario, but with a slightly
shifted discretization of the kz wavenumbers,2n�= (L z � L w) instead of 2n�=L z. The generated
spectra with the new implementation are compared with the analytical solutions in Figs. III.10a
and III.10b. There is a good agreement for the streamwise and upwash components for all cases.
The spanwise spectra are altered, which is linked to the choice of applying the correction on the
u0

z component of the velocity.
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Chapter III.3 : Development of a 3D Fourier-mode synthetic turbulence in Cartesian coordinates

a) Spectra at location z = 0 :1 where f w (z) = 1 :0. b) Spectra at location z = 0 :185where f w (z) = 0 :5.

Figure III.10: Analytical upwash, spanwise and streamwise spectra. Synthetic upwash
�� , spanwise �� , and streamwise �� spectra, with N = 30, Rw = 15%, M = 16,
L y = s = 8 :5 cm, � f = 1 Hz, and averaged over 250 realizations.
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III.4 Fourier-mode synthetic turbulence in
cylindrical coordinates

Unless otherwise stated, the spectra are plotted in this chapter using the following parameters:
rmin = 0 :2 m, L r = 0 :2 m, � � = 40 � , � f = 1 Hz, M = 30, and N = 30. As for the mean �ow
de�nition, a simple form is considered: Ux = 102 m � s� 1 and U� = 0 m � s� 1.

III.4.1 3D turbulence �eld (k� ; k� ; kr ) with two velocity compo-
nents

A framework to generate 3D turbulence �elds for turbofan applications with spanwise varying
turbulence and mean �ow has been proposed by Caderet al. [47]. However, due to calculation cost
induced by additional nested loops (azimuthal coordinate and wavenumber), the CAA calculation
has not been completed. Optimization techniques have been implemented since then (please refer
to Chapter III.5), which would allow such computations in a more reasonable time (days instead
of weeks to generate turbulence on some hundred cores). Having only two non-zero components
(u0

x ; u0
� ), is very appealing since there is no need to apply a correction on a term alongr (as

in Sections III.3.5 and III.4.2). In that case, the divergence-free condition is simply achieved
through the term � k� =k� for each mode. Therefore, the solenoidal condition is ensured for any
kind of spanwise varying mean �ow and turbulence. However, the streamwise componentu0

� is not
accurately prescribed (see discussion in Section III.3.4). The turbulent velocity �elds prescribed
by Eq. (III.42) in a cylindrical coordinate system are written as:
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(III.54)
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Chapter III.4 : Fourier-mode synthetic turbulence in cylindrical coordinates

Figure III.11: Turbulence spectra obtained from Eq. (III.54). Analytical upwash and
streamwise spectra. Synthetic upwash�� and streamwise�� spectra. Spectra plotted
at r = 0 :2 m and averaged over 250 realizations.

Hence, as shown in Fig. III.11, this method generates a very high amplitude of the velocity
spectrum in the streamwise direction, particularly at low frequency due to thek� =k� term. This
is the same issue than for the Cartesian framework presented in Section III.3.4. In case of
�at plates without any camber, this would not be a matter. However, in case of real turbofan
applications, the streamwise component might create spurious sources in the low frequency part
of the acoustic spectrum. In order to tackle the latter issue, several solutions could be considered.

A �rst idea (1) could consist in limiting the wavenumber integration partially, depending on
the frequency. The most obvious solution appears to be the limitation of the ratiok� =k� by
means of a speci�c ranging to prevent undesirable ampli�cation.

Figure III.12: Turbulence spectra obtained from Eq. (III.54) under the condition: k� < k � =0:3.
Analytical upwash and streamwise spectra. Synthetic upwash�� and streamwise
�� spectra. Spectra plotted at r = 0 :2 m and averaged over 250 realizations.

Figure III.12 depicts an example of such a solution, obtained through a simple condition:k� <
k� =0:3. The issue with this technique is that too much energy is lost on the upwash velocity
component in the very low frequency range. A correction could be applied to the injected �eld
to compensate for the loss. However, it implies the computation of the corrective term at each
frequency of the integrated 1D spectrum of the upwash velocity component, which might increase
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III.4.1 3D turbulence �eld (k� ; k� ; kr ) with two velocity components

the generation time.

Instead of limiting the integration of the k� wavenumbers as for idea (1), idea (2) limits the
summation over the kr wavenumbers with the constraint: kr < k � =0:3.

Figure III.13: Turbulence spectra obtained from Eq. (III.54) under the condition: kr < k � =0:3.
Analytical upwash and streamwise spectra. Synthetic upwash�� and streamwise
�� spectra. Spectra plotted at r = 0 :2 m and averaged over 250 realizations.

As shown in Fig. III.13, this solution also avoids the peak observed at low frequency in Fig.
III.11. The advantages and disadvantages of this alternative method will be discussed later.

The option (3) could consist in splitting the turbulence generation process into two parts.

Figure III.14: Turbulence spectra obtained from Eq. (III.54) above the frequencyf s. Below the
frequency f s, the upwash spectrum is computed using’ 2D

�� (k� ; kr ). Analytical upwash and
streamwise spectra. Synthetic upwash�� and streamwise�� spectra. Spectra plotted
at r = 0 :2 m and averaged over 250 realizations.

For frequencies in the rangef min to f s, the turbulence would be generated using a shape
’ 2D

�� (k� ; kr ) (similarly to the Cartesian case, see Section III.3.2). Fromf s to f max , the turbulence
�eld would be computed using the complete 3D spectrum’ 3D

�� (k� ; k� ; kr ). This alternative choice
is illustrated in Fig. III.14. The huge drawback of this option, is that it neglects the cascade
e�ect which consists in the �ltering of the k� wavenumbers at low frequency [41].

77



Chapter III.4 : Fourier-mode synthetic turbulence in cylindrical coordinates

The drawbacks of the three methods mentioned above are summarized in the Table III.2.

Type of calculation: Overall noise (baseline) Relative noise reduction (from serrations)

(1) limiting k� (A) (B)

(2) limiting kr (C) (D)

(3) Modi�cation around f s (E) (F)

Table III.2: Di�erent uses cases for two-velocity driven 3D turbulence generation techniques

Some comments for the di�erent cases, (A) to (F), are listed below.

(A) A lack of energy in low frequencies may lead to an underestimation of the noise sources.

(B) No signi�cant in�uence is expected on the relative noise reduction since the transverse
wavenumberk� does not play any role in the theory of serrations. However, the di�erence
in baseline spectra may change the� OAPWL estimations, since the contributions of the
di�erent parts of the spectrum are modi�ed.

(C) In Amiet’s theory, under certain hypothesis discussed in Section II.1.2.1 and [19, 63]), the
contribution of the spanwise wavenumberkr is negligible.

(D) A loss of accuracy in low frequencies is expected as concerns the relative noise reduction
since the mechanism depends on the radial correlations of turbulence.

(E) All the energy is preserved. However, since there is no variation of the turbulent �eld along
the cascade direction, a loss of accuracy in low frequency is expected. Indeed, the cascade
e�ect cannot be properly taken into account.

(F) The relative noise reduction should not be in�uenced much by the loss of the spatial vari-
ation along the cascade direction. Indeed, the noise reduction mechanism is driven by the
spanwise variation of turbulence, which is preserved here.

III.4.2 3D turbulence �eld (k� ; k� ; kr ) with three velocity compo-
nents

Obtaining a three wavenumber spectrum with all the three velocity components(u0
x ; u0

� ; u0
r )

is much more challenging in the case of turbofan engines. First, periodicity in the azimuthal
direction implies that k� = (2 �= � � )m=r = mg=r, with m and (2�= � � ) integers. Consequently,
a spanwise dependence of the wavenumbers and velocity directivity� appears contrary to the
Cartesian case. Second, the trick of choosing a particular window functionf w as in the uniform
Cartesian case, is not possible anymore, if a radially varying in�ow (TI(r ), L l (r ), and U (r )) is
considered. The loss of this degree of freedom implies that an additional constraint (or correction)
has to be applied to obtain a divergence-free turbulent �eld. It can be described as follows,
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III.4.2 3D turbulence �eld (k� ; k� ; kr ) with three velocity components

u 0 = A(r ) cos(kxx + mg� + kr r � !t +  )� (r ) (III.55)

with � denoting a unit vector perpendicular to the wavevectork .
As for the 3D turbulence in Cartesian coordinates (please refer to Section III.3.5), the corrective
functions gw;x , gw;� , and gw;r are applied in order to obtain a divergence-free �eld starting from
Eq. (III.55). The key idea is to keep the upwash velocity componentu0

� unchanged, therefore:
gw;� = gw;x =cos(� c(r )) = gw;� =sin(� c(r )) ) gw;� = tan( � c(r ))gw;x .

u 0 = ( u 0
� � gw;� ) + u 0

� + ( u 0
r � gw;r )

, u 0 = ( u 0
x � gw;x ) + ( u 0

� � gw;� ) + ( u 0
r � gw;r ) (III.56)

The divergence of the corrected velocity de�ned by Eq. (III.56), can now be calculated.
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(III.57)

It is expressed by Eq. (III.57), where � = kxx + mg� + kr r � !t +  = � + kr r +  . It
generalizes the Cartesian cases presented in Eq. (III.51). Let us discuss the derivative of the
term � = kxx + mg� � !t . The periodic boundary conditions impose thatm only takes discrete
values. Two choices remain for the wavenumber discretization: either explicitly de�nekx or k� .
Both choices implies that a term proportional to x � sin(�) or t � sin(�) will appear in Eq.
(III.57). Yet, to keep a frozen turbulence �eld, the term � (r ) should be independent with respect
to r . A solution consists in considering a rigid body movement for the mean �ow:U = Ux + r 
 � .
This assumption will be criticized later. Equation (III.57) is then multiplied by � , with � a dummy
variable along the spanwise direction and integrated fromrmin to rmax .
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d� (III.58)

Wall boundary conditions are applied at rmin and rmax . The corrective term gw;r has to be
canceled at these locations, in order to avoid a non-zero radial velocity at the walls. After an
integration by part applied to the left hand side of Eq. (III.58), supposing A cancels at locations
rmin and rmax , the equality becomes:
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A possible solution to Eq. (III.59) is to set:
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Chapter III.4 : Fourier-mode synthetic turbulence in cylindrical coordinates
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The de�nition of gw;x and gw;� given by Eq. (III.60) satis�es the condition gw;� = tan(� c(r ))gw;x .
In order to de�ne the corrective function gw;r , Eq. (III.57) is integrated from rmin to r . Then,
an integration by part is applied at the left handside.
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From Eq. (III.60), one can deduce that Eq. (III.61) becomes:
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Finally, from Eq. (III.62), gw;r can be obtained:

gw;r = u0
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(III.63)
The corrective functions de�ned by Eqs. (III.60) and (III.63) can be easily computed using for
example a rectangular integration.
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III.4.3 Discussion about 3D turbulence �eld generation in cylindrical coordinate systems

Figure III.15: Turbulence spectra obtained using the method de�ned in Section III.4.2. As
illustrated by this example in the sub-�gure at the top, turbulence intensity and integral length
scale can be chosen to vary along the span. Analytical upwash, spanwise and streamwise

spectra. Synthetic upwash�� , spanwise�� , and streamwise�� spectra. In practice,
integrals are computed using Riemann sum with� r � 5:5 � 10� 4 m. Spectra obtained with
� f = 10 Hz and averaged over 25 realizations.

Figure III.15 compares numerical spectra with analytical solutions. Even if streamwise�� and
spanwiserr components are false due to corrective terms, they should not modify much the overall
sound pressure level. Indeed, where the turbulence intensity is the highest, numerical spectra
are close to the expected values. Moreover, elsewhere, the level does not seem to exceed much
these latter values. This method also reveals a bump at low frequencies along the streamwise
direction, although smaller than with the method from the Section III.4.1. Unfortunately, the
major drawback of the framework proposed here is that the mean �ow is supposed to have a
simpli�ed shape: U = Ux + r 
 � . Whereas in a real turbofan jet engine, the tangential mean �ow
is drastically di�erent, as shown in Fig. VI.28. However, the methodology proposed here might
serve as a basis for future synthetic turbulence developments in case of turbofan applications.

III.4.3 Discussion about 3D turbulence �eld generation in cylin-
drical coordinate systems

Although the methodology presented to generate 3-velocity driven turbulence �elds is appeal-
ing since it generalizes the Cartesian formulation, it is not suited for turbofan con�gurations
apart from academic problems. Indeed, the rigid body movement is a too strong assumption,
which is far from the real mean �ow observed in turbofan engines.
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Chapter III.4 : Fourier-mode synthetic turbulence in cylindrical coordinates

Consequently, the best choice to generate turbulence in cylindrical coordinate systems appears to
be the one or two-velocity driven methodologies, with either two or three wavenumbers depending
on the CPU resources, which can be dedicated to turbulence generation. In the case of 3-
wavenumbers turbulence �elds, the best choice appears to be the limitation of the summation
over transverse wavenumbers loops. However, particular attention has to be paid to the physical
impact behind each assumption as discussed in Section III.4.1.
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III.5 A few words about code optimization

A short discussion about the cost of generating turbulence for CAA simulations in Chapter
V.2 is presented here. Several modi�cations have been made to speed up the generation process.
First, the synthetic turbulence generation process has been implemented in a Fortran code. The
previous routines used at ONERA for annular geometries [47, 144], have been rewritten in a
Cartesian coordinate system. In parallel, several features have been added in order to reduce the
CPU generation cost. Turbulence structures having an invariant axis are generated only on a line
of the mesh and duplicated afterwards on all the injection plane. Turbulence equations have been
decomposed as much as possible using trigonometric identities to factorize operations. In order to
speed-up the generation process of a fully 3D synthetic turbulence, some additional optimization
has been needed. It has been chosen not to generate turbulence over all the time steps of the
simulation similarly to [112]. The missing time steps are recovered by a linear interpolation. For
example, in this work, the synthetic turbulence �eld has been generated one time step over 10 on
the baseline computations, still ensuring 40 points per period at the highest simulated frequency.
For each 3 channels simulation, the 3D turbulence generation process has required only around
10 hours on one thousand cores, for which the CAA converged solution was obtained in about
30 hours on 1077 cores on the baseline geometry. The ratio between the CPU time dedicated to
the turbulence generation and CAA simulations is presented in Table III.3 for various turbulent
�elds.

Simulations Generation time of turbulence Ratio with respect to CAA time

(cf. Chapter V.2) (on 100 cores) (with Tsimulation = 3� f )

(k� ; kz = 0) � 20 minutes < 0.1%

(k� ; kz ) � 40 minutes � 0.1 %

(k� ; k� ; kz = 0) � 2 hours � 0.3 %

(k� ; k� ; kz ) (� Tgen = 25� TCAA ) � 100 hours � 15 %

Table III.3: Comparison of CPU times for turbulence generation and CAA calculations.

The generation time is negligible for one-dimensional and planar turbulent structures. However,
if the fully 3D turbulence had been generated over all time steps it would have represented almost
four times the CAA cost (around 2500 hours on 100 cores). The 3D turbulence �eld is instead
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Chapter III.5 : A few words about code optimization

generated on sampled time steps without altering the quality of the solution since the character-
istic time of the turbulence is much higher than the time step of the CAA calculation.

A �ow chart representing the 3D turbulence generation is available in Appendix E.
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Part IV

Design of vanes with leading edge
serrations: a semi-analytical

methodology
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This part is devoted to the design and manufacturing of a low-noise rectilinear cascade in
preparation for the �rst InnoSTAT test campaign at Centrale Lyon.

In a �rst step, an analytical Wiener-Hopf (WH) based solution introduced by Ayton et al. [30]
(brie�y described in Part II), to assess noise reduction from in�nite �at plates with periodic
leading edge patterns, is implemented in MATLAB. Then, a geometrical correction is proposed
to deal with �nite span airfoils and validated on various test-cases.

In a second step, from semi-empirical design rules and WH solution, a 2D sinusoidal LE pattern
is proposed, ful�lling InnoSTAT’s requirements. First assessment of the sound power level re-
duction is performed using the WH-based technique at various operating points corresponding
to acoustic certi�cation points. Then, after the de�nition of the 2D LE pattern, it is necessary
to transpose it to the 3D NACA7310 geometry introduced in Section II.3.1. To this end, several
methodologies are implemented in an in-house modeler at ONERA, which performs a morphing of
the baseline geometry relying on the local chord variation along the span (LE serration pattern).
Finally, the manufacturing process handled by National Research and Development Institute for
Gas Turbines (COMOTI), a key partner of InnoSTAT project, is brie�y discussed.

The aerodynamic and aeroacoustic behavior of the serrated geometry will be evaluated numeri-
cally and experimentally in the next Part V.
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IV.1 Implementation of an analytical tool for
the prediction of the leading edge noise

The main idea of this chapter is to implement and extend the analytical solution introduced
in the Section II.1.2.2. The coding has been carried out on MATLAB following ongoing work
of a previous PhD student (A. Cader). The code is decomposed into several routines in order
to facilitate the implementation of the analytical method. The details about the coding are not
provided here. The focus is on the extension of the methodology.

IV.1.1 Extension of the solution accounting for �nite span

The formulation originally proposed by L. Ayton and J. W. Kim in [30] and relying on the
Wiener-Hopf (WH) technique is written for an in�nite span. A two-dimensional far-�eld noise
propagation is assumed (in a similar way to a 2D Green’s function), which varies as a function
of 1=

p
Robs, where Robs is the distance between the compact source and the observer. Some

corrections (that are not explicitly stated in [30] and [127]) have to be introduced to account
for �nite span airfoils and 3D far-�eld radiation. These extensions are mandatory to assess SPL
spectra, without any calibration on a reference case (as currently done) or without relying only
on relative noise reduction available with an in�nite-span solution.

From rather simple geometrical acoustic rules and using Taylor’s expansion, it can be shown
that such 2D to 3D corrections lead to a correction factor ofL z=Robs, where L z corresponds to
the airfoil span. This factor L z=Robs seems consistent with the result found by Gea-Aguileraet
al. [80], when applying 2D to 3D corrections for Amiet’s theory. Thus, the 3D far-�eld sound
pressure radiated from a centered point-source of the �nite span airfoil,p3D , that satis�es the
assumption L z � Robs, can be related to the 2D asymptotic solutionp0

2D , as
��p0

3D (L z; Robs)
��2 �

L z=Robs
��p0

2D (Robs)
��2. It should be noted that both solutions get identical p0

2D = p0
3D , when

applying the condition L z ! 1 , as detailed below in the derivation of these asymptotic limits.
The derivation of these asymptotic limits is detailed below.
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Chapter IV.1 : Implementation of an analytical tool for the prediction of the leading edge noise

Figure IV.1: Diagrams of the di�erent geometrical assumptions used to extend the WH formu-
lation for �nite span airfoils: line source (left) and equivalent distributed point sources (right)
for asymptotic limits L z � Robs (top) and L z � Robs (bottom).

To account for �nite span airfoils and to derive the term L z=Robs, a simple geometrical correction
is applied in contrast with the reference model, which assumes an in�nite span. Two asymptotic
limits are considered: L z � Robs and L z � Robs (with Robs the distance between the observer
and the center of the airfoil). For a line-source (Fig. IV.1, left), the 2D Green’s function is
proportional to the inverse of the square root of the distance to the observer, which leads to
p0

2D (Robs) / (A2D =
p

Robs) exp(i (!t � kRobs)) (with A2D an amplitude). Let us now decompose
the span in a numbern = L z=dz (with d z being a small interval of the span) of point sources
(Fig. IV.1, top right). For each point source, p0

3D (Robs) / (A3D =D) exp(i (!t � kD )) . The 3D
Green’s function is proportional to the inverse of the distanceD , where D 2 = R2

obs + z2 and
corresponds to a location in the spanwise direction. The two formulations must give the same
intensity when an airfoil of an in�nite span is considered, which leads to (using the Riemann sum
approximation):

��p0
2D (Robs)

��2 = lim
n ! 1 ; dz ! 0

nX

i =1

=
��p0

3D (dz; D i )
��2 = 2

� 1

0

lim
L z ! 1

��A3D (L z; Robs)
��2

R2
obs + z2 dz

) lim
L z ! 1

��A3D (L z; Robs)
��2 =

1
�

jA2D j2 (IV.1)

When L z � Robs, the line-source tends to become compact. Let us consider two point sources
in�nitely close to each other from the observer point of view (Fig. IV.1, bottom right), and
which are equivalent to a line-source. In order to keep a constant total radiated energy, one
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should verify,
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Finally, for an airfoil with a �nite span the integration in Eq. (IV.1) is performed only between
� L z=2 and L z=2,
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In the caseL z � Robs (with Robs �xed), Eq. (IV.3) becomes:
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Thus, the reference formulation for an in�nite span is recovered. WhenL z � Robs, using a Taylor
expansion oftan� 1, one can show that
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(IV.5)

Finally, the asymptotic limit of the radiated pressure through is given by:

��p0
3D (L z; Robs)

��2 �������!
L z

Robs
! 0

L z

Robs

��p0
2D (Robs)

��2 (IV.6)

This extended �nite-span formulation provided by Eq. (IV.6) is validated in Section IV.1.2 from:

� A comparison of broadband noise predictions (from both absolute SPL and PWL spectra)
on straight LE airfoils using the present WH approach (with hs = 0 ) and Amiet’s solution;

� A comparison of broadband noise predictions from serrated LE airfoils using CAA and
experimental results [63, 138].

Two additional analyses performed with the WH tool are provided in appendix:

� In Appendix F, accuracy and limitations of the model investigated through available ex-
perimental data from ISVR (Institute of Sound and Vibration Research) [138]. Parametric
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Chapter IV.1 : Implementation of an analytical tool for the prediction of the leading edge noise

studies are performed on serration’s wavelength and amplitude.

