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Abstract

Decreasing the noise emitted by turbofan engines is now one of the main constraints for
aircraft engine manufacturers. The fan/Outlet Guide Vane (OGV) stage is considered
as one of the major contributors to the total noise radiated by aero-engines, especially
for future architectures, such as ultra-high by-pass ratio engines. A lot of work has been
dedicated to the tonal components of fan/OGV stage noise, whereas the broadband com-
ponent has received less attention. At subsonic operating points, the main sources of
broadband noise originate from the interaction of the turbulent flow with solid surfaces
such as the blades and vanes. In the present work, fully-compressible large eddy simula-
tions (LES) are performed on a realistic fan/OGV stage to compute both the turbulent
flow and the acoustic emissions in the fan stage. To this end, three configurations of in-
creasing complexity and computational cost are considered: a radial-slice periodic sector,
then, a full-span periodic sector, and finally, a 360° full-stage configuration. The LES nu-
merical parameters are carefully chosen based on a parametric study carried out using flat
plates configurations. Several noise sources are studied using these configurations by (i)
either analyzing the LES direct noise propagation in the fan stage, (ii) or separating the
contributions of each noise source using a hybrid method coupling the LES results with
an acoustic analogy. The numerical results are compared with predictions from available
analytical models informed by the LES. Comparable results are observed between the
two approaches. Some discrepancies can be explained by additional noise sources present
in the LES that are not considered by the analytical models. Finally, the increase of
noise levels in the full-span sector simulation, due to the periodic boundary condition, is
evaluated by comparison to the 360° configuration.

Keywords: aeroacoustics, turbomachinery, fan noise, broadband noise, large eddy sim-
ulation, secondary flows, direct noise computation.
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Résumé

La réduction du bruit des turboréacteurs est un enjeu important pour les fabricants de
moteurs d’avion. L’étage soufflante/redresseur est considéré comme l’une des principales
sources de bruit d’un turboréacteur, particulièrement pour les nouvelles architectures de
moteurs d’avion, tel que les moteurs à très haut taux de dilution. Un grand nombre de
travaux de recherche a été dédié aux composantes tonales du bruit des turboréacteurs,
tandis que le bruit à large bande a reçu une attention moindre. En régime subsonique, les
principales sources de ce bruit à large bande sont associées à l’interaction de l’écoulement
turbulent avec les surfaces solides du moteur, telles que les aubes de la soufflante et du
redresseur. Dans la présente étude, des simulations aux grandes échelles (SGE) compress-
ibles sont effectuées sur un étage soufflante/redresseur réaliste pour modéliser l’écoulement
turbulent et les émissions acoustiques dans l’étage de soufflante. A cette fin, trois con-
figurations de complexité et de coût de calcul croissants sont considérées : une tranche
radiale d’un secteur périodique, puis un secteur périodique à envergure complète, et en-
fin un étage à circonférence complète (360°). Les paramètres numériques des SGE sont
soigneusement choisis en se basant sur une étude paramétrique effectuée sur des configu-
rations simples de plaques planes. Différentes sources de bruit sont étudiées en utilisant
ces configurations, (i) soit en analysant la propagation directe par la SGE dans l’étage
de soufflante, (ii) soit en séparant les contributions de chaque source de bruit à l’aide
d’une méthode hybride couplant les résultats des SGE avec une analogie acoustique. Les
résultats numériques sont comparés aux prédictions obtenues par des modèles analytiques
issus de la littérature, dont les données d’entrée sont extraites des SGE. Certaines dif-
férences peuvent être expliquées par des sources acoustiques présentes dans les SGE qui
ne sont pas considérées dans les modèles analytiques. Enfin, la surestimation du bruit
dans le calcul secteur à envergure complète, due aux conditions limites périodiques, est
évaluée par comparaison à la configuration à 360°.

Mots clés: aéroacoustique, turbomachine, bruit de soufflante, bruit à large bande, sim-
ulation aux grandes échelles, écoulements secondaires, prédiction acoustique directe.
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and (d) ṁ = 19 kg/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.16 Contours of turbulent kinetic energy kt around the rotor blade, for various
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nitude, for the mass flow rate ṁ = 20 kg/s. (a) Instantaneous flow field.
(b) Mode using the DMT technique at HFP1st. . . . . . . . . . . . . . . . 148

4.31 Iso-surfaces of Q-criterion (Qc2/U2
0 = 500), colored by the vorticity magni-

tude, for the different mass flow rates. The cases are shown by decreasing
mass flow rate, and increasing angle of attack of the fan blade. (a) 22 kg/s.
(b) 21 kg/s. (c) 20kg/s. (d) 19 kg/s. . . . . . . . . . . . . . . . . . . . . . 151

4.32 Contours of averaged streamwise velocity u around the stator vanes, for
various mass flow rates, (a) ṁ = 22 kg/s, (b) ṁ = 21 kg/s, (c) ṁ =
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Introduction

General context

According to an annual report of the International Civil Aviation Organization (ICAO)
in 2018, the number of air passengers is increasing (an annual increase of 4.5% to 8.7%
from 2010 to 2018). In parallel to this important growth of air traffic, the urbanization
of areas in the vicinity of airports is expanding, leading to a stronger opposition of the
population to pollution and noise emissions caused by airplanes. In order to respond to
this population exposure, more constraining pollutant and noise emission regulations have
been established. For this reason, three main axes of action were identified by the ICAO,
(i) the reduction of the emission of greenhouse gas on a global scale, (ii) the reduction of
pollutants emitted by aero-engines on a local scale, and (iii) the reduction of the noise
pollution. The present PhD addresses the latter axis.

In Europe, for instance, the Advisory Council for Aviation Research and Innovation
in Europe (ACARE) has set objectives of 50% and 65% noise reduction for the airplanes
constructed in 2020 and 2050 respectively, compared to airplanes from the 2000’s. These
objectives must be ensured for three certification points (as prescribed by the International
Civil Aviation Organization, ICAO) shown in Figure 1: approach, sideline and fly-over.

Over the last fifty years, important progress has been achieved in the aim of reducing
aircraft noise. In the 1940’s, the first aero-engines were single-flux engines characterized
by high speed exhaust hot gas to produce thrust. The noise emissions from such aero-
engines were thus related to the jet flow, for which the resulting acoustic power evolves
as the eighth power of the flow speed [147, 148]. With the development of double flux
reactors (also called turbofan engines), the airplane noise has been constantly decreasing
over the years. For turbofan aero-engines, the air flow is distributed between the main core
flow and the bypass flow, as shown in Figure 2. For this type of aero-engines, the thrust
generation is mainly based on the increased momentum in the bypass flow. Concurrently,
the speed of the exhaust hot gas is reduced, leading to lower noise emissions.

To further improve the efficiency of aero-engines, the bypass ratio (ratio between the
mass-flow rates of the bypass and core flows) has been increased over the years. The
new generation of aero-engines, known as ultra-high bypass ratio (UHBR) engines, is
characterized by bypass ratios between 12 and 20, whereas the bypass ratio is around 11
for present aero-engines [166].
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Figure 1: Acoustic certification flight paths and control points. (adapted from [40]).

Figure 2: Double-flux turbofan engine. OGV stands for "outlet guide vanes".

2
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Figure 3: Typical noise spectrum of an UHBR engine [166]. The arrows represent evolu-
tion trends over the years.

Noise contributors

A typical noise spectrum of a classical UHBR aero-engine is shown in Figure 3, where the
main noise contributions can be noted.

• Jet noise. The jet noise is generated by the mixing of hot high speed gases emitted
by the nozzle with the ambient air. Jet noise produces a low frequency broadband
noise component and mainly radiates downstream of the aero-engine.

• Fan stage noise. The fan stage of an aero-engine produces tonal and broadband noise
components. The tonal noise is usually characterized by rays at the blade passing
frequencies (BPF). The broadband noise component is related to the turbulent flow
in the fan stage and the different broadband noise sources are extensively described
in this work.

• Combustion noise. Combustion noise is usually decomposed into direct and indirect
combustion noise. The direct combustion noise comes from the unsteady flame in
the combustion chamber, associated with strong fluctuations of the local density.
Indirect combustion noise is generated by the acceleration of pockets of hot gas
through the turbine stage. The combustion noise is characterized by a broadband
acoustic signature at low to mid frequencies, and mainly radiates in the downstream
direction. This noise source is usually masked by the fan and jet noise sources.