� An evaluation of the noise radiated by a spanwise varying LE pattern on a turbofan stator
vane, designed in the framework of TurboNoiseBB project [144], presented in Appendix G.

IV.1.2 Validation of the extended WH formulation

The extended WH formulation is applied to a well-documented test-case on the NACA 651210
airfoil [63, 135]. The main parameters are summarized in Table IV.1. The baseline and serrated
LE con�gurations are considered here. First, a comparison is performed with Amiet’s solution
followed by a comparison with numerical and experimental data provided in the FLOCON project
[6, 63, 135].

Chord (m) L z (m) TI ( %) TLS (m) hs (m) (baseline / serrated) � s (m) Mach Robs (m)

0.15 0.45 2.5% 0.006 0.000 / 0.005 0.01 0.18 1.2

Table IV.1: Parameters from FLOCON test-case for turbulence-airfoil noise predictions.

Comparison with Amiet’s solution for the untreated case
The �rst validation step consists in the comparison of the noise level on a baseline con�guration

(straight leading edge) with respect to the reference Amiet’s solution. Predictions of SPL at� =
90� and PWL spectra are compared. Sound power is computed by assuming cylindrical radiation,
as de�ned in Eq. (II.13). Moreover, the turbulence comes from a planar Liepmann turbulence
spectrum and it is supposed to be frozen, isotropic and homogeneous, as de�ned in the Chapter
III.1.

Figure IV.2: SPL spectra at � = 90 � (left) and PWL spectra (right) from Amiet and WH solutions
for the baseline LE �at plate.
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IV.1.2 Validation of the extended WH formulation

Amiet’s model exhibits strong oscillations in Fig. IV.2 (left) due to the interference between
the leading edge and the trailing edge. This back-scattering e�ect is not present on the new
analytical model. Indeed, this can be attributed to compactness e�ects along the chord, which
cannot be accounted for in the present WH solution due to the semi-in�nite chord assumption.
However, both models provide the same overall trend of the radiated noise spectrum. Finally,
the sound power level (PWL) is also compared in Fig. IV.2 (right). The spectra issued from
the two formulations match quite well despite a slight level deviation, more signi�cant at lower
frequencies. Parametric studies, not detailed here, were performed (variation of the in�nite
velocity, the chord, and the distance to the observer), showing a pretty good agreement. The
second step consists in validating the analytical model for serrated con�gurations, by considering
solutions from CAA and results from experiment.

Comparison with numerical and experimental results for serrated cases
The WH formulation is applied to the LE serration case, and predictions are compared to

available results from CAA and measurements [63, 135]. The SPL spectra at90� are presented
in Fig. IV.3 for both baseline and serrated LE cases. A quite good agreement is achieved
although the WH solution tends to under-predict the noise levels at low frequencies. The acoustic
performance of the LE serrations is con�rmed by the WH approach in Fig. IV.4, which shows
both � SPL and � PWL spectra to highlight the noise reduction. For the present case, the WH
analytical model is able to reproduce the trends obtained from CAA and experimental results.
The limited acoustic bene�t at high frequencies (beyond 3-4 kHz) observed on measurements
can be attributed to the TE noise. In Fig. IV.4, the self-noise contribution has been evaluated
analytically following Howe’s work [101] and added to the WH solution. This greatly improves
the comparison with experimental results at high frequencies.

91



Chapter IV.1 : Implementation of an analytical tool for the prediction of the leading edge noise

Figure IV.3: SPL spectra at � = 90 � for baseline and serrated LE cases from CAA solutions [63],
the WH analytical model [28], and the experiment [135].

Figure IV.4: Delta SPL spectra at � = 90 � observer (left) and delta PWL spectra (right) from
CAA solutions [63], from WH analytical model (with and without the self-noise contribution),
and from experiment [135].

In the next chapter, this WH solution is used to assess a low-noise design, preliminary de�ned
from semi-empirical design rules, in the framework on the InnoSTAT project.
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IV.2 Design of a low-noise vane with leading
edge serrations

In preparation of the cascade rig test campaign at Centrale Lyon, see Section II.3.1, ONERA
has designed low-noise vanes by means of semi-empirical rules (presented in the following section)
and WH-based solution presented in Section II.1.2.2 and extended in Section IV.1.1.

IV.2.1 Some background on noise reduction from sinusoidal lead-
ing edge serrations

In the last few decades, several works have studied the e�ects of leading edge serrations on
noise generation. Some of the most relevant results in the �eld have been obtained from exper-
imental investigations performed by ISVR on isolated airfoils. Based on previous publications
from ONERA [63] and ISVR [135, 55], one can identify two major noise reduction mechanisms in
the case of sinusoidal wavy patterns, as shown in Fig. IV.5. These noise reduction mechanisms
are listed as follows:

� A reduction in the correlation between adjacent noise sources along the span, which is
related to the transverse correlation length scaleL t and therefore, to the turbulence (lon-
gitudinal) integral length scale L l ;

� A modi�cation of the aeroacoustic response giving rise to a loss of e�ciency in the acous-
tic radiation from incoming gusts. Clair et al. [63] proposed an explanation based on
a simple reformulation of the dispersion relation in the presence of sinusoidal serrations
(approximated by a sawtooth pattern), which shows a �ltering of the incoming parallel
gusts when the inclination angle of the serrations is close to90� . This angle � s de�ned by
� s = tan� 1(4hs=� s) highlights the role of the serration amplitude hs and wavelength � s in
the noise reduction mechanism. This �nding has been con�rmed by recent experimental
[135, 55] and analytical studies [30].
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Figure IV.5: Sketch of sinusoidal LE serrations with main relevant design parameters, extracted
from [144].

Based on the above observations, the best compromise for isotropic turbulence is to set the
serration wavelength to� s = 4L t = 2L l . Another key parameter is the choice of a convenient ratio
hs=� s. Although the acoustic bene�t could be improved by increasinghs, a practical limitation
is required to avoid a noticeable loss of aerodynamic performance for industrial applications, as
discussed by Reboulet al. [154]. Hence, settinghs=� s = 1 gives � s = 76 � , which can be considered
as a reasonable value close to the optimum design according to Narayananet al. [135]. Another
important result highlighted by Chaitanya et al. [55] is that the sound power attenuation� PWL
which can be achieved by a single-wavelength serrated LE, is approximately proportional to the
Strouhal number, St = fh s=U, at the optimum serration wavelength, whereU is the free stream
velocity and f is the frequency. The following empirical law was proposed:

� PWL(dB) = 10 + 10 log( St) (IV.7)

In practice, a signi�cant PWL reduction ( � 3 dB) can be expected if St� 0:2 for isolated airfoils
with leading edge serrations.

IV.2.2 Choice of a pattern addressing the InnoSTAT KCA con-
�guration

Shaping based on the properties of the in�ow turbulence
The leading edge serrations have been �rstly designed on a 2D plane, applying background

knowledge on LE serrations introduced in the previous section. The serration’s pattern is depicted
in Fig. IV.6. The theoretical optimal serration wavelength corresponds to twice the turbulence
length scale. A pre-test value of8 mm (roughly estimated from previous tests and adopted by the
InnoSTAT Consortium as a target value) has been considered. The serration amplitude is de�ned
directly in relation to the serration angle and so the ratio hs=� s. To limit possible aerodynamic
penalties, a threshold,hs=c � 0:15 has been used in [154, 47, 144]. Hence, settinghs=� s = 1
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can be considered as a reasonable value close to the optimum design and verifying the previous
constraint. In order to get an integer number of serrations along the span, the quantities have
been slightly increased to end withhs = � s = 16:7 mm, for the numerical computation.

Figure IV.6: Main parameters of the LE serrations.

Parametric study of the noise reduction based on the in�ow Mach number
Several ways have been considered in this project to try to assess the acoustic performances

of the low-noise airfoil cascade, relying on empirical, analytical and numerical approaches. The
empirical log-law evidenced by Paruchuriet al. [55] has been adopted to get a rough evaluation
of the sound power level reduction� PWL in Eq. (IV.7). Additionally, a parametric study has
been performed by means of the analytical solution discussed in Sections II.1.2.2 and IV.1.1. It
aims at evaluating the acoustic performances at the three certi�cation points: approach APP,
cutback CUTB, and sideline SDL. The obtained results are plotted in Fig. IV.7. The prediction
at M=0.3 (condition used for the CAA) is also given.

Figure IV.7: Log-law 10 log(St) + 10 (left) and Wiener-Hopf (right) solutions at 3 certi�cation
points: M = 0 :3 , APP ( M = 0 :34) , CUTB ( M = 0 :53) , and SDL (M = 0 :64)

.

These results demonstrate that the noise reduction is shifted towards high frequencies. As already
pointed out in [144], the peak-frequency of the PWL reduction roughly follows the one related
to the noise emission spectrum, at respective regimes. By the way, the low-noise design remains
e�cient at low-speed and high-speed �ows, and thus, well adapted for acoustic certi�cation.
Moreover, it can be noted that the empirical log-law and WH solution exhibit the same trend in
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mid-frequencies. However, the log-law cannot predict the noise reduction for St below 0.1 and at
high frequencies, where it does not reproduce the plateau visible in WH solutions.

IV.2.3 Application of the LE pattern to a NACA7310 airfoil

Once the 2D serration pattern is set, it is necessary to transpose it to the 3D geometry of
the chosen airfoil for the InnoSTAT rectilinear cascade, presented in Section II.3.1. The latter
is de�ned by a NACA7310 pro�le. To this end, two methodologies implemented in an ONERA
in-house modeler ersatZ are discussed.

A basic homothetic morphing
A �rst morphing methodology, used in [144], is applied. The skeleton of the vane is extracted at

each 2D plane along the span. Then, a homothetic transformation of the airfoil shape is applied,
while keeping a constant stagger angle and �xed trailing edge for all the surface deformations
between the root and the peak of the serration. For all pro�les, same camber law, same thickness
law, and same relative thickness as the reference pro�le is retrieved. Figure IV.8 illustrates this
deformation.

Figure IV.8: 2D deformations of the NACA7310 pro�le following a basic homothetic morphing.

Figure IV.9: 3D deformation of the vane following a basic homothetic morphing.

The 3D geometry d0 of the serrated vane is shown in Fig. IV.9. It has been obtained by means
of a 3D ONERA’s in-house modeler: ersatZ. An aerodynamic evaluation of this serrated design,
referred to asd0, is provided in Chapter V.1.

A camber/thickness lines based morphing
A second technique has been implemented by R. Barrier to deform the baseline geometry.

The present 3D extension obeys to practical aerodynamic rules. The main idea is to keep all
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IV.2.3 Application of the LE pattern to a NACA7310 airfoil

the leading edge points aligned along the same line parallel to the mean �ow. Moreover, the
same angle of attack at all points of the leading edge is preserved. To that end, the camber and
thickness laws of the NACA7310 airfoil are �rst extracted, similarly to the previous methodology,
as illustrated in Fig. IV.10.

Figure IV.10: Extraction of camber and thickness laws from a NACA7310 geometry.

A homothetic transformation of these laws is performed to get the warped geometry in the planes
at roots of the serrations (Fig. IV.11, left).

Figure IV.11: De�nition of the deformed geometry at the roots of the serration.

Then, to assess the serration peaks, the reference LE is simply prolongated by keeping the angle
constant, ensuring the same incidence angle with the upstream mean �ow, as shown in Fig. IV.12
and in Fig. IV.13 (left). This choice leads in particular to a conservation of the reference beta
angle at the LE, � LE , to keep the same �ow incidence,i.e. � c = � LE . Moreover, contrary to the
previous methodology, for which the relative thickness was kept unchanged, here, a conservation
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of the absolute maximum thickness ensures a safer choice for mechanical constraints. But this
increase of the relative thickness (thickness/chord) which is generally correlated with a higher
aerodynamic loss. The latter remark is challenged through RANS computations discussed in
Chapter V.1.

Figure IV.12: Constant extension of the camber law to de�ne the LE pro�le at peaks of the
serrations.

Figure IV.13: De�nition of the deformed geometry at the peaks of the serration.

Pressure side and suction side views of the �nal 3D serrated geometry are shown in Fig. IV.14,
middle and right, respectively. The surfaces of both pressure and suction sides are a much
smoother than with the older methodology presented in Fig. IV.9. This is expected to improve
the aerodynamic behavior analyzed in Chapter V.1, by preventing the generation of vortices from
the grooves. This serrated design is referred to asd1.
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Figure IV.14: 3D deformation of the vane following the new morphing methodology.

IV.2.4 Manufacturing of the serrated vane

Some aspects of the manufacturing process are presented here. It has been overseen by the
National Research and Development Institute for Gas Turbines COMOTI, which has printed
4 � 7 vanes (two COMOTI concepts and two ONERA concepts) in a high tensile resin. The two
ONERA concepts are de�ned asd1 and d2. d1 design refers to Fig. IV.14 andd2 to an optimized
design proposed in Chapter V.1. The "basic" homothetic designd0, shown in Fig. IV.9, has
been discarded due to high aerodynamic penalties discussed in Chapter V.1. The �rst step, in
preparation for the manufacturing, has consisted in the addition of test rig adaptations to the
CAD model, as illustrated in Fig. IV.15.

a) b)

Figure IV.15: Addition of test rig adaptations to CAD model of the ONERA serrated vanes: d1
design (a), d2 design (b).

Then, the geometry has been printed by means of a Digital Light Processing (DPL) printer (LC
Magna 3D). Contrary to �lament printers, DPL technology provides a smoother result. However,
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it requires two post-processing steps: solvent cleaning and curing (heat or UV oven) to harden the
material. Moreover, a 1200 grit paper polishing under water jet has been applied at COMOTI.
The manufacturing process and progress are illustrated in Fig. IV.16 and Fig. IV.17.

a) b)

Figure IV.16: 3D model �le for the printer (a) and vane at the print output (b) with support
materials.

Figure IV.17: 3D serrated vane after support material removal and post-processing.

The �nal result for the d1 design is illustrated in Fig. IV.17. Some of the testing to assess the
printing quality and durability is presented in Appendix H.

In the next part, numerical simulations (RANS, CAA, and LBM) performed on baseline and
low-noise design are compared both to analytical predictions and experimental results obtained
during the InnoSTAT test campaign.
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Part V

Aeroacoustic and aerodynamic study in
a rectilinear cascade con�guration:

baseline and low-noise cases
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Serrated designsd0 (basic morphing) and d1 (camber/thickness lines based morphing) have
been proposed in Part IV, more precisely in Section IV.2.3, in preparation for the experimental
campaign on the rectilinear cascade at Centrale Lyon, presented in Section II.3.1. Aerodynamic
and aeroacoustic simulations to evaluate these serrated geometries are now discussed in this main
Part V. They are based on intermediate and high �delity approaches described in Part II - Chap-
ter II.2.

First, aerodynamic penalties induced by serrations are compared to reference values in Chapter
V.1. Through RANS simulations, comparisons are performed at two in�ow speeds corresponding
to approach condition and aerodynamic design point. Then, an improved designd2 is also pro-
posed in order to reduce aerodynamic penalties due to leading edge serrations.

In a second step, CAA calculations are performed to assess the noise reduction from designd1 in
Chapter V.2. Several parametric studies are performed on inter-vane spacing, vane count, and
turbulence structure, to determine the in�uence of the di�erent parameters on the far-�eld noise
radiation.

An alternative to the hybrid CFD/CAA approach, is a high �delity simulation based on the lattice
Boltzmann method (LBM). It captures unsteady aerodynamics contrary to RANS simulations
and actual turbulent �ow generated by the turbulence grid (included in the numerical set-up)
with no use of isotropic spectrum model as in the CAA. Moreover, LBM approach allows direct
noise calculations taking into account installation e�ects. In Chapter V.3, LBM simulation are
performed by mean of the ProLB solver presented in Section II.2.3. Numerical results provided
by LBM simulation are compared to other prediction methods and experimental values.

To end this part, a trade-o� between �delity and cost (set-up and CPU) is discussed in Chapter
V.4 for all methods.
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V.1 Aerodynamic performance control
through RANS simulations

Aerodynamic behavior of the serrated geometries designed in Part IV is evaluated by mean of
RANS simulations relying on eslA solver introduced in Section II.2.2.

V.1.1 RANS calculations on initial serrated designs d0 and d1

In addition to aeroacoustic evaluations, an aerodynamic assessment has been conducted through
RANS calculations using ONERA code elsA presented in Section II.2.2. The full span extension
has been considered, with the use of adiabatic walls condition on the vane and end-walls and
periodic boundary condition at vane channel sides. In the spanwise direction, 421 points are
used, ensuring at least 30 points per serration wavelength. A view of the CFD grid, containing
about 5 million cells, is shown in Fig. V.1a. For the serrated cases, the vane skin mesh shown in
Fig. V.1b is trimmed using the in-house modeler ersatZ.

a) b)

Figure V.1: 1-channel mesh of the baseline CFD geometry (a) and zoom view of the serrated
mesh (b).

Two operating points are investigated, at approach (APP) and at the aerodynamic design point
(ADP), with inlet Mach number respectively equal to 0.34 and 0.67, and inlet total pressure and
temperature respectively equal to 101325 Pa and 288.15 K. The in�ow turbulence intensity is set
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Chapter V.1 : Aerodynamic performance control through RANS simulations

equal to 4.5%, the in�ow angle � c to 33� at APP and 32.7� at ADP (close to the target values
from Safran speci�cations), and the normalized turbulent viscosity (� t =� ) of 0.01 is considered.
The wall mesh size of1� 10� 6 m ensures thaty+ < 1, as illustrated in Fig. V.2 for both baseline
and serrated designs, here at APP condition.

a) b)

Figure V.2: y+ at solid walls for baseline (a) and d1 serrated designs (b).

At APP (selected condition for which the CAA simulations were performed), the d0 design
exhibits a huge �ow detachment, as illustrated in Fig. V.4a (contour maps of Mach number) in
the plane at the root level, contrary to the baseline airfoil in Fig. V.3. However, aerodynamic
penalties at APP are found to be acceptable with the serrated designd1, as illustrated by Fig.
V.4b and further below in Fig. V.8a, related to pressure loss coe�cient. In Fig. V.3 and Fig.
V.4b, comparisons of the cut views (taken at the roots of the serration) do not reveal signi�cant
changes with only a slight �ow separation at the trailing edge suction side. This gives rise to a
0.14 p.p. (percentage points) deviation for total pressure loss coe�cient and+1 :8� deviation for
outlet �ow angle. Key results are gathered in Table V.1. For the reader information, pressure
loss penalty associated withd0 design is about -0.29 p.p., which explains why a new morphing
methodology presented in Section IV.2.3 has been favored.

Figure V.3: Mach number (levels between 0.05 and 0.45) contour maps at APP for the baseline
geometry.
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V.1.2 Proposal of an improved serrated designd2

a) Serrated designd0 with cut at the root. b) Serrated designd1 with cut at the root.

Figure V.4: Mach number (levels between 0.05 and 0.45) contour maps at APP.

A saturated contour map in Fig. V.5 shows the friction vector coe�cient along x direction
(perpendicular to the cascade). Usual corner �ow separation appears near end walls. Around
mid span, a small and uniform �ow separation is visible near the trailing edge or the baseline case.
However, on the treatedd1 case the separation is driven by the local chord. As expected from
aerodynamic rules, the local chord length reduction is responsible of an increase of the penalties.
Consequently, an elongation of the minimum chord has been suggested.

Figure V.5: Friction coe�cient, x component, for the baseline (left) andd1 geometry (right).
Red area indicates a value over 1 and blue below 1.

V.1.2 Proposal of an improved serrated design d2

Although the penalties obtained with designd1 are not prohibitive at APP, at the ADP the
aerodynamic performances are however signi�cantly deteriorated compared to the reference ge-
ometry. Indeed, contrary to the previous observations from Fig. V.3, a strong �ow separation
is clearly shown in Fig. V.7b by comparison to the baseline solution in Fig. V.7a. This result
has motivated the proposal of a second design, consisting in a basic modi�cation of the initial
serrated design for aerodynamic purpose only.
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Chapter V.1 : Aerodynamic performance control through RANS simulations

Figure V.6: Views of the baseline geometry (in grey) and the second serrated design (in blue).

In order to limit the aerodynamic penalties, more particularly of importance at ADP, a second
serrated design with an increased averaged chord (the reference chord being set at the roots) has
been simulated too. 3D views of this second serrated geometry are depicted in Fig. V.6. As
the serration parameters (hs,� s) are unchanged, this designd2 should have almost no impact on
acoustic performances assessed with the serrated designd1. Note that this modi�cation of the
averaged mean chord (compared to the baseline) has been practically validated by Safran. The
following results address the aerodynamic performances obtained for both designs in comparison
to the reference case.

a) Baseline geometry. b) Serrated design 1 with cut at the root.

c) Serrated design 2 with cut at the root.

Figure V.7: Mach number (levels between 0.1 and 1.2) contour maps at ADP.

At ADP, the strong �ow separation observed in Fig. V.7b is greatly reduced in the presence of
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designd2. These positive e�ects are clearly pointed out on the spanwise pro�les of pressure loss
coe�cient obtained for both designs, compared to the reference solution in Fig. V.8b at ADP.

a) b)

Figure V.8: Pressure loss distributions along the dimensionless spanwise coordinateh = z=Lz at
APP (a) and ADP (b).

The overall performances addressed in Table V.1 indicate a non-suitable penalty of -1.6 p.p. for
total pressure loss coe�cient and a �ow angle deviation of +3.8� with design d1 at ADP. These
critical values are respectively reduced to -0.6 p.p. and +0.8� with design d2, which is a quite
valuable improvement. At APP, the updated penalties for total pressure loss coe�cient and outlet
�ow angle are found to be respectively reduced to -0.10 p.p. and +0.5� with design d2, as shown
in Table V.1. The bene�t of using an increased mean chord is clearly highlighted, the designd2

being able to reduce the penalties all over the span, with much more acceptable deviations of the
mean �ow.

baseline (reference) designd1 designd2

Total pressure loss coe�cient at APP 0.9970 0.9956 (-0.14 p.p.) 0.9960 (-0.10 p.p.)

Total pressure loss coe�cient at ADP 0.9880 0.9720 (-1.60 p.p.) 0.9820 (-0.60 p.p.)

Outlet angle (remaining swirl) at APP 2.1 � 3.9� (+ 1.8 � ) 2.6� (+ 0.5 � )

Outlet angle (remaining swirl) at ADP 2.5 � 6.3� (+ 3.8 � ) 3.3� (+ 0.8 � )

Table V.1: Summary of the aerodynamic performances of baseline, serrated designd1, and design
d2. Di�erence to the reference value in brackets.
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V.2 CAA predictions

After having analyzed aerodynamic behavior of the serrated geometries in the previous chapter,
noise reduction achieved by leading edge serrations is �rst evaluated by CAA through LEE
simulations.

V.2.1 Inviscid mean �ow calculation

In order to perform linearized Euler’s simulations, determination of the mean �ow variables
is required. Here, the mean �ow has been computed by means of a 2D open source Euler code
presented in Section II.2.2. The in�ow conditions are indicated in Fig. V.9.

Figure V.9: Ux ; axial velocity levels between 60 and 120 m� s� 1.

A few iterations have been performed to reach the targeted upstream Mach number of0:3. This
has been done by adjusting the exhaust static pressure. This approach was shown to be an
e�cient alternative to previous RANS approach which requires some corrections near the solid
boundaries in order to remove boundary layers and recirculation zones, incompatible with the
inviscid assumption of the CAA code. A comparison between RANS and Eulerian mean �ow
based computations is conducted (not shown here for brevity) has shown a good agreement.
Such comparisons are discussed in Part VI on the NASA SDT benchmark case. For the mean
�ow computation, a single channel simulation with periodic boundary conditions in the transverse
directions has been considered. The obtained mean velocity �eld has been then duplicated and
interpolated on the CAA mesh for acoustic multi-channel computations. The upstream Mach
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number and the inlet �ow angle used for the CAA have been chosen before the �nal values,
corresponding to the pre-test values in Table II.2. It should not modify the conclusions drawn
here.

V.2.2 CAA simulations set-up

The �rst set of simulations is performed on a single channel geometry (s = L y = 8 :5 cm) in
order to limit the CPU time. Therefore, adjacent vanes are taken into account using periodic
boundary conditions.

Figure V.10: CAA set-up used for the simulation.

The CAA mesh sizing is chosen following some criteria from previous studies [61]. In particular,
the space discretization ensures at least 12 points per wavelength in all directions in which gusts
are injected. Moreover, the grid density was chosen in order to control the energy loss in the
injected velocity spectrum to less than 1 dB/Hz. Practically, the harmonic gusts above the cut-o�
frequency of the mesh are not injected. The CAA set-up is sketched in Fig. V.10 and numerical
parameters are de�ned in Table V.2.

Figure V.11: CAA H-type pattern mesh at the leading edge.
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Parameter Value

� xmax 8:5 � 10� 4 m

� ymax 4:3 � 10� 4 mm

� zmax 5:6 � 10� 4 m

� xmin , � ymin , � zmin � 4:0 � 10� 4 m

� t 5:0 � 10� 7 s

f max 10 kHz

Table V.2: Numerical parameters.

Thereafter, a stretching zone is added at the exit of the domain coupled with a Laplacian �lter to
dissipate the hydrodynamic �uctuations impinging the exit boundary condition. The H support
type pattern with a leading edge split is chosen in order to de�ne the blocking. The mesh is
designed to tolerate gusts of frequencies up to 10 kHz. The time step is chosen to ensure a CFL
number lower than 0.8. A local view of the 3D grid is shown in Fig. V.11. The mesh has a total
point number of 42 million.

V.2.3 Preliminary simulations of a single NACA7310 airfoil with
periodic boundary conditions

Turbulent �ow characteristics used in the synthetic turbulence (CAA) are not issued from CFD
or measurements here, which is not a limitation in the scope of this study, but these turbulence
properties were imposed using pre-test target values. In line with the previous studies carried out
at ONERA on stochastic turbulence [63, 47, 144], the Fourier-mode decomposition was adapted
from an annular to a rectilinear cascade problem, and practically achieved by considering a 1-
wavenumber, 2-wavenumber, or 3-wavenumber isotropic turbulence spectrum model, focused to
the upwash component (by analogy with Amiet’s theory). For that, the latest generation and
post-processing codes in cylindrical coordinates have been rewritten into Cartesian coordinates.
Meanwhile, a numerical optimization of the Fortran routines has allowed a gain of about 20 on
the time needed for the generation of the synthetic turbulence, as explained in Chapter III.5.
First, the turbulence structures (k� ; kz = 0) and (k� ; kz) de�ned in Chapter III.3 are considered.
The wavenumber discretization along thez axis is chosen arbitrarily by setting � kz = 2 �=L z and
N = 30 (in order to also ensure 12 points per wavelength in the z direction, while injecting enough
turbulent energy). As mentioned in Section II.1.2.1 and Chapter III.3, a factor � kz = 2 � = L z

is chosen to take into account the fact that thekz wavenumber components are not de�ned for
turbulence structure �eld where kz = 0 .

In order to avoid spurious sources at the injection plane occurring when a non-zero source term is
imposed in the LEE simulation at time equals zero, a ramp in time is imposed during the starting
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iterations of the simulation (t rampe = Tsimu=3). The bene�t of this temporal ramp of the shape
sin(t=t rampe �= 2)2, proposed during this work, is depicted in Fig. V.12.

a) Without ramp. b) With ramp.

Figure V.12: Snapshots ofu0
y [m�s� 1] for the oblique gusts (levels between� 10 m � s� 1).

Although there is no in�uence on far-�eld acoustics associated with the ramp, synthetic turbulence
snapshots in the CAA domain are improved and more representative. Indeed, the mean spurious
values appearing without the ramp disappears when a ramp is added on the injected sources.

Figure V.13: Snapshots ofu0
y [m�s� 1] for the parallel (top) and oblique (bottom) gusts (levels

between � 2 m � s� 1 for the kz = 0 cases and� 10 m � s� 1 otherwise).

During CAA simulations with sAbrinA, snapshots have been taken at the end of the third period
after the transient time and are gathered in Fig. V.13, highlighting the two structures of the
injected turbulence. The unsteady pressure �elds over the vane wall are then used as inputs to an
in-house code (MIA), solving the loading noise term of the FWH (Ffwocs-Williams and Hawkings)
equation with a free-�eld convected Green’s function, in order to obtain the sound radiated in
the far-�eld (Section II.1.1). As usually done, a simple angular integration of the quadratic
pressure over a rearward half circle (centered in the mid plane) is adopted for the calculation
of the downstream acoustic power (PWL spectra), as detailed in Eq. (II.13), similarly to [129]
(appendix B). The observers are located at a distance ofRobs = 1 :8 m (corresponding to the
pre-test microphones positions in the Centrale Lyon test rig).
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Figure V.14: Downstream PWL spectra obtained from numerical predictions and Amiet theory
(isolated �at plate). Raw spectra in dashed lines and averaged (500 Hz bands) in solid lines.

The numerical results are compared to Amiet’s formulation in Fig. V.14. It is important to stress
that Amiet’s solution does not take into account adjacent vanes. Therefore, the cascade e�ect
mentioned in Section II.1.2.3 is not properly taken into account below a critical frequencyf c.
Moreover, Amiet only considers a �at plate. In order to take into account thickness e�ect on the
interaction noise mechanism, a correction has been applied from [138], following:

� PWL (t; f ) = 10 log
�

� � (t)
fc 0

U

�
(V.1)

with � (t) = 1 :369
t
c0

+9 :429
�

t
c0

� 2
and t the thickness of the NACA airfoil. First, regarding CAA

results, a reduced radiated noise in lower frequencies which might be related to the cascade e�ect
or thickness can be noted. A reduction is also observed in high frequencies which is due to the
airfoil thickness. Acoustic spectra from both turbulence models are almost identical which can be
theoretically explained, as detailed in Section II.1.2.1. Therefore,kz has a little in�uence on CAA
computations for the baseline case. Finally, two bumps appear in the spectra between 2000 and
4000 Hz whose such signi�cant magnitude has not been observed in the literature [41, 14, 129],
although peaks and valleys are clearly visible in similar cascade con�guration. These particular
peaks are not due to statistical errors, as it is clearly demonstrated by the comparison between
spectra at � f = 100 Hz (turbulence (kx ; kz = 0) ) and � f = 20 Hz (turbulence (kx ; kz)). These
bumps might be linked to a resonance phenomenon ampli�ed by the single channel computation
with periodic boundary conditions. The associated resonance frequency is de�ned as:

f jv
ri =

ic0

2L j
p

(V.2)

In Eq. (V.2), L j
p denotes the periodicity distance depending on the number of vanes,L j

p =
j � s = L y . For the lower frequency at which resonance is observed, it is more accurate to take
into account the airfoil’s thickness. In consequence in Fig. V.14, the length(L 1

p � t) is considered
instead of L j

p to compute Eq. (V.2). In order to better understand the origin of these parasitic
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sources, a parametric study is performed in the next section on a simpli�ed �at plate geometry.

V.2.4 Parametric study of the channel spacing for a �at plate
rectilinear cascade

To better understand the resonance phenomenon, a simpler con�guration with �at plates at
zero stagger angle is considered instead of NACA airfoils. This choice reduces the number of
variables related to the physical mechanism at stake. The parametric study is based on the
pitching spacing between the �at plates. Two meshes are introduced: a uniform grid (coarse
mesh) and a highly re�ned grid around the edges (�ne mesh) following criteria discussed in [61].
The di�erent simulation domains are illustrated in Fig. V.15.

Figure V.15: Snapshots ofu0
y [m�s� 1] (levels between� 2) for various channel widths: top left (s

= 8.5 cm, actual cascade value), bottom left (s = 17 cm), top right ( s = 4.25 cm) and bottom
right ( s = 85 cm, used to mimic free-�eld boundary conditions).
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Figure V.16: Downstream sound power spectra obtained from CAA with various channel widths
s. Fine meshes (for the casess = 4 :25 cm and s = 85 cm) in dashed lines. Spectra averaged on
500 Hz bands.

The power spectra in the far-�eld are plotted in Fig. V.16. First of all, the consistency of
the results is observed with Amiet’s solution, that is retrieved for the maximum spacing value
considered (s = 85 cm). The more the spacing is reduced, the more the bumps are getting
pronounced with a peak shifted to a higher frequency. This phenomenon can be attributed
to resonance e�ects, as outlined by the resonance frequenciesf 1v

r 1 = c0=(2s) superimposed in
Fig. V.16 and close to the peaks. Hence, one can say that the present methodology cannot
be applied using a single vane channel with periodicity conditions, in particular fors = 8 :5 cm
(corresponding to the present cascade con�guration). The next section is devoted to two main
extensions proposed in order to get more realistic predictions:
(i) A possible decorrelation of the turbulence in the transversey direction through the use of a
3-wavenumber turbulence spectrum (withkz = 0 );
(ii) Simulations over multi channels using a 2-wavenumber or 3-wavenumber turbulence spectra.

V.2.5 Parametric study on the vane count in the CAA domain
and in�uence of the blade to blade acoustic correlation in
FWH analogy

In addition to taking into account several vanes for the CAA calculation, the kx and ky

wavenumbers are also taken into account. Thekz wavemumber has indeed shown to be of little
importance in the case of non-leaned and non-swept vanes in Section V.2.3. Nevertheless, its
in�uence on serrated airfoils will be discussed in Section V.2.6. The(kx ; ky ; kz = 0) wavenumber
formulation, detailed in Section III.3.3, is considered here. As a result of the boundary condi-
tions along the y axis, it is necessary to satisfy the following relationky = n2� = L y (with L y the
width of the domain). Validation of the implementation is demonstrated through the velocity
autocorrelation spectra in Fig. V.17. The spectra are more chaotic in Fig. V.17 than in Fig.
III.7, since a larger � f is used. However, Fig. V.17 demonstrates that turbulence is advected in
a satisfactory way by probing the signal near the LE of NACA airfoils.
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acoustic correlation in FWH analogy

Figure V.17: Velocity autocorrelation spectra (synthetic turbulence generated with a� f = 10
Hz and averaged on 100 Hz bands). Probe is located near the leading edge.

Several simulations have been performed with di�erent vane counts. All new computations within
this section are carried out with � f = 10 Hz and averaged over 100 Hz bands. The new turbu-
lence implementation has been used not only for a single channel domain but also for a domain
containing several vanes, as 7 for example in Fig. V.18.

Figure V.18: Snapshots ofu0
y [m�s� 1] for the 7 vanes con�guration (levels between -2 and 2).
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Chapter V.2 : CAA predictions

Figure V.19: Downstream PWL spectra using CAA with di�erent vane channels.

In Fig. V.19, all the vanes of the CAA are considered for the FWH calculation. There is a gap
between whether or not one or several channels are considered. The greater the distanceL y is,
the more there are modesky that are not multiples of 2� = s . For 1-channel simulation in Fig.
V.19, since allky are multiples of s, the results obtained with (kx ; kz = 0) and (kx ; kz) turbulence
structures from Fig. V.14 are recovered. However, a decrease in the acoustic level is observed
for the peaks in medium frequency for multiple channels simulations. In addition, one or several
additional peaks appear in low frequency which seems to be due to a resonance associated with
the distances sub-multiples ofs. Their amplitude decreases as the number of vanes is increased
(see Fig. V.19). In [14], it has been proven that for a 20-channels computation they almost
disappear. However, such a computation is too expensive. A compromise between computational
cost and �delity seems to be achieved when at least three vanes are considered.

Vane-to-vane correlation e�ects on far-�eld acoustics
Figure V.20 allows us to assess the role played by the phase dependency (considering uncorre-

lated or correlated vanes in the FWH integration) on the acoustic spectra. In particular, there is
a noticeable shift in the area of the resonance bumps in medium frequency when the correlation
is not taken into account for the far-�eld calculation. It is therefore important to consider all the
vanes dependently in the FWH integral method.

Figure V.20: Downstream PWL spectra per vane. CAA for a 3 channels computation.
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V.2.6 Evaluation of the radiated sound depending on the struc-
ture of the injected turbulence

Choice of the CAA set-up

Figure V.21: CAA OH-type pattern mesh at the leading edge.

The CAA simulation set-up uses the boundary conditions presented in Figs. V.10 and V.9.
Except for the one channel computations and the parametric study on the vane count in Section
V.2.5, which are performed on a H pattern grid, the whole CAA grid is designed using an O-H
pattern. This choice facilitates the generation of the 3D mesh for the serrated geometry. Indeed,
the mesh is practically designed using the in-house tool ersatZ which allows to apply suitable 3D
deformations on the reference skeleton to obtain the serrated shape and to extend them within
the grid volume. Both meshing, O-H (Fig. V.21) and H (Fig. V.11) give almost the same result
as it is illustrated in Fig. V.22. Only a small di�erence can be observed in high frequencies,
which is consistent with the fact that the new mesh is a bit more dissipative along they axis.

Figure V.22: Downstream PWL spectra per vane of a 3 channels computation (baseline geometry)
for the H and O-H pattern meshes. Averaging over 100 Hz bands.

The main conclusion from CAA computations in previous sections, is that multi-channel com-
putations are mandatory to avoid spurious resonance phenomena in the mid frequency range
resulting from periodic boundary conditions and requiring including at least 3-vane channels in
the CAA domain. A typical result from these parametric studies is depicted in Fig. V.19.
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CAA computations for various turbulence in�ows
All the simulations discussed in the next paragraphs are carried out using 3-vane channels and

the �rst CAA solutions are completed using fully 3D turbulence modeling detailed in Section
III.3.5. The parameters used for the generation of the 3D synthetic turbulence are the following:
L y = 0 :255 m, M = 48, N = 30, and � f = 100 Hz. In Fig. V.23, snapshots of synthetic
turbulent �ows related to the transverse velocity (u0

y) are clearly exhibiting the di�erent patterns
issued from 1D (a), 2D (b) and (c), and 3D (d) injected turbulence. Note that 1D (parallel gust),
2D (planar), and fully 3D structures are respectively linked to the number of velocity components
(1,2 or 3) [84] and then to the non-zero wavenumbers involved in the present turbulence models.
All the turbulence formulations are detailed in Chapter III.3.

a) b)

c) d)

Figure V.23: Turbulent-like u0
y snapshots (levels between� 2 m � s� 1 for the kz = 0 cases and

� 10 m � s� 1 otherwise). Turbulence structures from (a) to (d): (k� ; kz = 0) , (k� ; kz), (k� ; k� ; kz =
0), and (k� ; k� ; kz).

The pressure �uctuations are extracted at the vane skin and radiated in the far-�eld using the in-
house code MIA. The power spectra are obtained by a weighted angular integral over half a circle
downstream of the cascade, as performed in Eq. (II.13). In order to compensate the lack of energy
input due to the window function f w(z) (presented in Section III.3.5 and visible in Fig. V.23d),
with Rw = 0 :15, a simple correction is applied to the acoustic spectra,+20 log(1=(1 � Rw)) . These
numerical spectra are compared to Amiet’s solution for an isolated �at plate in Fig. V.24. Please
note that a cascade model as proposed in [86, 95, 41] might be used to get a reliable reference
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solution, so that the Amiet-based spectrum is only giving a biased estimate by neglecting the
cascade e�ect. At high frequencies, Amiet’s model is over-predicting the acoustic spectra because
it does not take into account any airfoil thickness. As a result, a thickness correction from
Eq. (V.1) is applied again. For (k� ; kz = 0) , (k� ; kz), and (k� ; k� ; kz) turbulent structures, the
computations have been performed with� f = 100 Hz and with � f = 20 Hz for (k� ; k� ; kz = 0)
turbulence.

Figure V.24: Amiet’s solution without and with thickness correction. Numerical
spectra with a 1 kHz moving average:(k� ; kz = 0) ��� , (k� ; kz) ��� , (k� ; k� ; kz = 0) ,
(k� ; k� ; kz) with div (u 0) 6= 0 �H� , and (k� ; k� ; kz) with div (u 0) = 0 �H� .

Regarding the numerical spectra associated with(k� ; kz = 0) and (k� ; k� ; kz = 0) turbulence
�elds, one may notice that taking into account k� provides a more constant slope at medium
and high frequency range. However, the bump (around 800 Hz) due to a numerical ampli�cation
using periodicity conditions over 3-vane channels instead of 7 is stronger when a turbulence with
a varying k� is injected, see Fig. V.19. Regarding the comparison between CAA results and
Amiet’s solution, the levels are de�nitely over-estimated by the isolated �at plate approximation,
without the thickness correction. Even if the non-zero divergence turbulence is the closest solution
to Amiet’s one, it represents in fact the worst numerical prediction. Indeed, following literature
[14, 41], a few decibels reduction is at least expected at low frequencies due to the cascade
e�ect and at high frequencies due to the non-zero thickness of the airfoils [138]. Looking at the
divergence free result, taking into account thekz wavenumber seems not to modify the spectra
(green vs. pink curves) except for the resonance bump at low frequencies (link with the 3-channel
periodicity), which is in accordance with previous numerical simulations comparing(k� ; kz = 0)
with (k� ; kz) and also, with Amiet’s theory (see Section II.1.2.1).
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a) b)

Figure V.25: div(u ) (levels between� 100 s� 1) over the injection surface. Fully 3D turbulence
with non-zero divergence (a) and with divergence free formulation (b).

a) b)

Figure V.26: Isosurfaces ofp0 at � 200 Pa. Turbulence (k� ; k� ; kz) with non-zero divergence (a)
and (k� ; k� ; kz) with divergence free formulation (b).

Snapshots of the turbulent-like velocity divergence are plotted in Fig. V.25 , at the injection
plane. In the non-zero divergence case plotted in Fig. V.25a, the divergence amplitude is non-
negligible in the region where the window function derivative is maximum. On the contrary,
with the divergence-free formulation, the issue disappears as illustrated in Fig. V.25b. As clearly
visible on iso-surfaces of �uctuating pressure in Fig. V.26, the non-zero divergence formulations
(Fig. V.26a) gives rise, close to areas of maximum divergence in Fig. V.25a, to local intense
spots extending through the CAA domain and interacting with the vanes, and responsible for
some spurious noise. On the contrary, the solution obtained with the divergence-free formulation
(Fig. V.26b) is found to be much cleaner without the generation of arti�cial pressure waves.
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V.2.7 Noise reduction as a function of the injected turbulence

The leading edge serrations have been de�ned in Chapter IV.2, and aerodynamically assessed
in Chapter V.1. From this aerodynamic study, the d0 design has been discarded and ad2 design
improved from aerodynamic point of view has been proposed. The aeroacoustic simulations are
only performed on the low-noise designd1.

Mean �ow and CAA computation
To obtain the mean �ow around the new geometry with the 2D Euler open-source code, the

computation was performed onz planes, from which the velocity �eld has been then interpolated
on the 3D CAA mesh. Thus, Uz is set equal to zero in the overall domain, which is a proper
approximation. Indeed, the vertical (radial) component of the mean �ow velocity has shown to
be almost negligible in comparison with the other velocity components by RANS solutions dis-
cussed in Section VI, and also consistent with previous studies on realistic turbofan con�gurations
[144]. The resulting Eulerian mean �ow �elds, in terms of axial velocity maps and streamlines
visualization, are plotted in Figs. V.27a and V.27b, respectively for planar cuts at root and
peak of the serration. The streamlines are perfectly aligned to the airfoil geometry for these two
tricky positions, which should allow to properly assess the turbulence-airfoil sources and sound
propagation in the CAA.

a) b)

Figure V.27: Isocontour maps ofUx (levels between 60 and 120 m� s� 1) with streamlines. Cuts
at the root (a) and peak (b) of the serration.