• Compressor and turbine noise sources. These noise sources are characterized by a
similar acoustic signature as the fan noise, with significant contributions at larger fre-
quencies. Usually, these noise sources are not preponderant. Additionally, the high
frequencies are less penalizing with regard to acoustic certifications. The compressor
noise is usually masked by the fan noise contribution upstream of the aero-engine
and the turbine noise by the jet and fan noise contributions in the downstream
direction.
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Figure 4: Example of noise source sensitivity on a typical Long Range aircraft with 4
recent engines, at the three certification points [100].

The evolution of the noise contributions with the increase of the bypass ratio is also
shown in Figure 3 and the energy distribution of these contributions is presented in Fig-
ure 4, for observers at the different certification points, sideline, approach and flyover. The
jet noise is seen to be dominant at sideline, whereas at approach and cutback conditions,
the fan stage becomes the main noise contributor if the aero-engine.

Overview of the PhD
This brief discussion of the different noise sources of an aero-engine shows that the fan
stage of modern aero-engines is one of the major contributors to the total noise radiated
by an aircraft, whether tonal or broadband, at both approach and take-off operating
points. This may become even more important for future aero-engines, such as UHBR
aero-engines. The understanding of the different fan noise mechanisms of the future
generation of aero-engines is an important step in the reduction of these noise sources
and thus a direct way to tackle the problem of aircraft noise pollution.

PhD thesis objectives

The main objective of this PhD is the prediction of different noise mechanisms, described
in details in Chapter 1: (i) the rotor/stator interaction (RSI) noise, (ii) the trailing edge
(TE) noise, (iii) the laminar separation noise and (iv) the tip gap noise, of a fan/OGV
(rotor + stator) stage using large eddy simulations (LES). The present work mainly focuses
on the study of the broadband component of these noise mechanisms of a fan/OGV stage,
exclusively at approach conditions. Different noise prediction approaches are used in order
to assess their validity, but also to discriminate between the contributions of these sources.
These approaches are:

• LES-informed analytical models.

• Hybrid numerical methods coupling the LES results with an integral method.

• LES direct noise computation.

4



Introduction

More specifically, the present study aims to:

• draw the LES numerical requirements allowing for a good prediction of several
broadband noise mechanisms, using a direct noise computation approach in a fan/OGV
stage at approach condition.

• develop a fast pre-dimensioning tool that allows the user to estimate the mesh size
in each region of interest of the computational domain (boundary layers, wakes, tip
gap region, acoustic propagation regions) and provides a quick estimation of the
computational time of LES for fan/OGV stage applications.

• study in details the complex flow topology of secondary flows at partial regimes,
such as recirculation bubbles and complex tip leakage flows.

• evaluate the direct noise computation in a fan stage using LES.

• compare direct noise predictions from the LES with advanced analytical models,
which are fed by LES data.

• assess the contributions of the different noise sources to the total noise emissions.

• perform a first of its kind 360° fan/OGV LES that is able to properly compute both
the turbulent flow in the boundary layers and wakes, and the acoustic field around
the fan stage.

• use the 360° LES data to analyze the modal content of the acoustic field radiated
by the fan stage and the blade-to-blade correlations of the turbulent flow. Such
analyses are not possible with more classical simulations performed on a periodic
sector of a fan stage.

• improve the physical understanding of the complex broadband noise mechanisms,
and clearly identify the main noise sources in a fan stage.

PhD thesis structure

The present manuscript is structured as follows. Chapter 1 is dedicated to a literature
review. This chapter provides an overview of the main concepts and some fundamental
knowledge that allow to carry out broadband noise predictions in a fan stage. It also
clearly defines the scope of this study. The main noise sources in a fan/OGV stage
at approach condition, and several numerical and analytical approaches to estimate the
noise resulting from these sources, are briefly described. A particular focus is made on
the numerical methods and the analytical models that are used in the following chapters.

Chapter 2 presents the numerical parameters used in this work. It gathers all mesh
related information of the different configurations considered in this work. The specific
geometry, operating conditions and numerical setup of each configuration are presented.

Chapter 3 investigates the numerical requirements for a correct description of (i) the
flow in boundary layers and wakes and (ii) the prediction of two main noise mechanisms,
the rotor-stator interaction noise and the trailing edge noise. Several LES computations
are performed using flat plate configurations. The results of this chapter enable to guide
the design of turbomachinery meshes that meet the prescribed turbulent and acoustic cri-
teria. They led to the development of a pre-dimensioning tool for LES in turbomachinery
applications.
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The following chapters investigate four main broadband noise sources of the ECL5
ultra-high bypass ratio fan/OGV stage at approach conditions; (i) the laminar separation
noise, (ii) the tip gap noise, (iii) the rotor-stator interaction noise and (iv) the trailing
edge noise.

Chapters 4 and 5 improve our current understanding of the unsteady aerodynamic
characteristics and noise generation mechanisms of two secondary flows on the rotor blades
in fan/OGV stages: a recirculation bubble that can appear close to the leading edge of
the rotor blades at approach condition, and the tip leakage flow. Chapter 4 particularly
focuses on the effects of the mass flow rate, i.e. the angle of attack, on the characteristics of
the recirculation bubble and its acoustic signature. Additionally, the influence of the inlet
turbulence injection rate on the properties of the recirculation bubble, and the capability
of wall-modeled LES to properly capture these properties, are assessed.

The flow topology and the main noise sources in the blade tip region are investigated
in Chapter 5. The different noise generation mechanisms in this region are extensively
analyzed by means of steady and unsteady flow investigations, a correlation analysis and
a dynamic mode tracking technique. The contribution of each noise mechanism in the
blade tip region to the total noise emissions from the rotor blade is also studied.

Finally, Chapter 6 presents an aerodynamic and aeroacoustic analysis of the ECL5
fan stage using LES. A first of its kind 360° LES is compared to a periodic sector con-
figuration in terms of mean and turbulent flows as well as the acoustic field in the fan
stage. The broadband noise is directly computed from the fully-compressible LES solver
and compared with predictions from available analytical models. An acoustic analogy,
based on the pressure fluctuations on the solid surfaces of the blades, is used to separate
the noise contributions of different noise mechanisms to the total noise emissions. Finally,
aeroacoustic results are compared between the 360° and the periodic sector LES configu-
rations. A mode decomposition technique over the duct acoustic modes is also performed,
using unsteady pressure fluctuations obtained by the 360° LES.

Due to the large scope of physical mechanisms studied in the present work, including
the study of a large variety of noise mechanisms in a fan stage using different numerical
and analytical approaches, Chapters 4, 5 and 6 contain a state of the art of the specific
mechanisms studied in these chapters, complementing what is presented in Chapter 1.

PhD thesis dissemination

The work performed during this PhD has led to the following dissemination:

Patent application

A patent application has been prepared (ref. e-soleau: DSO2022009163).

Journal Articles

Two journal articles have been published during the PhD thesis.

• J. Al-Am, V. Clair, A. Giauque, J. Boudet, and F. Gea-Aguilera. On the effects of
a separation bubble on fan noise. Journal of Sound and Vibration, vol. 537, 2022.
https://doi.org/10.1016/j.jsv.2022.117180.
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• J. Al-Am, V. Clair, A. Giauque, J. Boudet, and F. Gea-Aguilera. A parametric
study on the LES numerical setup to investigate fan/OGV broadband noise. Inter-
national Journal of Turbomachinery, Propulsion and Power, 6(2) :12, 2021.
https://doi.org/10.3390/ijtpp6020012.

Conference proceedings

Three conference papers have been published during the PhD thesis.

• J. Al-Am, V. Clair, A. Giauque, J. Boudet, and F. Gea-Aguilera. Direct noise pre-
dictions of fan broadband noise using LES and analytical models. 28th AIAA/CEAS
Aeroacoustics Conference, 2022.
https://doi.org/10.2514/6.2022-2882.

• J. Al-Am, V. Clair, A. Giauque, J. Boudet, and F. Gea-Aguilera. Effet du débit
sur le bruit propre d’un étage soufflante/redresseur en régime d’approche, Congrès
Français de l’Acoustique, 2022.

• J. Al-Am, V. Clair, A. Giauque, J. Boudet, and F. Gea-Aguilera. Fan/OGV broad-
band noise predictions using LES. EuroHPC Summit Week 2022, Paris, France.

• J. Al-Am, V. Clair, A. Giauque, J. Boudet, and F. Gea-Aguilera. A parametric
study on the LES numerical setup to investigate fan/OGV broadband noise. 14th
European Conference on Turbomachinery Fluid dynamics & Thermodynamics Con-
ference, 2021.

Awards

Two awards have been received during this PhD thesis.

• PRACE project (LESFOS, id.2021240101) award of 30 million CPUh to perform a
first of its kind high fidelity computation on a full fan/OGV stage of future gener-
ation.
https://prace-ri.eu/hpc-access/project-access/project-access-awarded-projects/projects-
awarded-under-prace-project-access-call-23/#Engineering.