In order to obtain the CAA mesh for simulations on the d1 design, the ersatZ modeler which has
been used in Chapter IV.2 to apply morphing to the baseline NACA7310, is also able to extend
the skeleton deformations to the cells of the volume mesh, as illustrated in Fig. V.28.
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Figure V.28: Views of the skin CAA mesh andz slice at the peak of the serration.

The contour maps of the RMS pressure �uctuations from CAA on the vane skin are plotted
in Fig. V.29. Moreover, the strongest pressure sources are located at the roots and peaks of
the serrations in accordance with the literature [14, 144]. Finally, the pressure �uctuations are
equally distributed over the 3 vanes, in agreement with the prescription of periodicity conditions
(enforced in the transverse direction), indicating the good convergence of the CAA computation.

Figure V.29: RMS wall pressurep0
rms ; Pa (levels between 0 and 500 Pa).

Sound Power Level reductions ( � PWL) from CAA and analytical solutions
The noise reduction assessed in terms of� PWL spectra are summarized in Fig. V.30. The

numerical predictions with the di�erent synthetic turbulence injections are compared with both
an analytical solution and a semi empirical law proposed by ISVR [138]. The analytical solution
presented in Section II.1.2.2 satis�es the Helmholtz advective equation and is obtained from a the
Wiener-Hopf technique for any piecewise leading edge geometries. It has been slightly modi�ed for
applications to �nite span airfoils in Section IV.1.1. The semi-empirical law from [138] provides
the optimal noise reduction occurring when� s = 2L �� , for a single-wavelength geometry in terms
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of the Strouhal number, � PWL= 10log(St)+10 . There is a good agreement between the di�erent
solutions in the medium frequency range especially in comparison with the semi-empirical law.
As discussed in previous numerical studies [61], omitting the spanwise turbulence variation leads
to an over-prediction of the noise reduction particularly at high frequencies. The 3D turbulence
numerical prediction (in pink) exhibits a slightly smaller noise reduction at high frequencies
compared to other CAA computations in particular the 2-wavenumbers(k� ; kz) formulation (in
blue). Hence, it is remarkably close to the WH solution. Practically, this study highlights that
the (k� ; kz) turbulence model is a good compromise in terms of accuracy against CPU time for the
noise reduction prediction. In particular, the � PWL spectra achieved in this case is found to be
almost identical when using 1-channel or 3-channels simulations, which makes this approach very
attractive. However, the latter conclusion should be nuanced, since it is limited to a rectilinear
cascade set-up.

Figure V.30: Wiener-Hopf and semi-empirical log-law . Numerical spectra with a 1
kHz moving average: (k� ; kz = 0) , (k� ; kz) (1-channel ), (k� ; k� ; kz = 0) ,
and (k� ; k� ; kz) .

The expected acoustic performances from numerical, analytical, and semi-empirical approaches
are gathered in Table V.3. A good agreement is found between the trends drawn from Fig. V.30
and the average noise reduction provided in Table V.3. However, drawing conclusions from the
overall sound power level noise reductions (� OAPWL) is a bit tricky, since it is in�uenced by
the shape of the baseline noise spectra. Indeed, due to resonance phenomenon associated with
periodic boundary conditions, some bumps appear in the spectra which tend to over-predict the
noise emission around 500 to 1000 Hz, for the 3-channel set-up. The later bump is a bit less
visible on a multi-channel computation with a turbulence invariant along the cascade directions,
as shown in Fig. V.24. Consequently, in order to give a better idea of the overall noise reduction
for the multi-channel computations, the frequency range 1300 Hz to 9800 Hz is also considered. In
any case, a signi�cant � OAPWL (noise reduction) around 6 dB is expected for all the methods.
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Avg. � PWL, 0.2-9.8 kHz � OAPWL, 0.2-9.8 kHz � OAPWL, 1.3-9.8 kHz

WH 7.3 5.5 6.8

10 log(St) + 10 7.5 4.9 6.1

CAA (kx ; kz = 0) 11.0 5.2 6.2

1-vane CAA (kx ; kz ) 8.7 6.7 7.1

CAA (kx ; kz ) 8.6 5.4 6.4

CAA (kx ; ky ; kz = 0) 9.0 3.9 5.3

CAA (kx ; ky ; kz ) 7.2 3.5 5.7

Table V.3: Average � PWL and � OAPWL, [dB].
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High �delity LBM simulations with the ProLB software introduced in Section II.2.3 are now
carried out on the full experimental rectilinear cascade test rig. This high �delity LBM approach
is expected to provide quantitative results closer to experimental data than a CAA modeling.
Section V.3.1 is focused on the description of the numerical set-up and parameters, the grid
de�nition, and the convergence achievement. Aerodynamic and acoustic analyzes are discussed in
Section V.3.2 devoted to the comparisons with other prediction approaches and the experimental
data. It can be noted that these LBM simulations are performed in blind, ahead of the test
campaign.

V.3.1 Set-up of lattice Boltzmann simulations

V.3.1.1 Overview of the iterative set-up process

Contrary to previous CFD RANS and CAA LEE simulations, the turbulence grid and test
section are explicitly taken into account in LBM. Geometrical components can indeed be easily
modeled by means of immersed boundary conditions in ProLB.
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a) b)

Figure V.31: View of the cascade geometry with serrations (a) and of the test rig geometry (b).

Typical views of the geometry from the graphical user interface of ProLB are reproduced in
Fig. V.31. The test section is represented with the nozzle and the grid, along with the seven
vanes cascade, here depicted with LE serrations. Far-�eld point probes are also visible (red
dots placed in half-circle), they materialize the experimental microphones array, as presented in
Section II.3.1. Two methodologies are considered for acoustic propagation: a direct calculation of
the far-�eld noise obtained from these probes located at microphones locations in the simulation
domain and a FWH-based approach for which the unsteady pressure is extracted at vanes’ skin
and radiated in the far-�eld (as for CAA modeling). Simulations are carried out at approximately
the approach (APP) operating point, corresponding roughly to M=0.34. Only results provided
with the �nal set-up referred to as "�ne mesh" are detailed in the next sections. However, in
order to achieve the �nal numerical implementation, numerous intermediate simulations have
been necessary. Between these various simulations, the main di�erence consists in adjusting the
octree mesh discretization. The zones of interest for the de�nition of the re�nement levels are
displayed below.
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Figure V.32: Areas of interest for the de�nition of the mesh re�nement levels.

Figure V.32 illustrates several zones of prime importance for the de�nition of the octree mesh
re�nement levels: turbulence grid, NACA airfoils, test section, acoustic propagation zone and
wake zone. The de�nition of the mesh discretization is a key parameter of the numerical set-ups
de�nition process, which is summarized in the following. The total number of points for each
set-up is indicated along with the number of �ne equivalent points. The latter quantity consists
in weighting the number of points present in each re�nement level (notedr l ) by the mesh size
ratio compared to the �nest mesh dimension. The number of �ne equivalent points is given by
the following formula.

�ne equivalent points =
N r l � 1X

r l =0

(points in level r l ) �
�

1
2

� r l

(V.3)

In Eq. (V.3), at each octree transition the mesh size is doubled. Thus, the local time step is
twice bigger, which halves the number of temporal iterations (CFL=1 by construction in LBM).
Thus, the �ne equivalent number of points is a good indicator of CPU cost, whereas the total
number of points is mainly limited on ONERA’s cluster by the Random-Access Memory (RAM).
That is why, adjusting each re�nement area is a key parameter of the LBM set-up de�nition.
In the following table, summarizing set-up process, the points are indicated in million. As a
reminder, DC denotes the Direct Coupling cell-vertex algorithm used in ProLB, which helps
reducing spurious noise sources at mesh transitions.
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case DC pts (eqv �ne) geometry comments and highlights

coarsev1 no 170 (133) baseline Coarse mesh set-ups are used to perform parametric

study to de�ne the velocity condition at the test sec-

tion entrance to reach the adequate Mach number in

front of the cascade, here M=0.34. No acoustic area

is considered.

coarsev2 no 244 (138) baseline The wake zone (cf. Fig. V.32) has been expanded to

facilitate the evacuation of the large turbulent struc-

ture due to transient period.

medium v1 no 411 (144) baseline In medium mesh set-ups, the mesh is twice �ner

everywhere compared to coarse mesh con�guration.

Moreover, an acoustic zone (cf. Fig. V.32) is added.

The idea of all medium mesh set-ups is to perform

�rst analysis of turbulence grid properties and far-

�eld acoustics.

medium v2 no 550 (237) baseline After analysis of turbulent �ow properties provided

by the medium v1 simulation, alteration (dissipation

and partial transfer towards larger vortices) of the

turbulent �eld appeared at the mesh transitions in-

side the test section. Indeed, previous set-ups con-

sidered a variable discretization in the test section

to account for variable mean �ow velocity and thus

minimize the number of points. In this medium v2

con�guration, it has been decided to remove these

transitions in the test section and to relocate them

at the exit of the test section. This choice avoids un-

desirable changes in turbulence properties from the

grid up to the NACA airfoils. However, the number

of �ne equivalent points has been increased, in com-

parison with medium v1 case, which has impacted

the CPU cost.
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medium v2 yes 550 (237) baseline The same calculation has been performed with the

Direct Coupling cell-vertex algorithm in order to

minimize parasitic noise radiation coming from tur-

bulent wake while passing through mesh transitions.

However, no clear di�erence has been observed. In-

deed the DC algorithm is particularly e�cient when

mesh transitions are aligned with mesh directions,

which is not the case with the medium set-ups. The

latter point is improved with the "�ne mesh" con�g-

uration.

medium v3 no 948 (263) baseline In the previous mediumv2 set-up, a parasitic noise

source was appearing in the simulation domain at the

mesh transition between acoustic and wake areas (cf.

Fig. V.32). It has been decided to remove this tran-

sition, by keeping a constant discretization between

acoustic and wake zones. This has been done at the

expense of the total number of points. However, a

negligible e�ect on overall performance has been ob-

served since the equivalent �ne number of points has

not changed so much.

medium v3 yes 948 (263) baseline Again, no clear di�erence in the far-�eld acoustics

with the Direct Coupling enabled. Indeed, in this

set-up mesh transitions at the exit of the test sec-

tion are not aligned with the mesh coordinates. Yet,

DC is more e�cient at avoiding parasitic noise at

mesh transitions crossed by a turbulent wake when

these transitions are non-oblique or curved. The "�ne

mesh" con�guration improves the latter point by con-

sidering straight mesh transitions.
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medium v3 no 954 (262) serratedd1 A �rst simulation with the serrated d1 geometry has

been performed in order to assess the noise reduction.

A maximum 4 dB reduction at mid-frequencies has

been obtained with the FWH integral method. How-

ever, with direct noise evaluation, almost no noise

reduction was observed (0.5 dB).

�ne yes 1 790 (338) baseline Two major modi�cations are introduced with respect

to the medium v3 con�guration. First, an additional

layer of re�nement around the airfoils is added in or-

der to improve acoustic source capture and aerody-

namic predictions. Moreover, the mesh transitions

between the test section and the acoustic area are

spaced and aligned with the mesh direction. The aim

is to reduce the strength of turbulent wakes crossing

mesh transitions along with a better working of the

DC algorithm due to straight transitions.

�ne yes 1 803 (350) serratedd1 The key point is the evaluation of the far-�eld noise

reduction (with the low-noise geometryd1) both with

indirect (integral method) and direct acoustic calcu-

lations. Aerodynamic behavior is compared to ref-

erence RANS calculation from Chapter V.1. Signif-

icant noise reduction of 4 dB is now observed with

the direct prediction.

�ne yes 1 819 (365) serratedd2 Due to a larger mean chord with the d2 design, the

number of points is slightly increased in comparison

with d1 set-up. The possible impact of serrated de-

sign d2 on noise reduction is assessed. Again aerody-

namic behavior in terms of Cp pro�le is compared to

the reference RANS solution.

Table V.5: Overview of the main numerical con�gurations for LBM simulations.
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Main LBM set-ups investigated through these laborious but necessary iterative simulations (in
order to get an accurate solution) are provided in Table V.5. Although small changes which
occurred during di�erent trials are not listed, three main highlights from the Table V.5 are
illustrated below.

1. Initially, mesh transitions were located inside the test section to limit the number of points
by taking advantage of the �ow acceleration induced by the nozzle. But it led to the
turbulent structures alteration with a partial transfer of the energy towards larger vortices.
Keeping a constant discretization from grid to cascade has solved the issue as illustrated in
Fig. V.33.

Figure V.33: u0
z � 10 [m/s] velocity �uctuations for two set-ups: medium v1 (left) and medium

v2 (right).

2. In medium set-ups, a 300 points per chord discretization have been considered around
the airfoils, whereas with the �ne mesh con�gurations, there are 600 points per chord.
Increasing the total number of points has signi�cantly reduced additional pressure sources
at the trailing edge and at mid-chord, which is expected to help better distinguishing the
leading edge noise mechanism as depicted in Fig. V.34.

Figure V.34: p0
RMS 0 to 500 [Pa] for two set-ups: mediumv3 (left) and �ne (right).

3. A parasitic noise source was appearing with the mediumv2 when the turbulent wake was
crossing the curved mesh transition in Fig. V.35 (left). Removing the latter in the medium
v3 set-up has solved the issue. However, three tilted mesh transitions remained in the
medium v3 con�gurations. With the �nal �ne mesh set-up, these mesh transitions have
been aligned with the mesh axis, as illustrated in Fig. V.35. Moreover, the Direct Coupling
(DC) algorithm has been used, the latter being particularity e�cient at the reduction of
parasitic noise sources occurring with straight mesh transitions. While almost no noise
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reduction with direct calculation (far-�eld probes in the numerical domain) was achieved
when comparing baseline and serrated geometries with the mediumv3 set-up, a reduction
of few decibels was obtained with the �ne mesh. This might be a combination of straight
separated mesh transitions in combination with the DC algorithm, and a �ner mesh around
the airfoils in Fig. V.34.

Figure V.35: p � p1 � 25 [Pa] pressure �uctuations for three set-ups: mediumv2 (left), medium
v3 (center), and �ne (right).

A detailed presentation of �ne mesh set-up de�nition is given in the following section.

V.3.1.2 Fine mesh re�nement

It can be pointed out that simulations on the �ne mesh con�gurations have been made possible
thanks to a unique availability of the ONERA supercomputer during a special event called "Young
Researcher Challenge".

Parameter / Geometry baseline serratedd1 serrated d2

CPU cores � 4000 � 4000 � 8000

solver restitution time (days) � 3.5 � 3.5 � 2

CPU core time (hours) � 300 k � 320 k � 400 k

Table V.6: HPC characteristics of LBM simulations on ONERA’s supercomputer Sator.

Main HPC features of these simulations are presented in Table V.6. In particular these LBM sim-
ulations provide an opportunity to test ProLB scalability up to 8000 cores. With 8000 cores, the
restitution time has been approximately accelerated by a factor 1.6. Regarding the octree mesh
de�nition, Figs. V.36 and V.37 show where the separations between di�erent mesh re�nement
levels are located.
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Figure V.36: Sketch showing mesh transitions in planesz = 0 and � = 0 .

Figure V.37: Mesh re�nement levels in the planez = 0 .

The number of points and the number of �ne equivalent points for each discretization region
are indicated in Table V.7, in terms of percentage to the overall point number (total or �ne
equivalent). The zone index corresponds to the numbering introduced in Fig. V.37. With this
distribution, 14 points per wavelength are ensured for the turbulent �ow in front of the cascade.
In the acoustic area at 10 kHz there is only 5 point per wavelength whereas from the LBM
community the recommended value is around 8 point per wavelength at minimum, which is
satis�ed up to about 6.5 kHz in the acoustic area.
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zone n� 1 2 3 4 5 6 7 8 9 10

mesh size (mm) 0.2 0.4 0.8 1.6 3.2 6.4 12.8 25.6 51.2 102.4

points in zone (%) � 6 � 3 � 34 � 14 � 11 � 29 � 1 � 0 � 0 � 0

eqv. �ne points in zone (%) � 31 � 8 � 44 � 9 � 4 � 5 � 0 � 0 � 0 � 0

Table V.7: Mesh characteristics at each discretization level.

Table V.7 indicates that discretization inside the test section (for convection of turbulence struc-
tures) is the main contributor to both the CPU cost and RAM usage. The second major com-
ponent of the CPU cost is the NACA airfoils. Moreover, increasing the mesh cut-o� frequency
in the acoustic area n� 6, from approximately 6.5 to 13 kHz, has been prevented by limited RAM
capabilities. Indeed, the number of points in the acoustic region n� 6 would have been multiplied
by 8, which an increased contribution to 77% of the total number of points. XY cuts of the octree
meshes around a turbulence grid bar and close to the NACA LE are presented in Fig. V.38. Two
successive layers of mesh of 8 points (above the minimum recommended value of 6) protect the
airfoil’s geometry, with a resolution of nearly 600 points per chord at the �nest level.

a) b)

Figure V.38: Octree mesh for the "�ne mesh" con�guration around a grid bar (a) and a NACA
airfoil LE (b).

Numerical parameters of the �ne mesh set-up are gathered in Table V.8. The operating condition
is driven by velocity injection in a plane upstream of the turbulence grid. The law de�ning the
in�ow velocity is also given in Table V.8. Finally, some absorbing layers are added in the far-�eld
to damp waves in addition to the octree mesh de-re�nement.
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V.3.1 Set-up of lattice Boltzmann simulations

Parameter Value and comment

dxmin 2 mm

Referencec0 343 m/s

Time step 3.36 e-7

Number of It. 1 200 k

Simulated Time 0.404 s

SISM cut-o� frequency 15 kHz

In�ow conditions Uinjection = 38.0*(It/200000)*(It<200000)+38.0*(It>=200000)

Table V.8: Numerical parameters of the simulations. SISM refers to the Shear-Improved
Smagorinsky Model. Uinjection denotes the velocity conditions imposed at the entrance of the
test section.

V.3.1.3 Validation of the set-up and mean �ow convergence study

The choice of the discretization around the grid and NACA pro�les is partially validated by
the y+ non-dimensional distance to the wall plotted in Fig. V.39.

a) b)

Figure V.39: Averagey+ at the turbulence grid surface (a) and at the airfoil skin (b).

Figure V.39 shows that y+ values are under 300 which is a threshold value for LBM simulation
with a wall log-law model. In addition to the surface outputs, several lines of probes are included
in the LBM simulation domain, apart from those materializing the half-circle microphone array
(plotted in Fig. V.31b).
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Figure V.40: Sketch of probes arrays (red lines) in the test section.

Temporal signals are recorded at locations displayed by red dots in Fig. V.40. Regarding the
convergence toward the experimental operating point, the target in�ow speed regime has been
measured at a distance of one chord in front of the vane cascade at the center of the test section.
The transient time has been reduced along with an improved stability of the computation by
considering a time ramp on the in�ow velocity condition. Without this ramp, an overshoot of
the velocity could lead to a crash of the simulation.

Figure V.41: Mean �ow convergence along each space direction.

A rather good convergence of the mean �ow properties is obtained after a transient time of
approximately 0.2 s, as demonstrated in Fig. V.41.
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Figure V.42: Axial mean �ow velocity U� (m/s) at the end of the simulation. Values averaged
on 66 advection chords in the plane� = 0 :025 m.

Figure V.43: Axial mean �ow velocity U� (m/s) at the end of the simulation. Values averaged
on 66 advection chords in the planez = 0 :025 m.

Figures V.42 and V.43 illustrate the mean �ow U� velocity. The squeezing e�ect of the nozzle on
the mean �ow is clearly visible, the mean �ow is only homogenized at the exit of the nozzle. The
blocking e�ect of the grid is also observable.

V.3.2 LBM solution analyzes and cross-comparisons with other
predictions and experimental data

Aerodynamic and aeroacoustic results mainly provided by the LBM simulations are compared
to experimental data from the InnoSTAT test campaign on the rectilinear cascade. Experimental
data and ready-user �les have been provided to ONERA by E. Salze and V. Clair from Centrale
Lyon who are gratefully thanked. Additional details about the measurements are presented in
Section II.3.1. Comparisons are also performed here with analytical solution (WH model) and
hybrid CFD/CAA computations discussed in the previous part. As discussed previously when
introducing LBM simulations, preliminary convergence studies were performed on the "medium
mesh" con�guration introduced in Table V.5 and continued with the "�ne mesh" con�guration.

V.3.2.1 Basic aerodynamic validation of the baseline and serrated vanes

First, a comparison between LBM simulations and reference RANS calculations is performed.
It has to be noted that the RANS computations consist in a 1-vane computation with periodic
boundary conditions (see Chapter V.1 for more details), whereas for the LBM simulations, the
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full set-up is considered. The mean �ow properties are extracted at mid-span for RANS and
LBM. The central vane is taken into account for LBM aerodynamic extractions since it is the
less in�uenced by the side plates.

Figure V.44: Contour maps of mean Mach number for RANS (left) and LBM (right) computa-
tions. Levels between 0 and 0.5.

Figure V.44 illustrates the mean velocity �eld, in terms of mean Mach number, provided by
RANS and LBM computations, where small di�erences appear. For instance, the boundary layer
thickness near the TE (at the suction side) is slightly greater with the RANS. The wall pressure
coe�cient Cp is also compared. It is assessed experimentally as well on the reference vane at
mid-span, for a �ow speed of 117 m/s, and compared to RANS and LBM predictions in Fig.
V.45. The Cp has been computed as follows:

Cp =
p � pref
1
2 � ref U2

ref
(V.4)

where subscript ref denotes mean reference value measured half chord upstream of the airfoil.

Figure V.45: Cp pro�le of the central vane at mid-span for the baseline con�guration at M=0.34.

A fairly nice agreement is pointed out between the three approaches. However, small oscillations
on the suction side are visible on the LBM results. Indeed, in this region, large curvature induces
steep geometrical variations of the intersection between the immersed boundary conditions and
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the octree mesh, which may produce some oscillations in the boundary solution.

a) b)

Figure V.46: Cp pro�le of the central vane at mid-span for the serrated d1 (a) and d2 (b)
con�gurations at M=0.34.

The Cp pro�les for the serrated geometriesd1 and d2 are illustrated in Fig. V.46. The mean
pressure has been extracted at peak and root locations around mid-span. Again, a good agreement
is found with the RANS solutions, even if a larger deviation can be observed near the TE in
particular for the d1 calculation compared to the baseline andd2 cases. Similar comparisons on Cp
pro�les have been performed at CERFACS [59], but at a higher in�ow (M = 0.53) demonstrating
a good agreement with the RANS solution again.

V.3.2.2 Characterization of the turbulent in�ow

The interaction noise radiated from the cascade of airfoils is directly related to the upstream
turbulent �ow generated by the turbulence grid. Thus, a reliable capture of the main turbulence
characteristics is required to check the pre-test conditions, which are of prime importance for the
serrated designsd1 and d2 de�nition discussed in Part IV. Instantaneous �uctuating velocity ( u0

� )
�eld in the mid-planes of the test section are depicted in Fig. V.47.
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Figure V.47: Snapshot of the �uctuating velocity �eld at mid-planes of the section.

Turbulent wakes generated by lateral plates at the exit of the test section are also reproduced
in Fig. V.47. More generally, the whole test bench is represented from the grid to the exit of
the test section. A quantitative analysis of turbulence properties generated by the grid can be
performed from time signals recorded during LBM simulations on a line of point probes placed
in the middle of the section. Turbulence is statistically stationary after the transient period due
to the temporal ramp on the velocity injection de�ned in Table V.8.

a) b)

Figure V.48: Temporal evolution of turbulence intensities (a) de�ned in Chapter III.1 (a moving
average of width 0.2 s is applied, resulting in a signal from 0.1 s to 0.3 s) and turbulence intensities
in front of each NACA airfoil (b).

Again, convergence is achieved after a transient time of approximately 0.2 s, as illustrated in Fig.
V.48a for the �uctuating velocities expressed in terms of directional turbulence intensity. It is
interesting to note an ampli�cation of the z-component, which might be due to the fact that the
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contraction of the test section is very strong (ratio 2.8) and only along this z-direction. As a result,
the turbulence �eld is not perfectly isotropic. In Fig. V.48b, the variation of turbulent intensities
is plotted along the cascade direction. It indicates that the blades are not uniformly impacted by
the turbulent in�ow, which is therefore not perfectly homogeneous. In the following, the focus is
put on turbulence properties analysis based on velocity spectra. The single component turbulent
velocity spectra, Su0

� u0
�
(f ), obtained from a single wire hot-wire probe at the location circled

in blue in Fig. II.16a are presented in Fig. V.49 for two incident �ow velocities, U� = 45 m/s
and 95 m/s (the higher reachable speed for a reliable use of the hot-wire data without vibration
issues). They are compared to the standard Liepmann isotropic model (in blue) calibrated by
experimental values for TI and L l deduced from theoretical expressions, discussed in Chapter
III.1. Here, the turbulence intensity is deduced from the formulation in the frequency domain,
and reads

D
u0

�
2
E

=
� + 1

0
Su0

� u0
�
(f )df and TI � TI � =

r D
u0

�
2
E

U
(V.5)

whereU = U� upstream of the cascade. The Parseval’s identity ensures that Eq. (V.5) obtained in
the frequency domain provides the same result foru0

�
2 than a standard estimation performed from

a temporal signal as done in Chapter III.1. However, it can be more relevant to consider Eq. (V.5),
than its temporal counterpart, especially for post-processing when the very low frequency response
is not perfectly converged. The turbulent length scaleL l is computed from the turbulence velocity
spectrum following

L l = lim
f ! 0

0

B@
Su0

� u0
�
(f )U

4
D

u02
�

E

1

CA (V.6)

as written in a similar fashion in Eq. (III.28) from Chapter III.1.

Figure V.49: Turbulent velocity spectra of the axial velocity component obtained during the
experimental test campaign.

Another solution to compute turbulence properties has been proposed during the experimental
data post-processing which relies on a least square �tting method. It is also plotted in Fig. V.49
(in red). The values of TI and L l are also given in Table V.9. Note that for U� = 95 m/s, the
experimental spectrum was only used up to 10 kHz because of vibration issues.
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U� = 43 m/s U� = 95 m/s

TI ( %) L l (mm) TI ( %) L l (mm)

Theoretical 6.1 11.2 4.9 13.3

Liepmann least square �t 6.5 11.2 5.0 12.6

von Karman least square �t 6.5 11.2 5.4 11.4

Table V.9: Turbulent intensity and length scale deduced from experimental velocity spectra

Overall, Liepmann’s model provides a very good �t to the experimental data, with a decay slope
in better agreement than von Karman’s model. The values of TI andL l deduced from the
theoretical expressions and from the least square �ts are consistent with one another, and there
seems to be some variations in these values between the two incident �ow velocities considered.
The theoretical and the least square �ts expressions are also deduced from the LBM results at
the same location than in the experimental set-up, around 20 cm in front of the vane cascade.

Figure V.50: Turbulent velocity spectra of the axial velocity component obtained from LBM
simulations.

In order to avoid a poor de�nition of spectra in the low frequency range, the post-processing
frequency range is restricted to 100 Hz - 10 kHz as illustrated in Fig. V.50. As a reminder, the
LBM results are acquired on 0.2 s contrary to experimental values obtained from a 60 s signal,
which explains the higher convergence in Fig. V.49 in the low frequency range. Thus, Eq. (V.5)
is particularly useful since it allows to discard the very low-frequency contributions. A turbulent
intensity TI and an integral length scale L l of approximately 2.8% and 7 mm are obtained for
both the theoretical and least square methods. There is a clear gap with experimental values from
Table V.9. It must be emphasized that LBM simulations have been carried out using a pre-test
grid geometry with square bars of 1 cm side and a pattern of 4 cm whereas a di�erent grid of 2 cm
side bars and 5.5 cm pattern has been actually considered in the experimental test campaign. This
mismatch was tardily informed by Centrale Lyon (when numerical simulations were completed).
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A simple correction based on the energy spectrum has been proposed by ONERA to solve this
problem, whereU = U� is the mean velocity upstream of the cascade.

SLBM, corr
u0

� u0
�

(f ) = SLBM
u0

� u0
�

(f ) �
’ 1D

��

�
f; U exp ; TI exp ; L exp

l

�

’ 1D
��

�
f; U LBM ; TI LBM ; L LBM

l

� (V.7)

Spectra with frequency correction from Eq. (V.7) are plotted in Fig. V.51 with: Uexp = 95 m/s,
TI exp = 5 %, L exp

l = 12.6 mm , ULBM = 95 m/s, TI LBM = 2.8 %, and L LBM
l = 7 mm.

Figure V.51: Turbulent velocity spectra of the axial velocity component obtained from experi-
mental ( ) data and LBM simulations with ( ) and without correction ( ).

A very good matching is observed between experimental and adjusted spectra from LBM sim-
ulation. Indeed, with the theoretical method, a value of TI � 4.6 % and L l � 12.6 mm is now
obtained from the corrected LBM spectrum (very close to those from Table V.9). This correction
is also applied in the next section to far-�eld acoustic spectra obtained from LBM simulations.
Some additional analysis of turbulent �ow properties along the test section, from grid to NACA
airfoils, are discussed in the following.

Figure V.52 shows the evolution of the turbulence intensity between the grid and the LE of the
vanes. The very low frequency part of the spectrum has been discarded for post-processing. One
may observe that there is a rather good agreement with the experimental data from an older
experimental data. Yet, it has to be reminded from Section II.3.1 that these data have been
recorded in another test rig [36], using the same turbulence grid, but with a smaller test section
than during the InnoSTAT test campaign (30 cm x 15 cm vs 30 cm x 20 cm). Its pattern generates
a TI of 4.5 % and an L l of 9 mm, both quantities probed at 50 cm from the grid.
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Figure V.52: Evolution of turbulent intensity TI (left) and length scale L l (right) from the grid
to NACA airfoils. � =0 corresponds to the nozzle exit. Experimental data from [36].

Previously, the turbulent length scale L l has been obtained from the longitudinal velocity spec-
trum. Another available option consists in deducing turbulent length scalesL ij;k from spatial
correlations, as presented in Eq. (III.26). To that end, crossed lines of probes from Fig. V.40 are
considered, located half a chord upstream of the central vane.

Figure V.53: Turbulent length scalesL ij;k evaluated at a half chord upstream of the central vane.

Oscillations in Fig. V.53 demonstrate that the turbulent length scale post-processing from spatial
correlations remains very challenging. However, several key aspects can be deduced from Fig.
V.53. A strong anisotropy of turbulence is present which is not consistent with analytical models
and synthetic turbulence assumptions. Nevertheless, it is interesting to note thatL ��;z which
corresponds to the spanwise correlation length of the upwash velocity component (theoretically
equal to half the longitudinal integral length scaleL l ) is close to the serration design parameter
L t = 4 mm. Indeed, serrations wavelength� s = 4L t has been chosen accordingly in order to
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maximize the noise reduction. Unfortunately, theL t value with the turbulence grid used in the
KCA tests is larger (12.5 mm instead of 8 mm) so that the serration design is not fully suited.

V.3.2.3 Far-�eld acoustic spectra and sound power reductions

The acoustic �eld primarily generated by the interaction between the grid turbulence and NACA
airfoils is now analyzed. Figure V.54 shows a snapshot of the �uctuating pressure in the plane
z = 0 . The mean pressure �eldp0 has been subtracted to the pressure �eldp. Acoustic waves
emitted from the cascade can be observed in the domain, outside of the turbulent wake. Figure
V.54 does not show any spurious noise source, in particular at re�nement mesh transitions crossed
by the turbulent wake. Moreover, shear boundary layers at the side plates are also reproduced.

Figure V.54: Visualization of the �uctuating pressure (p0, levels between� 20 Pa) at mid-span in
the simulation domain - M=0.34

In order to outline the serration e�ects on acoustic sources on the vanes, the �uctuating pressure
has been extracted at the vane skin. The root mean square (RMS) �uctuating pressure (p0

RMS )
contour maps are plotted in Fig. V.55 at M=0.34.
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a) b)

Figure V.55: p0
RMS on the vane skin (levels between0 and 1000Pa). Calculations on the baseline

(a) and serratedd1 (b) geometries.

Two major areas of �uctuating pressure are visible on the baseline geometry. A primary area
of high pressure �uctuations is located at the LE and is caused by dipolar noise sources from
the turbulence-airfoil interaction noise. A secondary high pressure �uctuation band is noticeable
near the mid chord. These two locations of the noise sources (LE and at mid-chord) are also
found in the work by Lewis [120] (see pages 140-141, in particular). The secondary source in
this work is partly associated with a laminar-turbulent transition. It can be noted that the wall
law used is ProLB is supposing a stationary turbulent boundary layer. Therefore, this boundary
layer transition cannot be properly resolved in ProLB. More broadly, turbulent sources at mid-
chord can also be linked to �ow detachment at LE of stator vanes at the considered operating
condition, as shown by ZDES simulations and which could generate secondary sources as discussed
by François et al. [77] and Polacseket al. [145]. As expected from the literature [138, 15], the
LE pressure sources are concentrated at the roots and tips of the serrations in the low noise
design con�gurations in Fig. V.55b. The shape of the secondary noise source is also modi�ed
by the presence of serrations. These additional sources, might also limit the e�ciency of the LE
treatment.
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Figure V.56: Measured SPL at microphone 33 and various �ow speeds for baseline (in black),
designd1 (in green), and designd2 (in orange). 20 dB step between y-ticks.

The following analyzes are devoted to the comparisons of SPL spectra at selected microphones
of the far-�eld antenna used during the test campaign in Fig. II.15 from Section II.3.1. The
spectra at microphone 33 for the baseline andd1 cases are plotted in Fig. V.56, for all speed
�ows ( U = U� ) of the test matrix, from U� = 45 m/s (bottom curve) up to U� = 182 m/s (top
curve). As expected, as long asU� is increased, the SPL are increased, and the peak levels are
shifted to higher frequencies. A signi�cant level reduction can be observed for all speeds, and the
cut-on frequency of treatment e�ciency roughly varies linearly with U (according to the Strouhal
number St= f � hs=U). An assessment in terms of far-�eld noise reduction is also achieved at
locations corresponding to the microphone antenna. A �rst solution consists in the extraction of
the pressure sources at the vane skin and performing a FWH integral method. Pressure temporal
evolution is recorded on the same mesh than for the pre-processing during 0.2 s which results in
a frequency step of� 5 Hz. The signal is extracted every 64 time steps, which corresponds to a
sampling frequency of 46 kHz. Then, a Fourier transform is applied to obtain the wall pressure
�uctuations in the frequency domain required as inputs to the MIA code. As a reminder, the
calculation is performed considering the solid surface FWH formulation (restricted to the loading
noise term) with a free-�eld Green function. A second solution, more straightforward, consists
in computing acoustic spectra directly from probes placed at the microphone location (see Fig.
V.31b) also sampled at 46 kHz. It can be observed that in the acoustic region a 46 kHz extraction
corresponds to an extraction every two time steps. Moreover, to perform the calculation, it is
of prime importance, as in the experimental set-up to exclude regions crossed by the turbulent
wake, which would otherwise pollute the acoustic signature in particular in the low frequency
range. Numerical predictions provided by CAA and LBM are compared to measurements in Fig.
V.57 (a) and (b), for microphones 33 and 40 respectively.
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a) b)

Figure V.57: SPL comparisons on baseline case: numerical simulations vs. experiment at Mach
0.34 for mic. 33 (a) and mic. 40 (b). A moving averaged has been applied to smooth the spectra.
10 dB step between y-ticks.

The agreement is reasonable for all methods despite the fact that di�erent in�ow turbulent
conditions have been considered: TI = 5% and L l = 8 mm for the CAA (prescribed values),
TI = 2.8 % and L l = 7 mm for the LBM, TI = 5 % and L l = 12.6 mm for the experimental
data. It can be pointed out that sawtooth variations sometimes visible on the experimental
spectra (Fig. V.57 (b)) are fairly well captured by the LBM direct calculation, despite of the
numerical dissipation e�ects of the mesh beyond 6.5 kHz. Indeed, the direct LBM calculation is
the only numerical approach taking into account installation e�ects on the overall radiated noise.
In what follows, a correction is applied to the LBM direct acoustic spectra to take into account
discrepancies related to the di�erence in turbulence grid dimensions, as already pointed out when
analyzing turbulence properties. The following equation provides the corrected spectra:

SPLLBM, corr (f ) = SPLLBM (f ) + 10 log
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�
f; U LBM ; TI LBM ; L LBM

l

�
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��

�
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l

�

!

(V.8)

It has to be noted that contrary to Eq. (V.7), in Eq. (V.8) the equality ULBM = Uexp holds.
Indeed, the experimental acoustic spectra have been also obtained at the same regime of M=0.34
than in LBM. Correction from Eq. (V.8) is then applied to LBM direct acoustic spectra as shown
in Fig. V.57.
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a) b)

Figure V.58: SPL comparisons on baseline case: direct LBM results (with and without correction)
vs. experiment at Mach 0.34 for mic. 33 (a) and mic. 40 (b). 10 dB step between y-ticks.

With the proposed correction, a very good agreement is observed between the experimental and
numerical solutions. This demonstrates the relevance of the correction introduced in Eq. (V.7)
to compensate for the discrepancy in turbulence grid geometries. Moreover, Fig. V.58 con�rms
the ability of LBM simulations with ProLB to perform quite accurate direct noise predictions
taking into account all installation e�ects. A comparison of noise directives in terms of OASPL
is also provided. This time experimental data has been corrected to account for grid geometry
di�erence, similarly to Eq. (V.8).

Figure V.59: OASPL (from 100 Hz to 10 kHz) noise levels from CAA, LBM, and experimental
data.
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OASPL directivities are plotted and cross-compared in Fig. V.59. Aside from microphones in the
vicinity of to the turbulent wake, LBM direct prediction matches the experimental data, which
strengthens the conclusion already pointed out on SPL spectra from Fig. V.58. In addition to the
radiated noise predictions with the reference geometry, noise reduction predictions are achieved
for both d1 and d2 serrated designs. To get a general view of the noise reduction, an angular
summation of the acoustic spectra (avoiding the turbulent wake) is performed using the following
approximation:

� PWL = 10 log10

 
X

mics

PSDbaseline
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� 10log10

 
X

mics
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(V.9)

Due to the log functions di�erence, additional terms of Eq. (II.13) (such as the surface) disappear.
Note that for the same reason, turbulence grid corrections applied to LBM solutions are not
required when assessing noise reduction.

Figure V.60: Noise reduction assessment at the approach condition (M=0.34)

� PWL spectra provided by all available methods on designd1 at Mach 0.34 (Mach 0.3 for
CAA) are compared to experimental data in Fig. V.60 (using a linear frequency scale). The
WH and CAA solutions are close together. But both are exhibiting an over-prediction of the
noise reduction. The LBM predictions are fairly well matching the measurements, and more
particularly the direct LBM solution. Indeed, with the indirect calculation (FWH analogy), only
the noise sources at the vanes surfaces are radiated in the far-�eld. Any other sources present in
the test rig cannot be properly taken into account. However, it is interesting to note that even
with the indirect calculation, as done for CAA simulations, noise predictions is much lower with
LBM. Two explanations are plausible. First, a perfectly homogeneous and isotropic turbulence is
considered in CAA which matches the optimal design of the serrations as detailed in Chapter IV.2.
Second, LBM simulation is inherently able to capture some (under-resolved here) contribution
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of the self-noise (source generation mechanisms issued from the turbulent boundary layer e�ects
and vortices convected along the wall and not related to the LE noise) of the airfoils, contrary
to CAA approach that has been designed for LE noise assessment only. This can be checked
by comparing the RMS pressure at vane’s skin in Fig. V.29 (CAA solution) and Fig. V.55b
(LBM solution). Additional sources captured by LBM in the rear chord region are much more
intense compared to CAA. As mentioned earlier, these noise sources might be related to laminar-
turbulent boundary layer transition, although in ProLB this phenomenon cannot be accurately
predicted by the stationary turbulent wall law. In order to assess the impact of secondary sources
(apart from the LE region) on noise reduction di�erences between CAA and LBM, a limitation
of the integration surface in FWH to the LE region of the airfoils is proposed. Moreover, bottom
and top regions have been discarded in order to avoid corner �ow e�ects in LBM simulations.
The limitation of the surface integration is illustrated in Fig. V.61a.

a) b)

Figure V.61: Sketch showing the MIA integration surface limited to 25% of the LE and discarding
top and bottom sides (a). Noise reductions obtained with MIA from CAA or LBM data (b).

In both cases, CAA and LBM, noise reduction is increased by the limitation of the noise sources
integration. Yet, the di�erence appears larger with LBM as illustrated in Fig. V.61b and a better
agreement is observed between CAA and LBM indirect solutions. This may partially explain why
CAA leads to higher noise reductions. The other explanation previously pointed out is that a
perfectly homogeneous and isotropic turbulence is injected in the CAA domain. Moreover, the
remaining di�erence might be partly linked to secondary vortices at the LE [56] and which
are better captured by the LBM, although these secondary vortices are usually supposed to be
negligible in the case of single-wavelength serrations.
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Figure V.62: Noise reduction assessment at the approach condition (M=0.34)

Finally, the � PWL spectra provided by the direct LBM calculations at Mach 0.34 for designs
d1 and d2 are compared to the experiment in Fig. V.62. The good accordance between numeri-
cal and experimental spectra is quite remarkable. Furthermore, it con�rms the almost identical
acoustic performances of both designs at this regime. This reinforces the interest of the second
design improved from the aerodynamic point of view, as proposed in Chapter V.1, showing al-
most no penalty on acoustic performances and even a slight increase of� PWL. Comparison with
experiment also highlights the rather low sensibility of the noise reduction to the turbulent in�ow
properties with respect to the integral length scale. Indeed, the serrations wavelength� s � 16:7
mm is slightly o� the optimum, which would have been 2L l � 25 mm. Experimental sensitivity
analysis to in�ow parameter can be found in [138].

As a last result, complementary power reduction spectra obtained during the test campaign
for various in�ow speed regimes are analyzed.
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Figure V.63: � PWL measured for d1 and d2 designs at 3 regimes: Mach 0.25 (left top), Mach
0.34 (right top), Mach 0.54 (bottom).