• Top 5 paper award at the European Turbomachinery Conference 2021 (ETC14).

Table 5: Distribution of CPU hours consumption (in millions of CPU hours) during the
PhD thesis, over the different clusters.

Newton Occigen Irene-
Cines

Irene-
Prace Total

year 1 1.0 1.5 0.0 0.0 3.5
year 2 0.4 6.8 2.0 0.0 8.8
year 3 0.0 0.0 9.0 30 39
Total 1.4 8.3 11 30 50.7
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General public communications

Several general public communications were achieved during this PhD.

• Article published in the "Tribune de Lyon" journal, December 2022. Une simulation
lyonnaise inédite pour réduire le bruit des moteurs d’avions.
https://tribunedelyon.fr/sciences-innovation/une-simulation-lyonnaise-inedite-pour-
reduire-le-bruit-des-moteurs-davions/.

• Chronic radio at "RCF", octobre 2022. L’étude de la réduction du bruit des
nouveaux moteurs d’avion. https://www.rcf.fr/culture-et-societe/dis-pourquoi-rcf-
lyon?episode=294504.

• Articles on the websites of the Ecole Centrale de Lyon and the CNRS. Simulation
haute fidélité d’un étage complet de soufflante aéronautique (360°), Octobre 2022.
ECL: https://www.ec-lyon.fr/actualites/2022/simulation-haute-fidelite-etage-complet-
soufflante-aeronautique-360deg.
CNRS: https://www.rhone-auvergne.cnrs.fr/fr/cnrsinfo/simulation-haute-fidelite-dun-
etage-complet-de-soufflante-aeronautique-360deg).

Computational hours

The computations performed during this PhD thesis have used about 51 million CPU
hours on different clusters,

• Newton, which is a local cluster at Ecole Centrale de Lyon.

• Occigen, which is a cluster operated by the CINES in France. The access to this clus-
ter was obtained through French national allocations of GENCI (projects 2A05039).

• Irene, which is a cluster operated by the CEA in France. The access to this cluster
was obtained through French national allocations of GENCI (projects 2A05039) and
the European PRACE project LESFOS.

The distribution of the CPU hours consumption is given in Table 5.
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Chapter 1
State of the Art

Introduction

Modern and future generations of aero-engines are usually considered as a major
contributor to the total noise radiated by aircrafts, as highlighted in the introduc-
tion. The reduction of noise from aircraft engines close to airports, particularly
during take-off and approach, is one of the main objectives of engine manufactur-
ers, to meet current and future stringent regulations. It is then important to study
the multiple mechanisms that generate noise.
The objective of this chapter is to provide some fundamentals and a theoretical
background of the aeroacoustic phenomena involved in a fan-OGV stage. It aims to
identify the available numerical and analytical tools to carry out broadband noise
studies and to justify the choices made in the following chapters.
This Chapter can be divided into three main parts. In the first part, an overview of
the dominant tonal and broadband noise mechanisms, encountered in a fan stage,
are presented. The second part presents the main aspects of the different numerical
tools used in this work, with a particular focus on the LES approach. The third
part shows the different noise prediction approaches adopted in the present work.
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2.1.2 Case 2: Trailing edge noise . . . . . . . . . . . . . . . . . . . . 46

2.2 ECL5 configuration . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.2.1 Geometric properties . . . . . . . . . . . . . . . . . . . . . . . . 49

2.2.2 Operating conditions . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3 Phase 2: ECL5 configuration - RANS setup . . . . . . . . . . 51
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2.3.2 Numerical parameters . . . . . . . . . . . . . . . . . . . . . . . 53

2.3.3 Mesh quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
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2.4.1 Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.4.2 LES numerical parameters . . . . . . . . . . . . . . . . . . . . . 55

2.4.3 Temporal convergence . . . . . . . . . . . . . . . . . . . . . . . 57

2.4.4 Mesh characteristics . . . . . . . . . . . . . . . . . . . . . . . . 57

2.4.5 Mesh quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

1.1 Turbofan engines
Amodern turbofan engine, shown in Figure 2, is an axial flow turbomachine, that produces
thrust to power an aircraft through four main phases: (i) ingestion of the ambient air, (ii)
compression of the air, (iii) combustion and (iv) expansion of the hot gas. The incoming
flow is first driven by a ducted fan that uses part of the mechanical energy absorbed by
the turbine to accelerate the flow. Then, the flow is divided into two streams: a primary
or core stream and a bypass or secondary stream. The core flow is first compressed in
the compressor stages, then it is burnt with fuel in the combustion chamber. Then, the
resulting hot gas undergoes expansion in the turbine stages, where a part of its energy
provided in the compression and combustion stages, is recovered to drive the fan and the
compressors. The core gas is then ejected through a nozzle and forms a hot jet. The
secondary or bypass flow is accelerated in the fan/OGV stage, where its direction is also
adjusted. Finally, it is ejected through the exhaust nozzle and mixed with the hot gas.

All modern civil airplane aero-engines are turbofans. They combine the high speed ca-
pability of turbojets with the fuel efficiency and appropriate acceleration characteristics of
propellers. The main difference between turbofans is the bypass ratio, which corresponds
to the ratio between the mass flow rate passing through the fan to that passing through
the core engine. Actual high bypass ratio turbofans are characterized by bypass ratios of
10. The next generation of turbofans tends to further increase the bypass ratio and leads
to ultra high bypass ratio (UHBR) engines with bypass ratios of 15 or more.

1.2 Aeroacoustic sources
Aeroacoustic noise sources can have different origins related to different noise production
mechanisms. These can usually be modeled using three main equivalent source mod-
els [147, 148, 277]:

• Monopole sources, which originate from volume flow variation during the motion
of surfaces. The noise resulting from these sources is usually characterized by
wavenumbers much larger than the geometric dimensions of the source.

• Dipole sources, which originate from the interaction of aerodynamic force fluctua-
tions in the flow with solid surfaces.

• Quadrupole sources, which correspond to the internal fluctuating stress in the fluid.
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(a) Subsonic case, approach condition. (b) Transonic case, take-off condition.

Figure 1.1: Typical acoustic spectra of a fan-OGV stage, extracted from [99].

1.3 Fan noise sources

Typical sound power spectra resulting from fan noise sources are presented in Figure 1.1
for two operating points, approach and take-off conditions. The fan stage produces both
tonal and broadband noise components. The tonal noise component is generated from
periodic phenomena and appears at multiple discrete frequencies. The broadband noise
(BBN) results from random fluctuations related to the turbulent flow. Over the whole
frequency range, the BBN extends continuously. Different behaviors are observed for these
two components depending on the operating point. At approach condition (Figure 1.1
(a)), the flow remains subsonic all along the blade and the tonal noise is mainly produced
by the periodic interaction of the fan wakes with the OGVs, creating tones at the Blade
Passing Frequency (BPF) and its harmonics. At take-off condition (Figure 1.1 (b)), the
flow becomes transsonic at the rotor tip. Shock waves are then formed, which leads to
the apparition of tones in the acoustic spectrum, as shown in Figure 1.1 (b). These tones
are known as Multiple Pure Tones and constitute the so-called buzz saw noise, which is
characterized by a quadrupole noise contribution at transsonic regimes.

The tonal part of the fan-OGV stage noise emissions is widely addressed in previous
studies and many solutions have been proposed to reduce it. For example, specially
designed nacelle and acoustic liners at the duct exhaust can be implemented to damp
propagating tones [141]. The fan and OGV count can also be properly chosen to take
advantage of duct filtering [260] and cut-off the blade passing frequency. At partial regimes
though, the BBN of the fan/OGV stage becomes a major contributor to the total noise
emissions [192, 193].

BBN is less studied in the literature due to its stochastic nature associated with the
fine structures of the turbulence in boundary layers of the fan blades and the OGVs, and
in the wakes of the fan. Due to the large range of cut-on modes, this noise mechanism
is hard to control [193]. BBN noise originates from several mechanisms, such as (i) the
interaction of the inlet turbulence with the rotor blades, (ii) the fan tip gap noise, (iii) the
trailing edge (TE) noise and (iv) the rotor/stator interaction (RSI) noise. The tip gap
noise is associated with the highly unsteady flow that develops in the gap between the
tip of the fan blades and the casing. This highly unsteady flow may then be diffracted at
the trailing edge corner of the blade tip, or interact with the following blades to generate
noise. TE noise is generated when the turbulent flow in boundary layers encounters the
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Figure 1.2: Tonal noise sources of a high bypass ratio engine (modified from [14]).

TE of the blade or the vane. RSI noise results from the interaction of turbulence in the
rotor wakes with the leading edge of the stator, which generates an unsteady loading on
the vanes. The RSI noise mechanism is usually considered as the dominant noise source
in a fan stage at approach condition [193, 144].

1.3.1 Tonal noise sources

The main noise mechanisms that generate tonal sources are presented in Figure 1.2 and
described in the following.

• Shock wave noise. At take-off conditions, the flow is supersonic at the blade tip.
Shock waves are thus formed. The small blade-to-blade angles irregularities result
in the detachment of the shock waves, that propagate upstream of the duct and lead
to tones at multiples of the rotational shaft frequency instead of the BPF and its
harmonics (associated to the Buzz Saw Noise in Figure 1.1 (b)).

• Rotor/stator interaction noise. At subsonic operating points, the fan stage noise is
mainly generated by the impact of the periodic mean velocity deficit induced by the
rotor wakes, on the stator vanes. For an observer in the stator reference frame, the
rotating wakes are generated at the blade passing frequency (BPF) and lead to a
periodic variation of the loading on the stator vanes. This interaction is expected to
generate noise at the BPF harmonics ω = nBΩ, where n is an integer denoting the
order of the BPF harmonic and Ω is the rotation speed. From the Tyler & Sofrin
rule [261], the acoustic duct modes that are generated by this interaction noise have
azimuthal orders m given as,

m = nB − kV (1.1)

where k is an integer and V is the vanes count.

Due to its periodic nature, tonal noise results in narrow peaks in the far-field noise
spectrum, as seen in Figure 1.1 (a). This mechanism has been extensively studied
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Figure 1.3: Broadband noise sources of a high bypass ratio engine (modified from [14]).

in the literature [137, 72, 50, 80, 238, 195, 239, 111], and considerably reduced over
the past decades.

• Inlet distortions/rotor interaction noise. At subsonic regimes, this mechanism arises
from the interaction of steady inlet flow distortions induced by installation or ground
effects with the rotor blades. Tonal contribution at the BPF and its harmonics is
associated to this noise mechanism.

• Potential interaction noise. The stator vanes induce a steady distortion of the
streamlines, which leads to pressure fluctuations on the rotor blades. The potential
effect decreases quite rapidly in the upstream direction and is known to become
negligible for distances larger than 0.3 times the chord length [188, 196]. For future
engine generation, with the reduction of the distance between the rotor and the
stator, this mechanism may become important. In this case, the trailing edge of the
rotor encounters a periodic potential field imposed by the stator. This induces load
fluctuations on the rotor blade surface that are converted into tonal noise at the
BPF harmonics. The acoustic modes generated by this mechanism are also given
by the Tyler & Sofrin rule [261] equation (Eq. 1.1), with the difference that the
mode orders of the sources is fixed to the multiple of the number of vanes kV .

1.3.2 Broadband noise sources

At subsonic operating conditions, the broadband noise component, which is related to
the turbulent flow, becomes a significant contributor to the total noise emissions. The
different BBN noise mechanisms are shown in Figure 1.3 and described as follows,

• Blade/Vane self-noise. The self-noise is associated with the turbulent flow that
develops in the boundary layers of the blades and vanes, all along their span. When
the flow remains attached along the surface of an airfoil with a sharp trailing edge,
the turbulent eddies developing in the boundary layer are diffracted when passing
the trailing edge and generate noise. This mechanism is referred as trailing edge
noise (TE noise) [7, 276, 95, 223, 171, 224, 170, 84] and is mostly present in the case
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of a fan stage at its nominal operating regime. If the fan operates at a lower regime,
for example at approach conditions, a separation region may appear in the vicinity
of the fan blades’ leading edge, which leads to the formation of a recirculation
bubble in that region. This phenomenon and its contribution to self-noise have
been extensively studied experimentally [168, 142, 54, 248, 98, 211, 163, 136] and
numerically [5, 219, 218, 113, 283, 283, 52, 249].

• Rotor/Stator interaction noise, also known as turbulence interaction noise or leading
edge noise, is produced when the turbulent flow in the wakes of the fan blades,
formed by the mixing of both the suction and pressure side boundary layers at
the trailing edge, impinge on the OGVs. The coherent and periodic components
of the wakes give rise to tonal noise at the blade passing frequency, whereas the
stochastic part of the wakes’ turbulent flow generate a broadband component. This
noise source is identified as one of the major contributors to the broadband noise
radiated by modern aircraft engines [193], and has been extensively studied both
experimentally [58, 101, 102, 200, 201, 158, 11, 259, 24, 159] and numerically [276,
95, 171, 170, 84, 209, 181, 213, 265, 208, 62, 207, 93, 145, 25, 221, 127, 89, 81, 79,
203, 198, 107, 66, 65, 92] over the past decades.

• Upstream turbulence/rotor interaction noise. The interaction of the atmospheric
upstream turbulence with the rotor leading edge can also be considered as a BBN
source [92, 190].

• Boundary layers/rotor interaction noise. The interaction of the turbulent boundary
layers on the shroud and the hub with the rotor blades generates BBN. At the
shroud, the boundary layer is thick and interacts with the tip gap of the blade.
This may lead to the formation of a horse shoe vortex at the blade leading edge at
the tip. At the hub, the boundary layer interacts with the blade and leads to the
formation of a corner vortex.

• Tip gap noise. The tip gap of the rotor blade leads to aerodynamic losses and
noise generation. The pressure gradient between the pressure and suction side on
the blade tip generates a tip clearance flow. This region is characterized by a high
speed and turbulent flow, that exists in the gap as a cross-flow jet and interacts
with the surrounding flow. Consequently, two main vortices are generally formed
(as shown in Figure 1.4), (i) the tip leakage vortex (TLV), generated at the leading
edge of the rotor, and (ii) the tip separation vortex (TSV), formed at mid-chord.
These vortices interact with the outer flow and the surrounding walls of the blades
and the shroud. Such interactions generate two highly turbulent pressure fluctuation
zones, leading to broadband self-noise production [106, 26, 108, 87].

– The first zone corresponds to a jet-like flow, that generates a quadrupolar noise
source when leaving the clearance region, directly and by interacting with the
blade tip edge [106].

– The second zone corresponds to the tip vortices, the TLV and TSV, that induce
loading fluctuations when interacting with the suction side of the blade they
originated from or the pressure side of the neighboring blades [87]. The tip
vortices are also diffracted at the TE and contribute to the TE noise, thus
forming a local dipole source that is much more coherent than the distributed
TE noise.
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Figure 1.4: Schematic view of the rotor tip clearance flow (from [104]).

The tip noise is usually characterized by large broadband humps in the acoustic
spectra. These humps occur at frequencies independent from the BPF and its
harmonics and correspond to quasi-tonal spectral features [150, 172]. These features
result from the mixing of highly coherent flow structures (the tip leakage vortex) with
uncorrelated flow structures (the turbulent flow), which leads to the spectral humps.
The tip vortices may also interact with the stator vanes with a noise signature at
the BPF harmonics, thus contributing to the RSI noise.

The present work focuses on four broadband noise mechanisms.

• Rotor-stator interaction noise.

• Trailing edge noise.

• Laminar separation noise.

• Tip gap noise.

Fan stage noise sources Summary

In this section, the main mechanisms generating both broadband and tonal noise
sources in a fan/OGV stage of a turbofan engine have been described. In this work,
the fan is operating at approach condition. The fan stage is thus the main noise
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contributor of the aero-engine and the sources related to the transsonic regime, like
the shock wave noise, are not considered. Since the Mach number remains below 0.6
at this regime, monopole and quadrupole sources are neglected and dipole sources,
mainly corresponding to aerodynamic force fluctuations on solid walls, are particu-
larly studied. Different mechanisms, such as the rotor/stator interaction noise, the
blade/vane self-noise and the tip gap noise, have appeared as significant broadband
and tonal noise sources, justifying the need to further study these mechanisms.

1.4 Numerical tools
In the present study, the fan stage noise is studied using numerical simulations. Experi-
mental methods, usually considered as the most accurate approaches, are very expensive
and require complex measurement tools. However, computational fluid dynamics (CFD)
methods allow to extract data anywhere in the flow field with a reduced cost compared to
experimental investigations. The increase of available computational resources has allowed
the use of high-fidelity numerical methods to perform fluid dynamics studies in complex
flow configurations with a fairly suitable precision. In this section, a brief overview of the
existing CFD methods is presented, with a highlight on both the level of flow description
and the computational cost of each of the methods.