The � PWL spectra obtained from the measurements are plotted in Fig. V.63 for three �ow
regimes: M=0.25, M=0.34 (already discussed in Fig. V.62), and M=0.54. A signi�cant level
reduction up to 6 dB can be observed with a peak frequency linked to the speed �ow. Moreover,
acoustic performances are found to be close with a slightly higher reduction ford2, particularly at
higher speed (Mach = 0.54). A signi�cant level reduction can be observed for all speeds, and the
cut-on frequency of treatment e�ciency roughly varies linearly with U (according to the Strouhal
number St = f � hs=U). The semi-empirical log-law from the literature is con�rmed to be a
reliable indicator too, when the constant term is modi�ed to better �t the present experimental
results: PWL (dB) = 10 log(St) + 8 .
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V.4 Comparison of the trade-o� between cost
and �delity of the di�erent approaches

The purpose of this chapter is to provide some elements to feed the discussion about the
pros and cons of the di�erent modeling approaches: analytical solution, hybrid CFD/CAA, and
LBM. The focus is made on the physical representativeness of the underlying assumptions and
associated CPU cost for each approach. Main pros and cons of each numerical approach are sum-
marized in Table V.10. Advantages and disadvantages of each approach are discussed according
to a thematic splitting: aerodynamic loads calculation, mean �ow representatives, turbulence
characterization (both in terms of 1D properties such as TI andL l and unsteady turbulence
�eld representation, and acoustic far-�eld prediction). Another aspect, in terms of manpower
e�ort dedicated to the numerical set-up should be considered too, since the mesh constraints are
di�erent from CFD, CAA to LBM simulations. Lastly, the CPU consumption required for each
approach is evoked.

The reader may note that analytical (Amiet or WH) solutions are not detailed in the Table.
V.10. Indeed, they both focus on the acoustic predictions only, with strong assumptions: �nite
or semi-in�nite �at plate in a uniform mean �ow with all turbulent �ow properties being pre-
scribed. However, these analytical approaches can provide acoustics predictions on large array of
microphones in a very short period of time (few minutes), which allows fast parametric studies.
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method Hybrid CFD (RANS 3D + Euler 2D) / CAA LEE + FWH LBM

Variant (k� ; kz ) (1-channel CAA) (k� ; k� ; kz ) (3-channel CAA) Weakly compressible

aero. loads
+ RANS 3D: accurate determination of aerodynamic penalties and loads. All stationary and unsteady aerodynamic quantities are com-

puted.

- Euler 2D: no assessment of aerodynamic performances. Steady aerodynamic loads calculation slightly less accurate than

with RANS body �tted mesh simulations.

mean �ow
+ Euler 2D: mean �ow calculations satisfying inviscid CAA assumption and thus well

suited to mean �ow inputs for CAA.

Mean �ow computed inside and outside of the test section.

- RANS 3D: requires removal using in-house routines (not fully automatized and not

user friendly).

turb. prop.
+ RANS 3D: relatively accurate estimation of kinetic energy and able to provide a rough

value of the turbulent length scale estimation.

Fully resolved turbulence characteristics up to the cut-o� fre-

quency.

- RANS 3D: reliable computation of the turbulent length scale remains challenging.

Euler 2D: no assessment of turbulence characteristics.

Advection of turbulence is quite expensive.

turb. �eld
+ The turbulence spectrum can easily be changed. All turbulence unsteady �eld simulated up to the cut-o� frequency

- Boundary conditions and divergence free conditions can be hard to achieve. Expensive advection of turbulence.

acou.
+ 3D turbulence noise sources taken into ac-

count.

Accurate source capture. Direct acoustic predictions with all in-

stallation e�ects.

- Cascade blade to blade interaction not per-

fectly taken into account. No installation

e�ects. Self-noise not properly modeled.

No installation e�ects. TE edge noise not

properly modeled.

Expensive direct calculation. Direct calculation is more sensitive

to mesh re�nement choice.

Other CFD and CAA mesh generations take. But slight geometry changes can be easily

handled by the ersatZ modeler.

Limited to the approach operating regime (weakly compressible

version). De�nition of re�nement zones can take time. But ge-

ometry easily exchangeable.

T= 1/ � f 100 Hz 100 Hz 5 Hz

Cost per � T � 7k hours � 30k hours � 160k hours

Table V.10: Comparison of analytical and numerical approaches regarding �delity and CPU cost.
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Chapter V.4 : Comparison of the trade-o� between cost and �delity of the di�erent approaches

From Table V.10, it can be deduced that both numerical approaches respond to two di�erent
philosophies. The hybrid CFD/CAA approach is e�cient at improving a given design, without
taking into account the installation e�ects. Indeed, RANS 3D is very accurate at aerodynamic
load prediction and CAA perform very well at capturing LE noise. For this relative comparison
purpose between two designs, the 1-channel CAA computations with(k� ; kz) turbulence is the
most e�ective. The 3-channel approach with (k� ; k� ; kz) enables more accurate absolute noise
levels predictions, as it reproduces better cascade e�ects and blade to blade interactions. In the
long run, 1-channel CAA with (k� ; kz) seems appealing for shape optimization process. However,
for the CFD/CAA approach, turbulence properties usually have to be experimentally provided
since the length scale computation from RANS remains challenging, as discussed in [111] for
turbofan applications. In the present the simulations, the turbulence properties were not at all
computed by RANS but, provided as an input.

LBM approach o�ers several bene�ts. First, no input data is required for turbulence calcula-
tion. Indeed, the turbulence grid is included in the simulation domain, which provides a more
representative velocity �uctuation �eld, accounting for inhomogeneity and anisotropy. Second,
LBM provides accurate absolute acoustic level predictions as it takes into account installation
e�ects with direct noise capability. Moreover, additional noise sources (apart from interaction
noise) are also modeled. Third, once a set-up has been properly de�ned, LBM is a user-friendly
approach considering its ability to easily modify the considered geometry associated with quasi
automatic re-meshing of the octree mesh. From that perspective, it is also an appealing approach
for choosing between several designs. The main di�culty in LBM set-up lies in the de�nition of
mesh transitions, in particular for a direct noise prediction. The present �ne mesh set-up could
be further improved by replacing the acoustic half-sphere with a thick disk and halving the mesh
size in this region, which would increase the cut-o� frequency above 10 kHz. Although, in this
study the ProLB version is limited to weakly compressible �ows, CERFACS has been carrying
out computations on the same rectilinear cascade, but with a compressible version of the solver
[59].

For a same output signal lengthT = 1=� f (without transient), CAA and LBM requires similar
CPU resources. However, LBM computations require a longer transient time to convect the in-
formation from the grid to far-�eld probes (to perform direct calculation). Furthermore, it should
not be forgotten that CAA represent a more research oriented approach. Indeed, the synthetic
turbulence enables a more in depth study of interaction noise mechanism, for example depending
on the turbulent �eld structure. From that perspective, synthetic turbulence injection in LBM
could represent a way forward, although boundary conditions represent a major constraint for
the generation of a divergence-free �eld as discussed in Part III.

For the �rst turbofan application presented in the next chapter, the CAA approach has been
retained.
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Part VI

Application to realistic turbofan
con�gurations
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This part aims at presenting the extension of the CAA numerical approach to turbofan con�g-
urations. First, calculations on a reference benchmark case are performed. This reference case is
based on the NASA SDT test rig introduced in Section II.3.2, and the present study relies on a
CAA numerical set-up previously assessed at ONERA. First numerical simulations have indeed
been carried out by Cader [154], using the sAbrinA solver coupled to a synthetic turbulence.
Available results, numerical set-up, and turbulence generation routines have been fruitfully re-
used here. The essential points are recalled before proposing new studies including a focus on the
mean �ow in�uence and the number of vanes taken into account for acoustic post-processing.

A �nal chapter is devoted to the future InnoSTAT test campaign on the ECL-B3 turbofan. As the
test parameters are not de�nitively �xed, this work is based on a very similar con�guration from
a previous project [154]. Drawing on the methodology developed in Parts IV and V, the serration
design process is transposed from a rectilinear cascade with a uniform in�ow to an annular con�g-
uration with a spanwise variation of the turbulent in�ow, as already done in Appendix G. Then,
preliminary assessment is performed using the Wiener-Hopf technique [28] already implemented
in Part IV and Appendix G. Due to delayed InnoSTAT test campaign, no CFD/CAA or LBM
simulations are performed under the scope of this thesis. In addition, as for LBM, the ProLB
version used during this thesis is limited to weakly compressible �ows (M<0.7). The possibility
of carrying LBM simulations on such turbofan con�gurations with the new compressible version
of the code is addressed in the perspectives part of the thesis.
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VI.1 CAA simulations on the NASA SDT
benchmark

In order to assess the prediction of the broadband noise radiated by a turbofan, a benchmark
case namely the NASA SDT, was proposed. The 3D numerical approach here is based on the
CAA code sAbrinA. The work consists in a follow-up of a simulation which was previously carried
out at ONERA coupled with a 2D turbulence (kx , kr ) injection similar to the process used in
Part V for the rectilinear cascade con�guration but written in a cylindrical coordinate system.
This previous simulation led to a higher predicted noise level than the experimental data (see
the NASA SDT section of [154]). In the former study, the mean �ow �eld was provided by a
RANS simulation with inadequately prescribed operating conditions. This wrongly de�ned mean
�ow �eld has been suspected to generate an unrealistic vorticity �eld in the CAA resulting in the
higher noise levels for the CAA computation. A CAA simulation with a new RANS mean �ow,
recently obtained with elsA code, is conducted here.

VI.1.1 Set-up of the CAA simulation with a RANS mean �ow

A reminder of the main steps required to obtain the numerical prediction and to compare with
the experimental data is proposed.

1. A RANS simulation over the full fan-OGV stage using a mixing plane approach is carried
out. The mixing plane is de�ned at the rotor outlet/stator inlet, where the data are
averaged in the circumferential direction on both the rotor outlet and the stator inlet
boundaries. This allows to solve a steady-state problem. It provides the mean �ow for the
CAA simulation. The RANS simulation domains are illustrated in Fig. VI.1.
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Chapter VI.1 : CAA simulations on the NASA SDT benchmark

Figure VI.1: Rotor and stator computational domains of the single channel.

(1 bis). A RANS simulation is performed on the isolated rotor blade (in the rotating frame attached
to the blade), in order to get the turbulence characteristics (L l and TI). The radial pro�le
is obtained by averaging the quantities over the pitchwise direction. To get the turbulence
characteristics up to the LE of the OGV, the out�ow boundary of the isolated blade domain
is extended beyond the OGV plane. In the present study, the turbulence pro�les used to
calibrate the isotropic turbulence spectrum model are directly provided by the experimental
measurements, available from the data package delivered in the framework of the NASA
SDT benchmark [8].

2. The mean �ow for the stator stage is interpolated on the CAA grid.

3. The �ow is then �ltered in order to satisfy the non-viscous assumptions of Euler’s equations
solved by the CAA. Indeed, unsupported strong velocity gradients in the wall boundary
layers are likely to generate unrealistic vorticity and give rise to numerical artefacts. This
can result in spurious additional noise sources. Moreover, the CAA calculation may become
locally unstable with the uncorrected RANS mean �eld, as demonstrated in [47]. To perform
the CAA simulation, the boundary layers and recirculation bubbles have to be removed from
the mean �ow. To this end, the mean �ow is modi�ed in the latter zones in order to keep a
minimal positive axial velocity, which avoids an over-accumulation of the acoustic energy.

4. A pre-processing module is run to simulate the injected synthetic turbulence �eld at each
time step to be stored over a speci�c zone (rows of cells involved in the Tam’s injection
boundary condition). A 2D axi-symmetric turbulence of the shape(u0

x (kx ; kr ); (u0
� (kx ; kr ))

is considered. Further details can be found in [154]. This description is similar to the
(kx ; kz) model used in Parts III and V but expressed in cylindrical coordinates.

5. The CAA computation is performed. The wall pressure �uctuations on the blades are
extracted throughout time. A post-processing unit computes the harmonic loadings on the
blades, which are the Fourier-transformed pressure �uctuations, as done for the cascade
simulations.
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VI.1.1 Set-up of the CAA simulation with a RANS mean �ow

6. Then, the harmonic loadings or sources terms are radiated in a ducted domain thanks to
an-house code FanNoise (introduced in Section II).

7. The in-duct sound spectrum provided by the simulation is compared to experimental values.
It should be noted that the PWL spectra issued from the experiments are obtained from a
free-�eld antenna so that the in-duct power spectrum is assumed to be close to the radiated
one.

In this case, a three channel domain is considered. As illustrated in the simulation carried
out in [154], there is a more reliable cascade e�ect impacting the radiated acoustic spectrum
if several adjacent vanes (at least 3) are taken into account in the simulation domain instead
of just one. The domain used for the CAA simulation is described in Fig. VI.2. In previous
simulations carried out at ONERA on the NASA SDT con�guration, only the central vane has
been considered for the FWH analogy. This choice, which is proved to be a salient point during
this work, is challenged later.

Figure VI.2: Description of the CAA computation domain with speci�c boundary conditions.

Additional details concerning the set-up of the simulation can be found in [154]. Only the
main elements are summarized here. The three channels mesh has 18 blocks and a total of
approximately 19,2 million points. The mesh size was chosen to ensure the propagation of the

velocity and pressure �uctuations. Thus, the cell size must satisfy� l <
� min

10
(l denoting the

characteristic dimension of a cell), with � min the shortest turbulent or acoustic wavelength.
Moreover, only a �nite range of wave frequencies can be adequately computed. The maximal
frequency f max is determined by the axial discretization � x. The minimal frequency f min is
determined by the time of one period of the simulationT = 1=50 s. Thus, the synthetic turbulence
can be generated within a range of frequencies between50 Hz and 20 kHz using Liepmann’s
spectrum model with a step of50 Hz. The radial wavenumber varies between� 900 m� 1 with a

161



Chapter VI.1 : CAA simulations on the NASA SDT benchmark

step of 10 m� 1. A convergence study was performed in the framework of [154], in order to select
the proper radial mesh size. It has been shown that about 160 points over the radial direction
are required to get a reliable solution. Finally, the time-step was chosen in order to ensure a

local CFL number lower than 0.8: CFL = min
i

�
(juj + c) i

� x i

�
< 0:8 = CFLmax , with i denoting

the considered spatial direction. The parameters used for the synthetic turbulence generation
match here by the experimental data and prescribed radial pro�les are plotted in Fig. VI.3. The
blue curve denotes the absolute velocity, practically used to set the turbulence in�ow convection
velocity U = U� , and the red curve denotes the absolute �ow angle.

Figure VI.3: Radial pro�les of the mean �ow absolute velocity and angle � c (left) and the
turbulence characteristics (right) at the OGV plane (HW2 location) issued from experiment.

It was also checked in [154] that the turbulence velocity spectrum, picked-up upstream of the
vanes in CAA, was in good agreement with the prescribed Liepmann spectrum model of the
injected synthetic turbulence (see �gure 10 in [154]).

Figure VI.4: Predicted PWL spectra in the bypass duct (extracted from [154]).

In the previous simulations [154], the results have shown a shift in frequency and amplitude of
the simulated spectrum compared to the experimental result, as plotted in Fig. VI.4. As pointed
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VI.1.1 Set-up of the CAA simulation with a RANS mean �ow

out in this �gure, limiting the FWH integration in the chordwise direction to the region of the LE
reduces the generated noise and thus the gap between numerics and experiments is drastically
reduced. One of the suspected reasons is that the RANS mean �ow used at that time (2016)
was not correct due to wrong pro�les (total temperature and total pressure) imposed at in�ow
in�nite boundary conditions. It was checked that the updated RANS solution obtained later
in 2019 was closer to the aerodynamic performance targets at the operating point (61.7% N)
and that the �ow detachment on the OGV suction side detected in 2016 RANS solution was no
more observed. Therefore, it could be the origin of extra acoustic sources probably due to some
excitation of hydrodynamic modes impacting boundary conditions and overwhelming the physical
acoustic �eld. The �rst task in this chapter consists in investigating if an improved new mean
�eld will allow to obtain a reduction of the radiated noise to better match the experimental data
while integrating FWH over the full chord. A new RANS calculation matching the experimental
operating was performed at ONERA on the NASA SDT con�guration using elsA solver. The
main di�erences are visually highlighted in Figs. VI.5, VI.6, and VI.7. Generally, the velocity
contour map comparisons highlight that with the new RANS �ow, the velocity �elds are more
homogeneous with streamlines better aligned to the airfoil and re-circulations zones are less
pronounced. Moreover, the angle of incidence is more adequate. Finally, the operating design
point is better achieved for the new CFD computation.

a) 2016 RANS mean �ow. b) 2019 RANS mean �ow.

Figure VI.5: Axial velocity �eld comparison at radius 0:26 m. Levels between 20 and 130 m/s.

a) 2016 RANS mean �ow. b) 2019 RANS mean �ow.

Figure VI.6: Tangential velocity �eld comparison at radius 0:26 m. Levels between -10 and 120
m/s.
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Chapter VI.1 : CAA simulations on the NASA SDT benchmark

a) 2016 RANS mean �ow. b) 2019 RANS mean �ow.

Figure VI.7: Radial velocity �eld comparison at radius 0:26 m. Levels between� 10 m/s.

A new CAA computation is then performed with this new RANS �ow �eld. Figure VI.8 shows
how the injected velocity �uctuations are convected by the mean �ow. It outlines the 2D-axi
shape of the synthetic turbulence which is adopted.

Figure VI.8: Instantaneous view of the advected gusts:u0
� between � 10 m/s.

One may also notice that the �uctuations are less intense in the hub region than in the casing
region, which is directly related to the TI pro�le plotted in Fig. VI.3. After one period of
converged signal, corresponding to 300 000 time steps or� f � 50 Hz, the p0

rms (pressure root
mean square) over the vane surface is compared in Fig. VI.9 to previous solution obtained with
the older RANS mean �ow.
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VI.1.1 Set-up of the CAA simulation with a RANS mean �ow

Figure VI.9: p0
rms on the blade surface: previous (left) and updated (right) CAA.

The use of a new RANS mean �ow leads to a smoother distribution of the pressure. Moreover,
the noise sources near the TE are removed. Finally, the FWH integration is performed using
FanNoise code in order to assess the in-duct sound �eld radiated by the turbulent-like sources on
the vanes. The resulting PWL spectrum is plotted in Fig. VI.10.

Figure VI.10: Comparison of the downstream PWL spectra provided by the CAA computations
with the two RANS mean �ows.

Despite of the improvements observed on thep0
rms maps in Fig. VI.9, the PWL spectra obtained

with the new mean �ow input are roughly unchanged. This result is quite disappointing and it
seems to prove that other reasons are responsible for the present overestimation of the acoustic
levels. In the following sections, two other explanations are investigated.
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Chapter VI.1 : CAA simulations on the NASA SDT benchmark

VI.1.2 Impact of inviscid or RANS mean �ow on acoustic predic-
tions

Even if the new RANS mean �ow provides a cleaner �eld for CAA, it still requires a �ltering
step in order to treat the boundary layers and re-circulation zones. Indeed, it does not intrinsically
satis�es the inviscid assumption used in the CAA. That is why, a mean Euler �ow simulation is
proposed as an alternative. To perform this CFD computation, an open source Euler 2D code is
considered, which has already been used to obtain the mean �ow around the InnoSTAT rectilinear
cascade. The idea is to perform a 2D CFD simulation at each radius of the CAA domain. To this
end, the CAA domain is slightly deformed as shown in Fig. VI.11, since the duct has originally
not a perfectly annular shape with a constant cross section.

Figure VI.11: Deformation of the CAA domain toward a perfectly annular geometry.

At each radius of the CAA mesh, the geometrical boundaries are extracted (step (1)). From there,
a CFD mesh is build using a MATLAB code (step (2)). The mean �ow boundary conditions for
the 2D Euler code is provided by the RANS simulations, except for the boundary layers at hub
and casing which are discarded. In order to achieve the same operating conditions than for the
RANS, the out�ow static pressure of the Euler computation is adjusted. After having computed
the mean �ow �eld for each slice associated to each constant radius (step (2)), a routine is merges
the planar data to recreate a 3D �eld (step (3)). This 3D �eld is then deformed to match a
cylindrical coordinate system and it is interpolated on the CAA mesh (step (4)). The previously
mentioned steps are schematized in Fig. VI.12.
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VI.1.2 Impact of inviscid or RANS mean �ow on acoustic predictions

Figure VI.12: Illustration of the work�ow set-up to obtain to a mean �ow �eld for CAA calcula-
tions with a 2D Euler CFD code.

The following �gures compare the RANS (2019) and Eulerian mean �ow �elds. A very close
distribution of axial velocity is observed, which is of prime importance for accurate advection of
turbulence structures.

a) RANS mean �ow �eld. b) Eulerian mean �ow �eld.

c) RANS �eld (zoom on the LE). d) Euler �eld (zoom on the LE).

Figure VI.13: Axial velocity �eld Ux between 40 and 160 m/s.

A huge di�erence however appears for the static pressure �eld. In order to get the same operating
point than for the RANS computation, the static pressure at the out�ow boundary has been
adjusted in the Euler simulations. Figure VI.14 compares static pressure �elds. The deviation
relative to the static pressure �eld is assumed to have a negligible impact with respect to the �ow
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Chapter VI.1 : CAA simulations on the NASA SDT benchmark

convection e�ects and the source generation. An error of 2.2% on the mass �ow rate is obtained
between the 3D RANS and multi-slice 2D Euler solutions.

a) RANS mean �ow �eld. b) Eulerian mean �ow �eld.

Figure VI.14: Static pressurep0 extracted at r = 0 :26. Levels between 95k and 115k Pa.

A CAA simulation is then performed with the Eulerian mean �ow. The same synthetic turbulence
is injected than with previous CAA with a RANS mean �ow. The resulting �uctuating vorticity
advected by RANS and Eulerian mean �ow �elds are illustrated in Fig. VI.15.

a) CAA with RANS mean �ow. b) CAA with Eulerian mean �ow.

Figure VI.15: Vorticity ! 0
z at r = 0 :21 m, levels between� 10k s� 1.