1.4.1 Governing equations

The general equations of fluid dynamics are the compressible Navier-Stokes equations,
which can be decomposed into three main equations, (i) mass conservation or continuity
equation, (ii) momentum conservation equation and (iii) total energy conservation equa-
tion. The system is composed of 7 unknowns (density ρ, pressure p, temperature T , three
components of the velocity vector u, total energy E of the considered fluid and three
components of the heat flux vector q). If the fluid is subjected to a net force vector F ,
and to a volume heat source Q̇, the Navier-Stokes equations can be given as,

∂ρ

∂t
+

∂

∂xj
(ρuj) = 0 (1.2)

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj + pδij − τij) = ρFi i = 1, 2, 3 (1.3)

∂(ρE)

∂t
+

∂

∂xj
(ρEuj + puj − τijuj + qj) = ρFjuj + Q̇ i = 1, 2, 3 (1.4)

In order to obtain a closed system three assumptions are usually made:

• Ideal gas. If an ideal gas is considered, its thermodynamic properties can be de-
scribed through the ideal gas Equation of State (EoS), given as,

p

ρ
= rsT (1.5)

where rs = R/Mw = cp−cv is the specific mixture gas constant (rs = 287m2.s−2.K−1

for air mixture), R the universal gas constant (R = 8.3145 J.K−1.mol−1) and Mw

the molecular weight of the gas. cp and cv are the constant pressure and volume
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specific heat capacities, respectively. They can be considered as constant for perfect
gases such as air if the temperature does not evolve significantly.

• Fourier law. It relates the heat flux q with the temperature gradient,

qi = −λth
∂T

∂xi
(1.6)

where λth is the thermal conductivity of the considered fluid.

• Newtonian fluid. The Newtonian fluid assumption allows to obtain a linear relation
between the viscous stresses τij and the local strain rate:

τij = µ

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
µ

(
∂ui
∂xi

)
(1.7)

where µ is the dynamic viscosity of the fluid that can be obtained through Suther-
land’s law as,

µ(T ) = µref

(
T

Tref

) 3
2 Tref + S

T + S
(1.8)

where µref = 1.711.10−5 kg.m2.s−1 is the dynamic viscosity at reference temperature
Tref = 273.15 K and the constant for air S = 110.4 K is obtained experimentally.

1.4.2 Turbulent scales and modeling

Multiple modeling and numerical approaches exist to solve the Navier-Stokes equations,
which mainly differ in the turbulence modeling. As the Reynolds number increases, the
flow transitions from a laminar to a turbulent state. The latter is characterized by a
non-deterministic behavior, which generates a large range of length scales, described in
the following.

• Large eddies, which derive their energy from the mean flow are anisotropic. These
eddies are unstable and break-up into smaller eddies.

• At the scales of the smallest eddies, the turbulent energy is dissipated through heat.
The behavior of the small eddies is more universal in nature than the large eddies
and their sizes are mainly determined by the viscosity.

• Intermediate scales between the large and small eddies.

The turbulent kinetic energy is transferred from the largest eddies to the smallest ones.
This transfer is known as the turbulence cascade and is mainly described by Kolmogorov’s
universal equilibrium theory that was originally stated in the form of three hypothesis,
recalled here.

• Kolmogorov’s hypothesis of local isotropy. The small scale turbulent structures are
statistically isotropic.

• Kolmogorov’s first similarity hypothesis. The small scale structures have a universal
form that is only determined by the kinematic viscosity ν and the energy dissipation
rate ε.
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Figure 1.5: Energy spectrum of turbulence in function of wavenumber k, with indication
of the range of application of the DNS, LES and RANS models.

• Kolmogorov’s second similarity hypothesis. The statistics of the motions between
the large and small scales have a universal form that is only determined by ε, and
is independent of ν.

Consequently, the velocity and time scales decrease as the size of the eddies decreases.
Based on these hypotheses and using dimensional analysis, the smallest length η and
velocity vη scales (known as Kolmogorov scales) can be given as,

η =

(
ν3

ε

) 1
4

vη = (νε)
1
4 (1.9)

The largest length l0 and velocity v0 scales (known as the integral scales) can then be
determined as,

l0
η
∝ Re

1/4
T

v0

vη
∝ Re

1/4
T (1.10)

where ReT is the Reynolds number related to the integral scales; ReT = ktl0
ν

with kt = 1
2
u′2i

is the turbulent kinetic energy and u′i are the three components of the velocity fluctuation
vector u’.

Between these two ranges there are eddies that are too small to behave as integral
length scales and too large to behave as Kolmogorov eddies. This range is known as the
inertial range, where the motion of the eddies is determined by inertial effects (viscous
effects are negligible) and the second Kolmogorov’s similarity hypothesis is valid. The
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eddies found in this range are characterized by the Taylor microscale, given as,

λ =

(
10νkt
ε

)1/2

(1.11)

The Taylor microscale can also be related to the largest and smallest scales as follows,

λ

l0
=
√

10Re
−1/2
T

λ

η
=
√

10Re
1/4
T (1.12)

The three main zones (the energy containing zone, the inertial sub-domain and the
dissipation zone) that follow the energy cascade are shown by a typical isotropic turbulence
spectrum depicted in Figure 1.6 [204]. In the inertial sub-range, the energy resulting
from the breaking-up of the larger structures is transferred successively down to smaller
structures. The associated energy spectrum decreases following Kolmogorov’s law (E ∝
k−5/3). This range is limited by the scales lEI = l0/6 and lDI = 60η. The inertial
and dissipation ranges are characterized by statistical universality. The main part of the
information about the mean flow and the boundary conditions are embedded in the large
structures. Consequently, the different numerical approach, described in the following,
are sorted with respect to the range of captured turbulent scales.

Reynolds-Averaged Navier-Stokes RANS

RANS simulations consist in modeling the turbulence in a statistical approach. Navier-
Stokes equations are averaged over the whole spectrum of turbulent fluctuations, asso-
ciating a statistically averaged solution to any specific flow configuration. Using this
approach, one assumes that each flow variable can be decomposed into a mean part and
a fluctuating part. This allows to define the Reynolds stress tensor, adding six unknowns
to the Navier-Stokes equations.

In order to close the system, a modeling process should be applied. Many models
with different levels of complexity can be used. They are usually based on Boussinesq’s
closure method, that links the Reynolds stress tensor to the strain and aims to model
the turbulent viscosity µt. The most widely used models for turbomachinery applications
are the Spalart-Allmaras model with one transport equation for µt, k − ε and k − ω
models with two transport equations, and the Reynolds stress model with a transport
equation for each tensor component. These models use several assumptions, such as an
isotropic turbulence, and an equilibrium between turbulence production and dissipation.
Additionally, the constants used in these models are usually obtained from calibrations
performed on canonical configurations. Consequently, none of them can produce reliable
flow simulations in all flow configurations. In turbomachinery applications, the choice of
the turbulence model can have a significant impact on the flow field, mainly in highly
turbulent flow regions and in the presence of flow separations.

Two approaches can be considered when performing RANS computations: steady
and unsteady RANS. The steady approach is limited to a time averaged solution of the
equations. Thus, it is not adapted for flows exhibiting an important unsteadiness. The
unsteady RANS (URANS) approach, widely used for turbomachinery applications [238,
195, 75, 76, 78, 77], is an extension of the steady approach that allows to obtain a time
dependent statistically averaged flow solution. However, the considered unsteadiness in
the flow is limited to periodic and deterministic phenomena (tonal noise, vortex shedding)
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and the turbulence chaotic fluctuations are still modeled statistically.

Direct numerical simulation DNS

Direct numerical simulations (DNS) are high-fidelity numerical methods and are usually
considered as a reference to other types of simulations. This approach directly solves the
Navier-Stokes equations by computing all the turbulent scales, from the largest ones in
the integral zone, down to the smallest dissipation scales (Kolmogorov scale). All the
turbulent spectrum is thus solved and no modeling process is involved. This method
is limited to academic and canonical configurations (such as for the simulation of low
Reynolds channel flows [125] or for low-pressure turbines [284, 162, 279, 160, 235]) due to
two main constraints:

• It requires very dense meshes since the smallest cells should at least be two times
smaller than the Kolmogorov length scale. The mesh size is proportional to Re9/4

T

(ReT = ktl0
ν
). In a fan-OGV stage, this leads to almost 1016 cells for Reynolds

numbers based on the rotor chord length of 106, which is out of reach considering
the current available computational power.

• It requires high-order discretization schemes in order to minimize the dissipation
and dispersion of the flow structures and the acoustic waves.

Large eddy simulation LES

LES is a high-fidelity approach that can be considered as an alternative to DNS and
RANS approaches. This method is based on the assumption that small turbulent eddies
mainly contribute to the dissipation rate. These eddies are assumed to have an isotropic
behavior that can be predicted by a model called sub-grid scale model. However, the
large structures, that mainly produce the turbulent energy, have a behavior that depends
on the geometry of the problem.

The idea of the LES approach is to use a spatial filtering, where the large scales are
solved down to a given scale. The smaller scales (down to the Kolmogorov scale) are mod-
eled by a sub-grid scale model. Indeed, these scales are responsible for the prohibitive
cost of the DNS approach. Modeling them allows to significantly reduce the computa-
tional cost of the simulation compared to DNS. LES approach still enables to recover the
unsteady behavior of the turbulent flow and most of the turbulent energy. The mesh size
is proportional to Re2

T (ReT = ktl0
ν
) [39]. In a fan-OGV stage, this leads to almost 1011

cells for Reynolds numbers based on the rotor chord length of 106.
A significant reduction of the computational cost is thus allowed by this method com-

pared to DNS. However, LES approach is still quite expensive for industrial applications.
One method to further reduce the computational cost is to use a wall law for the boundary
layers close to the walls. This method is known as "Wall-Modeled LES" (WM-LES). It
consists in imposing the values of the velocity and velocity gradients on the wall surface
through a model. The first mesh cell near the surface is usually set in the logarithmic
layer instead of the inner viscous layer, thus avoiding to solve the full boundary layer.
Even though this method yields drastic reduction in the mesh density, it adds a source
of inaccuracy to the simulation, since important flow mechanisms are modeled. This ap-
proach was shown to provide good results when compared to experimental data, in the
case of compressors [268], turbines [269, 270, 267] and fan stages [143, 213, 184, 122].

20



1.4. Numerical tools

Hybrid RANS-LES approaches

In hybrid approaches, RANS is used to model the flow near the walls, whereas LES is
used otherwise. Several hybrid approaches have been developed, such as the so-called
Detached Eddy Simulation (DES) [13, 253], which models the flow near the walls with
a RANS approach, as far as the flow remains attached to the solid wall. The remaining
part of the computational domain is treated with a LES approach. A similar approach
has been used by Bonneau et al. [15] in the context of a fan-OGV stage.

1.4.3 Large Eddy Simulation

In the present work, the large eddy simulation (LES) approach is adopted to solve both
the turbulent flow and the acoustic field inside the fan stage. This section presents the
main principles of LES, in terms of the resolved equations and the modeling process of
the unresolved turbulent eddies, in a more detailed way than in the previous section.

General description

As explained previously, the main principle of LES is to filter the small dissipative tur-
bulent scales from the turbulent flow. The larger turbulent eddies that contain most of
the turbulent kinetic energy are solved for. In practice, the Navier-Stokes equations are
filtered either using an explicit spatial filtering or by the mesh itself that behaves as an
implicit filter. For the different LES performed in this work, the latter filtering approach
is used. A mesh grid of local characteristic length dc of dimension (dx,dy,dz) in the three
dimensions (x,y,z),

dc = (dxdydz)
1/3, (1.13)

induces cut-off wavenumber of the order of:

kc =
2π

λc
=
π

dc
(1.14)

where λc is the cut-off wavelength.
Consequently, all the turbulent eddies with a wavelength larger than λc are resolved.

The eddies with smaller wavelengths, referred to as sub-grid scales, are filtered. An
illustration of the low-pass filter in the wavenumber domain induced by the mesh is
presented in Figure 1.6. For a given mesh, the cut-off wavenumber kc must ideally be
set between the integral length scale and the Taylor microscale. This ensures that kc lies
in the inertial range. The closer kc is from the Taylor microscale, the more accurate the
simulation is expected to be. Chapter 3 presents a parametric study to specify the mesh
size as a function of the Taylor microscale.

The LES approach can also be divided into two categories, depending on the way the
sub-grid scales are treated.

• Explicit LES, for which an extra term referred to as Sub-Grid Scale (SGS) model is
introduced to model the filtered small scales turbulence.

• Implicit LES, which does not rely on SGS models but uses numerical dissipation to
account for the effect of small scale turbulence.

For the different LES performed in this work, the LES explicit approach is adopted.
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Figure 1.6: Schematic view of the implicit filtering induced by the mesh: grid and theo-
retical filters are the same, yielding a sharp cutoff filtering in Fourier space between the
resolved and sub-grid scales. Adapted from [232].

Filtered Navier-Stokes equations

Any flow quantity φ can be split into two parts, a resolved part φ and a modeled part φ′
so that,

φ = φ+ φ′ (1.15)

The filtered compressible Navier-Stokes equations are then deduced by resorting to the
Favre decomposition as follows,

φ = φ̃+ φ′′ (1.16)

where φ̃ = ρφ
ρ

and ρφ′′ = 0.
Filtering Navier-Stokes equations, we obtain,

∂ρ

∂t
+

∂

∂xj
(ρũj) = 0 (1.17)

∂(ρũi)

∂t
+

∂

∂xj
(ρũiũj + pδij − τij − τSGSij ) = 0 i = 1, 2, 3 (1.18)

∂(ρẼ)

∂t
+

∂

∂xj
(ρẼũj + pũj − ũiτ̃ij + ũiτ

SGS
ij +Qj +QSGS

j ) = 0 i = 1, 2, 3 (1.19)

where τSGSij is the sub-grid scale stress tensor and QSGS
j the sub-grid scale heat flux. It is

here assumed that p can be directly computed from ρ and Ẽ using the ideal gas EoS.

Sub-grid scale model

The non resolved sub-grid scale terms in equations 1.18 and 1.19, need to be modeled in
order to solve the Navier-Stokes equations.

The turbulent sub-grid scale stress tensor τi,jSGS is expressed as,

τi,j
SGS = −ρ(ũjui − ũiũj) (1.20)
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Different SGS models have been developed in previous works in the literature. Most
of these models use an eddy-viscosity assumption known as the Boussinesq’s hypothesis.
Thus, the SGS tensor is given as follows,

τi,j
SGS = 2ρνtSij (1.21)

where Sij is the filtered scale strain rate tensor, δij = 1 for i = j and 0 otherwise, and νt
is called the SGS eddy viscosity.

For the different LES performed in this work, three different SGS models are used, the
Smagorinsky [250] and dynamic Smagorinsky [165] models, the wall adapting local-eddy
viscosity (WALE) model [182], and the SIGMA model [183].

Beginning by the simplest SGS model for LES, the Smagorinsky model has the advan-
tage to be easy to implement, robust, and is often used in conjunction with wall modeling.
The expression for the turbulent viscosity νt reads,

νt = (CS∆)2

√
2SijSij (1.22)

where ∆ is the filter width (which depends on the mesh size) and CS is the Smagorinsky
coefficient equal to 0.18. Despite its limitations reported in [164], this model is widely
used as a SGS closure in LES of turbomachinery flows. Some improvements of this model
use a modified value of the coefficient CS or add artificial and often ad hoc damping
functions.

The WALE’s model, developed by Nicoud and Ducros [182], aims to capture the
significant change of the scale sizes close to walls. The turbulent viscosity is computed in
this model as,

νt = (CW∆)2
(sdijs

d
ij)

3/2

(SijSij)5/2(sdijs
d
ij)

5/4
(1.23)

where sdij is given by

sdij =
1

2
(g̃2
i,j + g̃2

j,i)−
1

3
g̃kk

2δij

with g̃i,j = ∂ũ
∂xj

the filtered velocity gradient, and CW the model coefficient equal to 0.5.
Finally, the SIGMA model is developed by Nicoud et al. [183] as an improved version

of the WALE model. Its operator is based on the singular values (σ1 , σ2 , σ3) of the
velocity gradient tensor and νt is then given as,

νt = Cm∆SDm(ũ) (1.24)

where Cm = 1.35 is the model constant, ∆S is the model differential operator that depends
on the resolved field ũ. Dm is given as,

Dm =
σ3(σ1 − σ2)(σ2 − σ3)

σ2
1

(1.25)

In addition to the modeling of the unresolved scale effects on the resolved flow field,
the SGS operator is desired to fulfill certain universal turbulent flow properties. Based
on practical and physical considerations, one can list the following properties [183].

• (P0) Positiveness and locality. The operator should be defined locally, which is
useful in terms of both implementation in general purpose LES solvers and physical
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Table 1.1: Summary of the ability of the three SGS models used in this study to satisfy
the desired properties described above

P0 P1 P2 P3
Smagorinsky YES NO NO NO

WALE YES YES NO NO
SIGMA YES YES YES YES

interpretation of the results. Moreover, it is desirable that the differential operator
generates only positive values for stability reasons.