A weaker vortex shedding is observed in Fig. VI.15 when an Eulerian mean �ow is used. This
might reduce spurious acoustic sources. As for the previous CAA simulations, the �uctuating
pressure distributions over the vanes are then extracted.

a) b)

Figure VI.16: Distribution of p0
RMS (levels between 0 and 1000 Pa) over the vanes skin. CAA

with RANS (a) and Euler (b) mean �ows.
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VI.1.2 Impact of inviscid or RANS mean �ow on acoustic predictions

Surprisingly, RMS pressure contour maps in Fig. VI.16 do not reveal a major modi�cation of
p0

RMS distribution between the RANS and Euler based CAA simulations. Pressure sources are
only slightly stronger with the Euler-based solution. This qualitative observation is con�rmed by
the comparison of the PWL spectra. No signi�cant di�erence is observed indeed in Fig. VI.17
between the two CAA and FWH combining solutions.

Figure VI.17: Downstream PWL spectra obtained with RANS and Eulerian mean �ows.

Two conclusions can be drawn. First, Euler-based simulation is very appealing since it is rather
easy and fast to perform multiple light 2D CFD Euler simulations, for which there is no need to
�lter boundary layers. That is especially a good point regarding acoustic simulations on serrated
designs. Indeed, LE serrations create strong recirculation which might be tricky to handle as in
[144]. That is why, Euler CFD has been used for the InnoSTAT rectilinear cascade con�guration
presented earlier in Chapter V.2. Second, a perfectly annular geometry represents a rather good
approximation to the �rst order of a realistic OGV duct in the view of CAA broadband noise
predictions. However, stronger peaks are visible in the Euler-based spectrum, which tend to
increase the levels on the smoothed spectra. To deeper explore the later observation, the squared
pressure is extracted on the vane skin at several frequencies indicated in Fig. VI.17.
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a) (f1) - RANS. b) (f1) - Euler. c) (f2) - RANS. d) (f2) - Euler.

e) (f3) - RANS. f) (f3) - Euler. g) (f4) - RANS. h) (f4) - Euler.

i) (f5) - RANS. j) (f5) - Euler. k) (f6) - RANS. l) (f6) - Euler.

Figure VI.18: For frequencies (f1) to (f6) (cf . Fig. VI.17), the squared pressure �uctuationp02

on the vane skin is plotted.

Aside from the peaks in the spectra from Fig. VI.17, RANS and Euler based CAA provide very
comparable pressure maps. At the peak locations, the pressure sources are stronger with the
Eulerian mean �ow, as shown by RANS/Euler comparisons in Fig. VI.18. In addition to Fig.
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VI.1.2 Impact of inviscid or RANS mean �ow on acoustic predictions

VI.18, the squared pressure is integrated over three di�erent areas de�ned in Fig. VI.19. The
relative contribution of each area in terms ofp0 2 is also provided in the adjacent table.

Figure VI.19: Considered surface of integration.

(f1) 2350 Hz (f2) 5000 Hz

TE MC LE TE MC LE

1/18 14/11 85/71 1/14 9/10 90/76

(f3) 6600 Hz (f4) 7150 Hz

TE MC LE TE MC LE

5/10 67/69 28/21 3/22 24/7 73/70

(f5) 8500 Hz (f6) 10200 Hz

TE MC LE TE MC LE

7/10 75/77 18/18 9/23 42/37 49/40

Table VI.1: At each frequency from Fig. VI.17,
the relative contribution (in percentage) of each
area represented in Fig. VI.19 is provided. Left
value corresponds to RANS based simulation and
right to the Euler based CAA.

From Table VI.1, the LE is the major contributor to p02 at all frequencies except at the peak
frequencies 6600 Hz (f3) and 8500 Hz (f5). Overall, peaks are more intense with the Eulerian mean
�ow �eld. This is certainly due to the perfectly annular geometry of the duct which emphasizes
cuto� e�ect of acoustic modes at the Green’s function singular frequencies. Moreover, the TE
sources are stronger with the Euler based simulations. This might be due to the �ltering of the
boundary layers near the TE with the RANS �eld. Indeed, the �ltering of the RANS induces a
stronger axial mean �ow at the TE than the one observed with the Eulerian mean �ow. However,
for both RANS and Euler based CAA, strong sources may appear at mid-chord (MC). In order
to visualize the in�uence of these sources at TE and MC on far-�eld spectra, a limitation of the
sources integration in FanNoise code is performed, as already done in [154].
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Figure VI.20: Illustration of the areas considered for the limited integration in FWH far-�eld
propagation code.

Figure VI.20 depicts the di�erent areas considered for the FWH analogy, with an integration of
the pressure sources limited around the LE.

Figure VI.21: Downstream PWL spectra with limited surface integration in FWH post-
processing.

The same trend is observed in Fig. VI.21 for RANS and Euler based CAA. The more the
integrated area is limited, the more the medium and high frequency contributions are reduced.
With a 35% limitation, a very close result to the experimental data is retrieved. As pointed
before, peaks are stronger with the Eulerian simulation. It might be due to the fact that the
simulation domain has been deformed, which could increase resonance phenomena, similarly to
the phenomenon observed in the InnoSTAT rectilinear cascade con�guration. To con�rm this
acoustic resonance assumption, a test case is proposed. Instead of injecting synthetic turbulence,
three dipolar and harmonic sources are considered in the simulation domain close to the LE and
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VI.1.3 Impact of the number of vanes taken into account on the far-�eld acoustics

the hub at a frequency of 16 kHz. Since the synthetic turbulence is constant from vane-to-vane
along the azimuthal direction, the dipoles are set with zero phase shifts.

a) Sketch of the dipolar sources. b) Euler-based CAA. c) CAA with dipoles.

Figure VI.22: Comparison of dipolar sources with synthetic turbulence onp02 distribution over
vane skin. Frequency of interest is 16 kHz (f7), as indicated in Fig. VI.17.

Interestingly, although this dipolar source representation is simplistic, a similar pattern is recov-
ered in terms of pressure distribution along the span in Fig. VI.22. This observation accentuates
the idea that the pressure sources observed at mid-chord are highly associated with an acoustic
phenomenon. The use of a 2D(kx ; kr ) synthetic turbulence model (instead of a 3D(kx ; k� ; kr )
turbulence) might be questionable at this stage, as these resonance e�ects would probably be less
pronounced ifk� wave number component was considered. Moreover, it has been observed during
simulations on the InnoSTAT rectilinear cascade in Part V that the acoustic correlation between
adjacent vanes has a huge in�uence on the acoustics. Yet, up to now, only the central vane has
been considered for the acoustic post-processing on the NASA SDT con�gurations. The in�uence
of the number of vanes taken into account for acoustics far-�eld prediction is now discussed.

VI.1.3 Impact of the number of vanes taken into account on the
far-�eld acoustics

First, a CAA simulation on a double sized domain is considered (6 vanes instead of 3). The
Eulerian mean �ow �eld is retained here.
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Chapter VI.1 : CAA simulations on the NASA SDT benchmark

Figure VI.23: u0
y contour map between� 10 m/s.

Figure VI.23 illustrates the �uctuating velocity �eld with the 6-vanes computation. The visual-
ization of �uctuating velocity appears to be cleaner in comparison with Fig. VI.8. Indeed, for
the 6-vanes computations, a temporal ramp has been added on the synthetic turbulence sources
injected at the entrance plane of the CAA domain. The temporal ramp removes the "spurious
mean value trails" visible in Fig. VI.8. This simple process allows to generate more physical
snapshots in terms of isotropic turbulence structures, even if it has been veri�ed that the previ-
ous transient structures had no impact on the accuracy of the CAA solution. In the following,
di�erent number of vanes are considered for the far-�eld propagation: 1/3, 2/3, 6/6 for the Euler
based CAA and 1/3, 2/3 for RANS based CAA.

a) CAA with Eulerian mean �ow. b) CAA with RANS mean �ow.

Figure VI.24: Downstream PWL spectra for di�erent combinations of vanes taken into account
during the acoustic post-processing.
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VI.1.4 Cross-comparisons with other numerical solutions

Figure VI.24 demonstrates that taking into account multi-vane channels (at least 2/3) in the
FWH calculation has huge impact. The di�erence in levels is maximum around the �rst reso-
nance frequencyf r = c0=(2s) = c0=(2rmid 2�= 54) � 7 kHz, with rmid the radius at mid-span.
Overestimation of noise levels around the latter frequency was already observed during simula-
tions on the InnoSTAT rectilinear cascade in Chapter V.2. Finally, taking 6/6 vanes reduces
slightly further the resonance bump.

VI.1.4 Cross-comparisons with other numerical solutions

The acoustic spectra, obtained with CAA sAbrinA are compared to experimental data along
with numerical data from alternative numerical approaches. First, a wall modeled NS-LES (WM-
LES) with TurboAVBP solver [20, 150], which includes 2 rotor blades and 5 stator vanes, along
with the nacelle is considered. They have indeed modi�ed the number of vanes from 54 to 55
to achieve a 2�= 11 angular periodicity in both stator and rotor domains. Far-�eld acoustics
have been obtained considering a FWH analogy based on the Goldstein’s formulation. Second,
a LBM solution provided by PowerFLOW solver is proposed in [52]. A 360� computation was
performed including all the nacelle geometry with rotor and stator stages. As for far-�eld acous-
tics, a porous FWH approach has been considered, which avoids modeling ducted propagation
at the radiation’s step. Third, in [176], a 2D CAA solution computed by PIANO LEE solver
on a 5 vanes con�guration and impacted by a 2D RPM synthetic turbulence (see Chapter III.2)
is compared to experiments. A 55-vanes computation with cyclostationarity is also presented
in the paper. Taking into account all vanes provides a smoother solution in the low frequency
region. A fully 3D synthetic turbulence has been also proposed in [109], but on another turbofan
con�guration.
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Figure VI.25: Downstream PWL spectra obtained from several numerical simulations and com-
pared to experimental data.

All results are concatenated in Fig. VI.25, where an overestimation of the CAA (simulations with
sAbrinA) is still observable in high-frequencies in comparison with experimental data. However,
the CAA solution is now much closer in comparison with previous studies [154]. The CAA result
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Chapter VI.1 : CAA simulations on the NASA SDT benchmark

might have been slightly improved if a RANS based computation with 6 vanes had been consid-
ered, due to slightly lower levels in Fig. VI.17. A 3D Eulerian mean �ow �eld computation with
a realistic duct could also represent an improvement, it is expected to reduce peak’s amplitude
observed in Fig. VI.17. In the low-frequency range, a huge overestimation of the noise radiation
is observed as for the WLES (the peak around 3 kHz is associated to the �rst BPF). Surprisingly,
the 2D CAA with PIANO under-predicts levels below 10 kHz. Authors noticed in [176] that a
360� results in smaller oscillations in the low frequency region of the spectrum. Only the LBM
matches very well the experimental data from 2 kHz to 20 kHz. It can be noted that apart the
LBM solution, other approaches consider a Goldstein’s analogy with in-duct mode propagation.

Possible improvements

In order to reduce the bump in low frequencies, increasing the number of vanes might represent a
step forward. This con�guration with an increased number of vanes should be ideally associated
with a 3D turbulence (kx ; k� ; kr ). First attempts using a 3D synthetic turbulence on turbofan
con�gurations have been investigated by Cader in [47]. Figure VI.26 illustrates the resulting
velocity �eld. However, generating 3D turbulence in annular geometries remains challenging (cf.
Chapter III.4). Considering a turbulence varying along the cascade direction(kx ; k� ; kr = 0) ,
as on the InnoSTAT rectilinear cascade con�guration (kx ; ky ; kz = 0) , might represent a more
convenient solution. In fact, as for the rectilinear cascade con�gurations, an almost identical
solution is obtained in comparison to a fully 3D turbulence. Perspectives in terms of extending
synthetic turbulence methodology to (kx ; k� ; kr ) structures (for turbofan cases) is addressed in
Chapter III.4.

Figure VI.26: 11-vane CAA mesh (left) and synthesized velocity turbulent �eld (right), extracted
from [47].
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VI.2 ECL-B3 PHARE-2: preliminary
serrated design and evaluation

VI.2.1 Backgrounds from ONERA studies on similar turbofan
models

Following experiment on the rectilinear cascade analyzed in Part V, the second InnoSTAT
test campaign will take place in 2023 at the Centrale Lyon PHARE-2 facility on the ECL-
B3 test rig. This turbofan mock-up has been brie�y presented in Section II.3.3. New designs
inspired by results from the rectilinear cascade will be compared to the baseline stator and to
a serrated geometry proposed by ONERA along with Safran in the framework of a European
project ENOVAL [4].

a) b)

Figure VI.27: Prototype of OGV serrations proposed by ONERA and Safran Aircraft Engines
during ENOVAL (a). 3D view of the serrated OGV02W19H4 (b).

This geometry illustrated in Fig. VI.27 has been de�ned considering an averaged turbulence
length scale. It has been manufactured by Safran during ENOVAL and it will be used as a ref-
erence for the low-noise concept during InnoSTAT. This design has been de�ned to account for
a spanwise averaged value of the turbulence length scaleL l . The initial design OGV02W19H8
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had been de�ned with 19 serrations andhs = � s = 2 � L l = 8 mm. But RANS calculation had
shown excessive aerodynamic penalties which has resulted in the �nal design OGV02W19H4 with
hs twice smaller. Moreover, OGV02W19H4 illustrated in Fig. VI.27 also includes a reduction
of the serrations amplitude near the shroud for mechanical constraints. A CAA simulation with
sAbrinA and (kx ; kr ) turbulence (as for NASA SDT simulation in this thesis) has been performed
to evaluate the noise reduction [154]. A rather small 2 to 4 dB noise reduction was obtained. But
it should be noted that the CAA was done considering a higher regime at 82 Nn instead of 55 Nn
(priority for Safran). These rather small reductions can be explained by the non-optimal criteria
�nally adopted ( hs reduced by a factor 2). Moreover, this radially uniform serrated design did
not account for local variations of the turbulence length scale which certainly limits the noise
reduction e�ciency.

Although the rotor geometry for InnoSTAT is unknown, the stator should be the same than during
the ENOVAL project. Thus, all the �ow values are given below for the turbofan F07C-OG02
con�guration proposed by Safran. The regime of interest is the APP OP, which corresponds
approximately to 55% of the nominal speed. Mean �ow velocities in Fig. VI.28 have been
provided by a RANS calculation. It should be noted that for this con�guration velocities remains
roughly unchanged from the mixing plane up to the stator LE. The absolute velocityU, has been
obtained considering a zero radial velocity. Indeed, the empirical and analytical model have been
derived assuming a mean �ow aligned with the airfoil’s chord.

Figure VI.28: Mean �ow velocities at the APP OP. Values extracted from a RANS mixing plane
calculation.

Additional RANS calculations with the rotor alone have been used to estimate the turbulent in�ow
properties at the stator LE. The radial pro�les of TI and L l are plotted in Fig. VI.29. It should
be noted that the L t pro�le is obtained by using the Ganz-based approach (see [110, 144, 145]
for more details).
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VI.2.2 Serrated-OGV design using turbulence in�ow characteristics from RANS

Figure VI.29: Turbulence properties at the stator LE location from a RANS calculation.

VI.2.2 Serrated-OGV design using turbulence in�ow characteris-
tics from RANS

After the ENOVAL project, ONERA has introduced a new design methodology focused on
spanwise varying serrations [144] in the framework of another European project TurboNoiseBB
[13]. Some information can also be found in Appendix G. Indeed, contrary to the rectilinear
cascade con�guration, the properties of the turbulence �eld are varying along the span as plotted
in Fig. VI.29. This variation needs to be taken into account to enhance the local noise reduction
from serrations. The following step are performed in order to choose the serrations amplitudehs

and wavelength � s. The criteria from Part IV are again considered, i.e. , � s = 2L l and hs = � s.

� Starting from the shroud, half of a wavelength is de�ned, i.e. of a width � s=2. The idea
is to avoid having serration root near the shroud which could generate corner �ows and
degrade aerodynamics. To determine� s an iterative procedure is performed in order to

achieve
1

� s=2

�

� s =2
2L l (r )dr = � s.

� The same iterative procedure is achieved to determine serration’s wavelength toward the

shroud. But this time a full serration is considered:
1
� s

�

� s

2L l (r )dr = � s.

� For the serration at the hub the value of � s is tweaked in order to get exactly half a serration
as for the shroud.

� The serration amplitude is chosen accordingly tohs = max(� s; 0:2 � c). Indeed, similarly to
[144], the amplitude of the serration is limited with respect to the chord, here 20% of the
reference chord length.

The process presented above is depicted in Fig. VI.30.
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Figure VI.30: Set-up of the evolutive serration parametershs and � s.

As proposed in Part V, for reduce aerodynamic penalties, the minimal chord of the serrated
design is kept unchanged. The 2D pattern of the low-noise vane is illustrated in Fig. VI.31.

Figure VI.31: 2D shape of the serrated vane.

One should remark that no threshold value was considered for minimum serration wavelength.
This could be easily imposed in order to avoid any structural issue. It can be also noted that
continuously varying serrations (not presented here) might be considered instead of the strip
calculation. However, this geometry de�nition is not suited for noise reduction assessment by the
WH analytical solution.

Then, the ersatZ morphing code is used to apply the 2D pattern to the 3D geometry of the
baseline vane. The same morphing laws than introduced in Part IV for the rectilinear cascade
are used but, with an increased mean chord as for the serrated geometryd2 de�ned in Part V.
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VI.2.3 Analytical assessment of the noise reduction

a) Suction side (ref.). b) Suction side (ref.). c) Suction side (serr.). d) Pressure side (serr.).

Figure VI.32: Comparison o� the baseline (reference) vane geometry with the low-noise design
provided by ersatZ.

The baseline and low noise design are compared in Fig. VI.32, along with the full stator stage
with the low-noise vanes in Fig. VI.33.

Figure VI.33: 3D view of the stator with serrated vanes.

VI.2.3 Analytical assessment of the noise reduction

An analytical assessment is proposed to estimate the noise reduction by means of the WH
technique implemented and extended in Part IV. As already achieved in Appendix G and in
[144], a strip calculation is performed. To this end, the mean �ow valueU, TI, and L l are
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averaged on each strip corresponding to a serration, as shown in Fig. VI.34 and Fig. VI.35.

Figure VI.34: Discretization per strip of the absolute velocity U.

Figure VI.35: Discretization of the turbulence properties per strip.

The noise reduction obtained using the WH technique in the frequency domain is plotted in Fig.
VI.36.
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VI.2.4 Future work

Figure VI.36: Noise reduction provided by the WH technique.

A 6 dB noise reduction is expected in the mid-frequency range. However, it is a theoretical value
assuming a �at plate impinged by a HIT. This is why, among other, the work presented above is
only preliminary.

VI.2.4 Future work

Therefore, prior to the InnoSTAT test campaign and serrated stator manufacturing planned in
2023, the preliminary serrated design, following the main steps proposed above, will be completed
taking into account the pre-test data from the ECL-B3 test rig. CAD geometries and engine
operating regimes will be provided by Safran. Noise reductions at the three acoustic certi�cation
points will be analytically estimated. In addition, aerodynamic penalties will be checked through
RANS calculations at the approach regime and aerodynamic design point. Some optimization of
the 3D vane shape might be proposed to reduce even further the aerodynamic penalties. Finally,
the baseline stator and the de�nitive serrated geometry proposed by ONERA will be simulated
using LBM simulations (with the compressible version of the ProLB solver) on the test ECL-B3
test bench.
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Conclusions and perspectives

Looking at future quiet aeroengines, this thesis has been aiming at developing innovative low-
noise stator concepts for the rotor-stator interaction noise reduction with dedicated prediction
methods. This study also allowed to apply and extend di�erent prediction methods, from low to
high �delity, to more realistic data sets. These methods include: an analytical solution for �at
plates with leading edge serrations (low-�delity), a CFD/CAA-LEE approach with 3D synthetic
turbulence (intermediate �delity), and LBM calculations (high-�delity). They have been applied
on the baseline geometry and two ONERA’s serrated designs for the InnoSTAT experimental
test campaign on a rectilinear cascade. Comparing all those methods on a single bench also
enabled a better understanding of the limitations of the di�erent models and their associated
assumptions. Furthermore, it has been demonstrated that a wavy leading edge treatment can
signi�cantly reduce the broadband noise, up to 5 dB in the installed con�guration, while limiting
the aerodynamic penalties. Finally, extension of the noise prediction approaches and the serra-
tion design methodology to more realistic annular con�gurations have been discussed.