• (P1) Cubic behavior near solid boundaries. The turbulence should be damped near
walls due to the no-slip boundary condition. Thus, the differential operator should
tend to zero in near-wall regions. Additionally, the operator and thus the eddy-
viscosity should decay with the third power of the distance to the solid boundary [34].

• (P2) Zero for any two-component or two-dimensional flows. The operator and thus
the turbulent eddy viscosity should vanish in the case of a flow in solid rotation and
in the case of a pure shear.

• (P3) Zero for axi-symmetric or isotropic expansion-contraction. The SGS eddy
viscosity should be zero in a case for which the resolved scales are either in pure
axi-symmetric or isotropic expansion (or contraction).

Satisfying property P0 is always required, whereas property P1 is only essential for
wall-resolved LES. Property P1 is less constraining when a wall-law is used since no at-
tempt is made for the SGS model to provide the wall shear stress. Even though, when
property P1 is respected, better results near the walls are expected. Table 1.1 summarizes
the desired properties that are satisfied by the three SGS models used in this work. The
improvements made by the SIGMA model are thus well highlighted compared to the other
models.

Numerical tools Summary

The main numerical simulations approaches are briefly presented. These approaches
differ by their level of description of the flow. This can be measured through the
way they deal with turbulence.

• Direct Numerical Simulation. This approach resolves all the turbulent scales
from the largest turbulent eddies, which are characterized by the integral
length scale and produce most of the turbulent energy, to the smallest eddies,
which are characterized by the Kolmogorov length scale and dissipate the
kinetic energy.

• RANS. This approach is the most widely used approach for flow computations.
It solves the averaged fields of the flow solution, in which all the turbulent
structures are modeled. The Unsteady RANS approach (URANS) enables
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to take into account additional deterministic phenomena. All the stochastic
phenomena related to turbulence remain modeled.

• LES. This approach resolves the large turbulent eddies of the flow and models
the non-resolved scales through the use of a sub-grid scale model that repro-
duces their universal behavior. A non-exhaustive list of sub-grid scale models
is presented with their respective assets and drawbacks.

1.5 Noise prediction methods

Several methods are available in the literature to predict the noise generated in a fan/OGV
stage. These methods can be classified as follows,

• Analytical and semi-analytical approach. Analytical models informed by LES data
are used to estimate the rotor-stator interaction noise and the trailing edge noise
mechanisms in the present work.

• Hybrid numerical approaches. This method is particularly used in the present work
to separate and compare between the contributions of the different noise mecha-
nisms.

• Direct noise computation. This method is used for the different noise mechanisms
studied in the present work.

The rotor-stator interaction noise and the trailing edge noise have been the subject
of extensive research studies over the past decades with the aim of developing predictive
tools. The other noise sources studied in this work, the laminar separation noise and the
tip gap noise, have received less attention in previous studies in the literature, particu-
larly in terms of analytical and semi-analytical modeling. In the following sections, the
principles of the acoustic propagation in an annular duct are presented and the different
predictive methods are detailed with a particular focus on the rotor-stator interaction and
the trailing edge noise mechanisms.

1.5.1 Acoustic propagation in a duct

The predictive tools listed above and presented in the following sections rely on different
approaches for acoustic propagation. This is particularly the case for analytical mod-
els. Some of them consider radiation in a free-field whereas others consider an in-duct
propagation. The present section shows the specific features related to the propagation of
acoustic waves in an annular duct with the aim of emphasizing the fundamental differences
with free-field propagation conditions.

Additionally, in the present work, the acoustic field upstream of the rotor and down-
stream of the stator can also be directly predicted by the fully-compressible LES. The
acoustic field calculated can thus be projected over the duct modal basis that is defined
in this section.
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Solution to the Helmholtz equation

All the acoustic potentials φ(r, θ, x) should satisfy the Helmholtz convective equation in
cylindrical coordinates (r,θ,x). For an axial mean flow of subsonic Mach number M , the
Helmholtz equation can be written as,

∆φ− 1

c2
0

D2φ

Dt2
=
∂2φ

∂r2
+

1

r2

∂2φ

∂θ2
+ (1−M2)

∂2φ

∂x2
+
∂φ

∂r
+ 2ikM

∂φ

∂x
+ k2φ, (1.26)

where k = ω
c0
, D

Dt
= ∂

∂t
+ W · ∇ and W = Wxex = Mc0ex (ex is the unit vector in the x

direction).
This equation should satisfy the radial boundary conditions given as,

∂φ

∂r
= 0 for r ∈ [Rh, Rs],

where Rh and Rs are the hub and the shroud radii respectively.
The convective Helmholtz equation can be solved using the Fourier method, which

uses a variable separation technique of the solution function. Consequently, this function
can be written as,

φ(r, θ, x) = f(r)g(θ)h(x)

and Eq 1.26 can then be given as,

r2

f

(
d2f

dr2
+

1

r

df

dr

)
+

1

g

d2g

dθ2
+ r2

[
(1−M2)

1

h

d2h

dx2
+ 2ikM

1

h

dh

dx

]
+ k2r2 = 0 (1.27)

Eq.1.27 can be written as a sum of three constants equal to three terms only involving
the functions f , g and h and their associated variables.

The azimuthal function g(θ) satisfies the following relation,

1

g

d2g

dθ2
= m2 ⇒ g(θ) = αeimθ + βe−imθ (1.28)

In an annular duct, a 2π-periodicity condition is satisfied for the angle θ. Thus, the
solutions only correspond to discrete values of m (m ∈ N). A rigid boundary condition
should be used at the walls of the blades and vanes. Consequently g should respect the
following boundary condition (assuming zero thickness),

dg

dθ
= 0, for θ = 2π/V (1.29)

where V is the vanes count. This condition implies an expression for g given as,

g(θ) = Acos(nqθ), nq = qV/2 (1.30)

where q is an integer.
The function h(x) is solution of the equation,

(1−M2)
1

h

d2h

dx2
+ 2ikM

1

h

dh

dx
= −κ2 (1.31)

where κ is a constant. When the axial function is written as h(x) = aeikxx, the character-
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istic equation becomes,

k2
x + 2k

M

β2
kx −

κ2

β2
= 0 (1.32)

where β2 = 1−M2. Eq. 1.32 has the following solutions,

k±x = −Mk

β2
±

√
κ2

β2
+
M2k2

β4
.

Thus, the function h(x) can be written as,

h(x) = Ceik+
x x +Deik−x x (1.33)

The radial function is a solution of a Bessel equation,

d2f

dr2
+

1

r

df

dr
+

(
K2 − n2

r2

)
f = 0 (1.34)

where K2 = k2 − κ2. This equation is associated with the following boundary conditions
of a rigid walls annular duct,

df(r)

dr
= 0, r ∈ [Rh, Rs].

The Bessel equation depends on two parameters m and K. The fundamental solutions
of this equation are the Bessel functions of order m of first and second kind, respectively
noted Jm(Kr) and Ym(Kr). Each solution f(r) can thus be written as,

f(r) = AJm(Kr) +BYm(Kr).

The constants A, B and K can be determined using the boundary conditions equation
given as,

df(r)

dr
= A′Jm(Kr) +B′Ym(Kr) = 0, r ∈ [Rh, Rs]. (1.35)

Consequently, the solution only exists for certain discrete values of B/A and K chosen
from Eq. 1.35. These values are denoted (m,j) for the azimuthal and radial directions,
respectively. Using the Bessel functions, the radial function can be given as,

fmj(r) = Nmj(cos(τmj)Jm(Kmjr)− sin(τmj)Ym(Kmjr), τmj = arctan

(
J ′m(Kmj)

Y ′m(Kmj)

)
(1.36)

where Nmj is the normalization term given as,

Nmj =
0.5
√

2πKmj[
1−m2/K2

mj

J ′m(Kmj)2+Y ′m(Kmj)2
− 1−m2/(Kmjσ)2

J ′m(Kmjσ)2+Y ′m(Kmjσ)2

]0.5

and σ = Rh/Rs.
For circular ducts (Rh = 0), one of the boundary conditions disappears. However, the

function Ym yields a non-physical solution, since it presents a singularity at r = 0. In this
case, only the contribution of the Bessel’s function of first kind is kept in the expression
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of f(r).
Due to the discrete nature of the radial solution f(r), each particular solution of the

complete equation f(r)g(θ)h(z) is subject to the condition K = Kmj. κ2 should then take
a discrete value, κ2

mj = k2−K2
mj. Consequently, the axial wavenumbers k±x can only take

discrete values k±mj, determined by the angular frequency ω and the eigen values Kmj.
Thus, the axial wavenumber can be written as,

k±mj =
−Mk ± k±mj

β2
, k±mj =

√
k2 − β2K2

mj. (1.37)

The general solution of Eq. 1.26 can finally be written as,

φ(r, θ, x, t) =
∞∑

n=−∞

∞∑
j=0

(A+
mje

ik+mjx + A−mje
ik−mjx)fmj(r)e

imθe−iωt (1.38)

where A+
mj and A

−
mj represent the modal amplitudes of the waves propagating in the same

and opposite directions of the flow, respectively.
Indeed, the acoustic field propagating in an annular duct is a combination of eigen

modes of the form,
fmj(r)e

imθeik±mjxe−iωt (1.39)

These modes depend on the boundary conditions and are totally determined by the az-
imuthal and radial indices (m,j).