With respect to the analytical assessment of leading edge patterns for noise reduction, a state
of the art solution proposed in [30] and based on the Wiener-Hopf technique has been extended
to take into account �nite span geometries and successfully implemented in a MATLAB code. In
parallel, this extension has allowed a strip calculation of spanwise varying leading edge serrations
impinged by a spanwise varying unsteady in�ow (investigated in Chapter VI and Appendix G).
A good agreement has been observed between the analytical solution and the CAA-LEE calcula-
tions on the rectilinear cascade con�guration. However, the analytical model has its limitations.
It tends to over-predict the noise reduction at low frequencies [131] in particular for very acute
geometries as investigated in Appendix F. Indeed, it lacks the modeling of the secondary vortex
mechanisms pointed out in [56, 50], which can play a major role as for the leading edge noise
reduction especially for slitted geometries [50]. Regarding the CAA-LEE, a �rst contribution
has consisted in substituting the genuine RANS mean �ow by an Eulerian one using an open
source 2D Euler code. This strategy avoids the need to �lter the RANS variables to satisfy the
non-viscous assumptions of the CAA calculations. In addition to the possible setting of a fully
Eulerian mean �ow, the generation of a synthetic turbulence coming from Fourier modes decom-
position has been successfully extended to fully three-dimensional �elds with 3 wavenumbers and
3 velocity components (suitable for a Cartesian coordinate system) and numerically interfaced
with the CAA solver sAbrinA. However, to achieve this result, a dedicated windowing has to
be introduced to cancel the spanwise velocity �uctuations at the hard-wall boundaries in order
to ensure the divergence-free property. Moreover, although the extension to 3D turbulence has
been demonstrated in Cartesian coordinates with a homogeneous in�ow, the transposition to
cylindrical coordinate systems is not trivial. Indeed, as discussed in Part III, it requires to relax
the wavenumber discretization constraint along one of the directions in space. In parallel to the
theoretical developments for 3D synthetic turbulence, all the generation routines have been opti-
mized in order to lower the associated CPU cost and keep it at a low level compared to the CAA
calculation itself. In addition to the synthetic turbulence generation methodology, a parametric
study on full span CAA simulations has been performed to highlight how the turbulence structure
in�uences the leading edge noise predictions. Hence, the turbulence variation along the cascade
direction is fundamental for assessing accurately the cascade e�ect and blade to blade interac-
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tions, whereas the spanwise variation of the turbulence is more crucial for assessing the acoustic
performances of the serrations. Finally, regarding the acoustic generation and propagation, a
parametric study on the number of vanes taken into account within the simulation domain and
for the Ffowcs Williams-Hawkings post-processing has demonstrated that this number has to be
carefully chosen to properly capture the cascade e�ects and blade to blade interactions. At last,
a challenging high �delity approach based on the LBM (using the code ProLB) has been applied
on the cascade con�guration by simulating the entire experimental set-up (including turbulence
grid, wind tunnel walls, and microphone antenna). The 2 billion points LBM solution has been
favorably compared to a reference RANS calculation along with experimental data in terms of
pressure coe�cient at the vane skin. LBM has also demonstrated its ability to accurately re-
produce the turbulence generated by the grid (with suitable correction for iso-grid comparison
with experiment). This allows to get rid of the de�nition of a prescribed synthetic turbulence
like in the hybrid CAA approach. Moreover, LBM may model more complex phenomena such as
non-uniform viscous mean �ow and secondary vortices generated at the peaks and roots of the
serrations. Concerning the acoustics, LBM matches experimental far-�eld acoustics both in terms
of absolute noise levels and noise reductions. Direct noise calculations are the only way to assess
the actual sound radiation patterns involving inherent installation e�ects, whereas indirect solu-
tions achieved from a Ffowcs Williams-Hawkings integral (solid surface formulation) are shown to
be much less accurate. However, Ffowcs Williams-Hawkings extrapolation can be satisfying for
relative noise reduction assessment although a little over-prediction in high frequencies appears.
Finally, regarding the design of 3D serrated geometries, a noticeable improvement proposed dur-
ing this thesis lies in the new morphing laws in Parts IV and V, to provide a 3D vane geometry
accordingly to a 2D leading edge pattern. This innovative deformation methodology has signi�-
cantly reduced the aerodynamic penalties, closely approaching the values for the reference pro�le.
In addition, the design has been able to achieve a promising sound power level reduction around
4 to 6 dB in a relevant frequency range (the frequency of maximum e�ciency increasing with the
speed �ow).
A preliminary extension to turbofan con�gurations has been presented in Part VI. In a �rst step,
a 6-channel 3D CAA simulation, with a 2D Eulerian mean �ow per slice, has been performed
on the NASA SDT case showing again the importance of the cascade e�ect and blade to blade
interactions. Then, in preparation for the InnoSTAT test campaign on the PHARE ECL-B3
turbofan con�guration, a spanwise varying serrated design has been proposed and the achievable
noise reduction has been assessed analytically.

In terms of perspectives, the main task would consist in following the work started in Part VI.
Outside of the development, prediction, and validation of aerodynamic and acoustic behavior of
serrated designs, the present CAA methodology applied for the rotor-stator interaction assess-
ment could be studied further. Indeed, only a 2D turbulence with a spanwise variation has been
applied on the reference NASA SDT case in Part VI. It would be appealing to study the impact
of a turbulent �eld varying along the annular cascade direction (adding angular wave number
contribution) involving quasi 360 degrees simulations, which could match better the experimen-
tal results in particular at low frequencies. Furthermore, it could be interesting to set up a 3D
Eulerian mean �ow instead of the 2D calculation per slice.
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Conclusions and perspectives

In preparation for the InnoSTAT test campaign on the PHARE ECL-B3 test bench, a serrated
design proposed by ONERA will be manufactured. Beyond the validation through compressible
LBM simulations and experiments in 2023 of the new design methodology on realistic Fan-OGV
stage con�gurations, the turbulent �eld properties may need a further investigation. Indeed,
although there is little variation on the turbulence intensity prediction between numerical ap-
proaches, there is still a huge uncertainty about the turbulence length scale estimation [90, 111],
whether from RANS or LES calculations. However, a small deviation on the actual turbulence
length scale should not noticeably impact on the noise reduction. For instance in [138] (page
78), a maximal loss of around -0.5 dB was observed when twice smaller or twice larger turbulent
length scale were considered. In terms of noise reduction e�ciency at high frequencies, it could
also be interesting to investigate the noise induced by laminar-turbulent transition as discussed in
Lewis [120] (see pages 140-141) and to verify whether or not it limits the noise reduction allowed
by the serrations. Apart from the broadband noise component, it is crucial to have a look at the
tonal noise reduction achievable by the serrated designs. Besides the noise reduction, a critical
point to reach a higher TRL and to implement a serrated OGV on a demonstrator is to check
that the aerodynamic penalties are acceptable on a turbofan rig. It was partly studied in previous
studies (ENOVAL [154], TurboNoiseBB [144]) using RANS calculations, but it will have to be
perform again before the tests. To this purpose, genuine optimization methods could be used or
more recent adjoint method could be implemented [48].

Finally, serrated designs could be applied on other con�gurations than UHBR turbofans, such
as future Unducted Single Fan (USF) con�gurations studied in the framework of CFM Rise [3],
for which the rotor-stator interaction mechanism is expected again to be a major contributor to
the engine noise.
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A Calculation of 1D spectra from velocity
Fourier transform

The set average of the product of the Fourier transform of the velocity and its complex conju-
gate is considered. Equation is expanded.
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A change of variable,t0 = t + � , is applied.
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The velocity correlation tensor can be recognized (see Eq. III.11).
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The mathematical identity, � (f � f 0) =
� + 1
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Let us consider that f = f 0.
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is performed under the frozen turbulence assumption (see Eq.
(III.9)).
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Once again, the velocity correlation tensor can be recognized (see Eq. III.11).
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The inverse Fourier transform ofRij is taken (see Eq. (III.13)).
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The 1D spectrum notation from Section III.1.3 is used.
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Finally, the relation between the velocity Fourier transform and the correlation spectrum is
obtained.
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B An algorithm to determine the direction of
the velocity for 3D turbulence structures

Let us consider the wavenumberk = ( k�;l ; k�;lm ; kz;n )T in the coordinate system(�; �; z ). The
goal is to build on orthonormal basis (ka ; kb; kc) from k in order to determine � lmn such as
k � � lmn = 0 . The main steps of the procedures are mentioned below with� lmn a random phase
term sorted for each mode(l; m; n ).

1. kc =
k

jjk jj

2. Supposing thatk� > 0

8
>>><

>>>:

ka =

 

�
k2

� + k2
z

k�
; k� ; kz

! T

( �;�;z )

; if jk� j + jkz j 6= 0

ka = (0 ; k� ; 0)T
( �;�;z ) ; if jk� j + jkz j = 0

3. ka =
ka

jjka jj
and kb =

kb

jjkbjj

4. kb = kc ^ ka

5. � lmn = cos(� lmn )ka + sin(� lmn )kb, with � lmn 2 [0; 2� ]
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C Link between formulations based on the
turbulence energy spectrum and the velocity
autocorrelation spectra

For the sake of simplicity, let us assume that� c = 0 . In order to achieve the comparison between
the formulations, an amplitude of a given modeu0

i = 2
p

E (k)� k � i = 2
q

E (k)=(2�k 2)� kx � ky � kz� i

is considered. The directivity of the velocity is given by the vector� which satis�es Eq. (VI.2),
following Appendix. B.

� = cos(� )
k
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k2
y + k2

z

0
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� (k2
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z )

kxky

kxkz

1

CA + sin(� )
1
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q

k2
y + k2

z
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0

� kzk2

kyk2

1

CA (VI.2)

The next step is to consider the mean value (denoted by the subscriptmean ) of the squared norm
of the vector � from a statistical point of view, considering an in�nite number of � randomly
generated.
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The expression of averaged (mean) velocities, with respect to� , can now be expanded.

u
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E (k)
4�k 2
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If one considers the squared amplitude of the average statistical velocities (u0
i;mean = 2

p
’ ii � kx � ky � kz),
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Chapter C : Link between formulations based on the turbulence energy spectrum and the velocity

autocorrelation spectra

the formulations which would have been obtained using autocorrelation spectra’ ii = E (k)=(4�k 2)(1�
k2

i =k2) are recovered. To conclude, it has been demonstrated that if an in�nite number of modes
is generated, the two formulations (relying on the energy spectrum or the autocorrelation velocity
spectra) tend towards the same limit.
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D Determining conditions under which a
divergence-free formulation can be achieved

The choice has been made to alter theu0
z component, with the aim of achieving a divergence

free formulation.

@u0z
@z

= � f w(z)A sin (k � X � !t +  ) kz� z + f 0
w(z)A cos(k � X � !t +  ) � z � g0

w(z)A � z (VI.3)

From Eqs. (III.51) and (VI.3), one can obtain that g0
w(z) = f 0

w(z)cos(k � X � !t +  ). More
precisely,gw(z) is a piecewise function likewisef w(z), de�ned as follows,

8
>>>>><

>>>>>:

8z 2 [zmin ; zmin + L w ]; g0
w(z) =

�
2L w

sin
�

�
z � zmin

L w

�
cos(k � X � !t +  )

8z 2 [zmin + L w ; zmax � L w ]; g0
w(z) = 0

8z 2 [zmax � L w ; zmax ]; g0
w(z) =

�
2L w

sin
�

�
z � zmax

L w

�
cos(k � X � !t +  )

(VI.4)

The idea of the following paragraphs is to demonstrate the conditions under which the previous
system of equations (Eq. (VI.4)) can be satis�ed taking into account that both functions f w and
gw are C1 and cancel inzmin and zmax . Let us consider that kz 6= � �=L w (the casekz = � �=L w

which is not detailed here and leads to the equality sin
�
kxx + kyy + �=L wzmin � !t +  

�
= 0 ,

which cannot be ensured for every set of variables).
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>>>>>>>>>>>>><

>>>>>>>>>>>>>:
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8z 2 [zmin + L w ; zmax � L w ]; gw(z) = Cb
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� � 2

2� 2 � 2k2L 2
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�

�
z� zmax
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kL w �

2� 2 � 2k2L 2
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sin(k � X � !t +  )sin
�

�
z� zmax

L w

�
+ Cc

(VI.5)
The integrated form of Eq. (VI.4) is given by Eq. (VI.5), where three constantsCa, Cb, and Cc

need to be determined. The functionsf w and gw have to be damped near the boundaries, for
example at zmin , gw(zmin ) = 0 . Thus, the constant Ca satis�es,
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Chapter D : Determining conditions under which a divergence-free formulation can be achieved

Ca =
� 2

2� 2 � 2k2L 2
w

cos
�
kxx + kyy + kzzmin � !t +  

�
(VI.6)

The continuity has to be ensured inz = zmin + L w , leading to Cb = gw(zmin + L w).

Cb =
� 2

2� 2 � 2k2L 2
w

cos
�
kxx + kyy + kz(zmin + L w)� !t +  

�

+
� 2

2� 2 � 2k2L 2
w

cos
�
kxx + kyy + kzzmin � !t +  

�
(VI.7)

Thus, the constant Cb can be expressed by Eq. (VI.7).

Cc =
� 2

2� 2 � 2k2L 2
w

cos
�
kxx + kyy + kzzmax � !t +  

�
(VI.8)

Likewise at z = zmax , gw(zmax ) = 0 which leads to Eq. (VI.8).

Cb =
� 2

2� 2 � 2k2L 2
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cos
�
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+
� 2
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cos
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�
(VI.9)

Thereafter, Cb = gw(zmax � L w) and Cb has also to satisfy Eq. (VI.9).

cos
�

kxx + kyy + kzzmin +
kzL w

2
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�
cos
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kzL w

2
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= cos
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kxx + kyy + kzzmin + kzL z �
kzL w

2
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�
cos

�
kzL w

2

�
(VI.10)

The constraint that Cb = gw(zmin + L w) = gw(zmax � L w) imposes that Eq. (VI.10) has to be
veri�ed.
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E Flow chart representing the synthetic
turbulence generation

Figure VI.37: Flow chart representing the synthetic turbulence generation.
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F Validation of the WH formulation on
experimental data from LE parametric studies
at ISVR

Accuracy and limitations of the WH model, presented in Section II.1.2.2, are investigated
through available experimental results carried out at ISVR (Institute of Sound and Vibration
Research) by C. Paruchuri [138]. In the following, M = 0.18,L l = 2L t = 7.5 mm, TI = 2.5 %,
c = 15 cm, L z = 25 cm. Moreover, the turbulence comes from a planar Liepmann turbulence
spectrum and it is supposed to be frozen, isotropic and homogeneous, see Part III. First, the
acoustic response depending on the serration’s amplitude is investigated, whereas the serration’s
wavelength � s equals 15 mm.

Figure VI.38: Noise reduction for various serration amplitudes

In Fig. VI.38, the analytical solutions (dots) reproduce adequately the noise reduction due
to the variation of the serration’s amplitude (experiments in colored lines). However, for high
h=� s ratios, the theoretical solution exhibits oscillations, which may be due to the fact that the
"energy" term En , please refer to [28], becomes small. An analogy can be drawn with [29], where
the WH-technique is applied to TE noise predictions. If these oscillations are not considered,
the experimental data is satisfactorily predicted. It has to be noted that the green curve is close
to the ONERA design from Part IV for which � s = 2L l = 4L t and hs = � s. Moreover, C.
Paruchuri provides in his study [138] an evolution law for the peak reduction, that relates the
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PWL reduction (in dB) of a given serrated geometry to a speci�c Strouhal numberSt =
fh s

U�
:

� P W L = 10 log(St) + 10 , in dB

The empirical log-law is plotted in Fig. VI.38, showing a very good agreement with solution
up to the peak reduction. Beyond the peak, the WH solution exhibits a "plateau" whereas the
experiment shows a decrease of the PWL reduction due to the contribution of TE noise not
accounted for in the WH model.
Secondly, the variation of the radiated noise is analyzed depending on the serration’s wavelength,
whereas the serration’s amplitudehs equals 25 mm. The same oscillations appear in Fig. VI.39
for very sharp edges. If these oscillations are discarded, the evolution of the maximal noise
reduction with respect to the serration amplitude is properly estimated, except for extreme values:
hs=� s � 5.

Figure VI.39: Noise reduction for various serration wavelengths.

Here again, the experimental decrease of the reduction at high frequencies is not predicted, which
may be due to the missing trailing edge contribution in the analytical model. The red curve is
close to the ONERA design from Part IV for which � s = 2L l = 4L t and hs = � s.
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G Application to a low-noise OGV in the
framework of TurboNoiseBB

In the framework of the European project TurboNoiseBB, ONERA has designed serrated
OGV’s assessed by RANS, CAA and analytical calculations [144]. For detailed explanations
about the design methodology, please refer to [144]. The WH model is applied to both the base-
line and low-noise OGVs. The OGVs are assumed to radiate noise to the far-�eld as isolated �at
plates, i.e., airfoil thickness, duct propagation and cascade e�ects are neglected here.

Figure VI.40: 2D low-noise OGV 2D designs: "GanzUniform" (left), "GanzUniformOpt" (middle)
and "GanzRadialOpt" (right).

Firstly, uniform in�ow conditions are imposed by setting radially averaged turbulence statistics
(case of Fig. VI.40, left). This is convenient for the WH formulation that assumes a periodic
LE along the span, such as the "GanzUniform" OGV design in Fig. VI.40. This OGV design
takes into account two signi�cant geometrical modi�cations discussed in [144]: (1) limitation of
serration amplitude and (2) local suppression of LE serrations near the hub. Radially averaged
turbulence statistics are used in the WH analytical model for the baseline case (hs= 0).
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Figure VI.41: PWL spectra at APP OP for the baseline OGV using di�erent methods (CAA,
WH, Amiet-based) and compared to measurements.

The baseline case is compared to numerical, experimental, and analytical predictions using
Amiet’s model at approach OP in Fig. VI.41. The PWL from the WH analytical model has
been computed from the contribution of 44 single-vanes (+10 log(44) dB), which corresponds to
the vane count of the OGV stage in the experimental set-up. This implies that LE noise radiates
to the free-�eld in contrast with the PWL spectrum from the extended Amiet’s model in the
TinA2D code, which accounts for duct propagation from an annular cascade [153]. Although
the PWL spectrum is over-predicted by the WH method at low and mid-range frequencies, the
spectral shape is well-predicted, and the levels tend to converge to the Amiet-based solution at
high frequency. This is mainly due to the free-�eld radiation assumption in the WH formulation,
which is known to be a high frequency approximation. Overall, this result is considered to be
su�ciently accurate to assess the aeroacoustic response of isolated airfoils with LE serrations.
Then, the "GanzUniform Opt" OGV design is used to assess the acoustic performances at three
di�erent fan speeds that correspond to the acoustic certi�cation OPs, using radially averaged
pro�les of TI and TLS from RANS simulations provided by DLR (see �gure 5 in [144]) and mean
�ow values from table I in [144].
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Chapter G : Application to a low-noise OGV in the framework of TurboNoiseBB

a) b)

Figure VI.42: PWL (a) and � PWL (b) spectra from WH calculations (1 vane) on reference and
low-noise OGV designs at the 3 OPs.

The WH calculations are performed for a single vane, and the resulting PWL and� PWL spectra
are shown in Fig. VI.42a and Fig. VI.42b, respectively. Signi�cant PWL reductions can be
observed at all OPs, although the design was optimized for the APP OP. This is consistent with
the results shown in the � PWL, where the maximum noise reduction is obtained at APP OP.
It can be also observed that the frequency associated to the maximum PWL reduction increases
with the mean �ow speed (from APP to SDL). This trend is in good agreement with the basic
design rules and initial results discussed in [144], in which the maximum PWL reductions varies
between 4 and 6 dB.

Finally, it is proposed here to split the actual "GanzRadialOpt" OGV in spanwise strips to
account for the spanwise varying LE (see Fig. VI.40 on the right). To this end, 9 strips are
de�ned along the span, where the last strip corresponds to the straight LE region near the hub,
and the in�ow characteristics are radially averaged over each strip. The periodicity condition in
the WH model is still valid for each strip, as the serration pattern is roughly preserved in the
spanwise direction. Using these assumptions, the WH-based predictions (for a single vane) are
presented in Fig. VI.43. It can be seen that the PWL spectrum provided by the free-�eld Amiet’s
solution [18] for the baseline case (using the strip technique for the characteristics of the incoming
�ow) has been included in Fig. VI.43 (on the left). A good agreement can be observed between
WH and Amiet solutions, which is consistent with the �ndings for the FLOCON test-case results
in Section IV.1.2. The shape of WH-based PWL spectra for the baseline and serrated LE vanes
are quite similar to those shown in Fig. VI.42a (APP OP), but the strip technique leads to
higher levels in the PWL spectrum. The analytical � PWL spectrum is plotted in Fig. VI.43
(on the right) and compared to the most accurate CAA prediction (�gure 22 in [144]). The WH
prediction obtained from the strip technique is rather close to the one shown in Fig. VI.42b (with
"GanzUniformOpt" design and radially averaged pro�les), but a slightly higher PWL reduction
reaching 5 dB at approximately 3.5 kHz can be observed. Although the WH analytical model
predicts larger noise reductions than CAA simulations, the trends are relatively similar up to 7
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kHz. The acoustic bene�t predicted by the analytical model might be slightly over-estimated
due to the �at plate and uniform mean �ow assumptions [135, 55]. Then, it seems reasonable to
conclude that the expected PWL reduction from the most promising low-noise OGV is within
these two limits. The WH method provides an OAPWL reduction of 3.5 dB (2.3 dB from CAA)
and a PWL reduction of at least 4 dB (2 dB from CAA) can be achieved in the considered
frequency range.

Figure VI.43: PWL predictions (single vane calculation) from WH model for baseline and
"GanzRadialOpt" OGVs and free-�eld Amiet model for the baseline case (left), and � PWL
prediction from the WH model compared to the CAA results (right).
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H Manufacturing

COMOTI has performed several tests in order to ensure the printing quality and durability.
They consisted in roughness measurement, which is de�ned by two quantities: the arithmetical
mean deviation of the measured pro�le and average value maximum height of pro�le. Measure-
ments were performed at several locations, shown in Fig. VI.44. Obtained roughness values were
smaller than 0.5 � m

Figure VI.44: Locations of the roughness measurements (black dots).

Moreover, 3D optical measurements were achieved, using GOM Atos system OGV, with samples
placed on a rotary table depicted in Fig. VI.45. Pictures were taken for a 3D body reconstruction.
Resulting 3D scans showed a general tolerance of� 0,25 mm. The deviation to the reference
CAD geometry is illustrated in Fig. VI.46.

Figure VI.45: 3D optical measurements using GOM Atos system.
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Figure VI.46: 3D body reconstruction from optical measurement. Colormap showing the devia-
tion to the reference CAD model. 3D Scan isometric view of the upper side (left) and 3D Scan
isometric view of the lower side (right).

Finally, the post-manufacturing testing at COMOTI, has been complemented by a static bending
test (not detailed here).

The author would like to thank COMOTI for the manufacturing of ONERA’s serrated designs
and also for sharing the data and pictures taken during this process.
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