A mode of order (m,j) is composed of a stationary structure in the radial direction,
fmj(r), which is due to successive reflexions on the walls, and a phase term, eimθeik±njxe−iωt,
which represents the wave propagation of the mode. For given values of r and x, and for
m 6= 0, the wave is reduced to a rotating mode. ω/m corresponds to the rotational speed
of the mode m to the azimuthal wavenumber and |m| to the number of lobes of the mode.

Mode cut-off condition

Eq. 1.37 reveals that not all the modes can propagate in the duct and that the cut-off
angular frequency can be given by,

ωc = c0βKmj. (1.40)

• If ω ≥ ωc, the axial wavenumber is real and the corresponding mode is then propa-
gating with no attenuation (since rigid walls are considered). This mode is referred
to as cut-on mode.

• If ω < ωc, the axial wavenumber k±mj is an imaginary number. In this case, the
acoustic wave is attenuated with an exponential decay of:

k±mj = i
√
β2K2

mj − k2.

The corresponding mode is then classified as being a cut-off mode and is often designated
as an "evanescent wave". The attenuation rate of a mode is defined by the imaginary part
of the axial wavenumber k±mj. Over a distance dx, the attenuation rate τmj of a mode can
be given as,

τmj = exp(−1/β2
√
β2K2

mj − k2dx). (1.41)
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Consequently, a mode of order (m,j) can only propagate if its frequency is larger than
the cut-off frequency fc = ωc/(2π). This frequency depends on the hub-to-shroud ratio
and the speed of the flow. As the Mach number increases, the cut-off frequency reduces.
Thus, the increase of the Mach number allows the propagation of additional modes for
the same frequency. The decay of cut-off modes is an important feature of duct acoustics.
Indeed, it limits the number of acoustic modes that will propagate from a source to the
duct exit, where they can radiate to the far field. This property of the duct has been
extensively exploited in the engine design process to cut-off the first modes at the BPF,
which has significantly reduced the tonal noise radiated. However, for broadband noise,
such noise reduction concepts are not as easily applicable. Therefore, the noise sources
have to be directly damped.

1.5.2 Analytical models for RSI noise

For early development stages of new aero-engines, analytical models are usually used to
provide closed-form expressions of the sound field. They take the advantage of their low
cost. However, this low-cost noise evaluation is at the price of drastic assumptions, which
possibly lead to substantial errors. A careful assessment of the modeling techniques should
also be made, for instance by comparing the results to dedicated laboratory experiments
or to high fidelity numerical simulations.

Several models have been developed to analytically predict the rotor-stator interaction
noise mechanism in a fan/OGV stage at approach condition [176, 174]. The noise is
generated from the interaction of the turbulent structures (in the rotor wakes or in the
background) with the stator vanes cascade. Then, an acoustic analogy is usually used to
propagate the noise generated to the far-field. In this section, an overview of the available
analytical models is first presented. The general concepts used by the analytical models
and the two cascade models adopted in this work are briefly described.

The first type of analytical models focuses on the interaction of a perturbation imping-
ing on an isolated airfoil. The general idea of this type of models is to consider an incident
gust (harmonic perturbation) normal to the airfoil. The gust is convected until reaching
the leading edge of the airfoil, creating an unsteady loading and generating broadband
noise. Sears [246] calculated the two-dimensional aerofoil response to parallel sinusoidal
gusts in a specific case of incompressible flows. Sears’s [246] response function is only
valid at low frequency. Filotas [60] extended the analysis of Sears [246] to include skewed
sinusoidal gusts in incompressible flows. Amiet [8] developed a compressible response
function. Paterson and Amiet [190] extended this theory to take into account trailing-
edge back-scattering. Then, Moreau et al. [169] and Roger et al. [225] extended this theory
to three-dimensional aerodynamic gusts with subcritical and supercritical gusts. In these
models the airfoil is considered as an infinitely thin flat plate immersed in a uniform in-
viscid flow with zero incidence, neglecting camber and mean loading effects. The latter
effects were introduced by Myers and Kerschen [178] and Evers and Peake [59].

These models are well adapted for low solidity rotors without external casing, such as
helicopter rotors or propellers. However, modern ducted fan-OGV stages, such as UHBR
fan stages, display a large number of vanes with substantial overlapping, questioning the
isolated vane assumption. In such configurations, the influence of the neighboring vanes on
the acoustic propagation, which can be referred to as cascade effect, cannot be neglected.

Another range of models analytically solve the integral equation of the problem to
obtain the cascade response through the use of the Wiener-Hopf technique [151, 131,
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Figure 1.7: Definition of an annular strip of mean radius r0 for analytical modeling,
assuming homogeneous conditions over the span length ∆r. Source [176].

191, 69]. The model of Glegg [69] considers a three-dimensional cascade response. This
response function does not rely on a direct computation of the acoustic sources on the
vanes to obtain the acoustic field outside of the cascade. Hanson and Horan [91] and
Hanson [93] extended the model of Glegg [69] by using a new formalism to take into
account complex geometry features and spanwise variations of the flow and the blades and
vanes geometry through the use of the strip theory (Figure 1.7). Additionally, Posson et
al. [209, 207] extended the model of Glegg [69] to allow for the computation of the unsteady
loading on the vanes. As for the model of Hanson [93], Posson’s model [209, 207] also
allows to consider complex geometries and spanwise varying flow conditions by using the
strip theory. The computed unsteady loading is used as a dipole source in Goldstein’s
analogy [71]. Posson’s model [209, 207] has then been extended to consider swirl effects
by Masson et al. [153] using the generalized Green’s function proposed by Posson and
Peake [206] for homentropic flows. Posson’s model [209, 207] is also extended by Mathews
and Peake [154], who recently developed a Green’s function for a more general isentropic
flow with a lined duct. More recently, Baddoo et al. [10] developed a model that allows
to take into account some geometric features of a realistic airfoil, such as the camber and
the thickness if they are small enough. They have found that these parameters can have
significant impact on the radiated noise of the cascade.

Basics of the analytical models

The basic concepts used in the previously described analytical models are established
in [176, 174] and are summarized in the following.
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Figure 1.8: Geometric features for an unwrapped strip. ν is the vane number, Uxc the
incoming axial velocity component and w(t) the impinging gust. Source [51].

• Geometric properties. The duct is considered annular and of infinite length. The
rotor blades and stator vanes are modeled as zero thickness flat plates with finite
chord and span. The considered fan stage is split into annular strips. In each strip,
the geometry is assumed to be homogeneous along the span, so that the aeroacoustic
phenomena are locally described in the unwrapped annulus in cartesian coordinates.

An adequate radial evolution of the equivalent flat plates is considered in a way to
match the pitch and spanwise stackings of the real geometry. This allows to conserve
the main geometrical parameters of the blade design, such as the stagger, lean and
sweep angles. Indeed, these geometric features have significant influence on the fan
stage noise [137, 82].

The other parameters inherent to the cascade, such as the chord length c, the
intervane channel height h, the solidity c/s with s = 2πRm/v (Rm is the mean radius
and V the vane count), and the non-overlapping area d (as shown is Figure 1.8) are
also replicated with this approach.

• Impinging flow. The incoming flow is considered to be homogeneous along the span
of each strip. Over each strip, the real incident flow is modeled as a gust convected
by a mean flow. The flow is considered in the form of a harmonic perturbation by
using time and spatial Fourier transforms. The harmonic amplitude is defined using
mean and turbulent characteristics of the flow at the considered radius. These
parameters aim to reproduce as closely as possible the actual flow impinging on
the stator vanes and generating rotor-stator interaction noise. For that, the radial
distribution of mean and turbulent parameters of the flow is typically extracted from
CFD computations (or experiments). These parameters are listed in the following.

– Axial velocity component.

– Magnitude of the absolute velocity.

– Wake half-width.

– Turbulence intensity in the wakes and in the background.

– Integral length scale in the wakes and in the background.
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Using these parameters, a turbulent spectrum is computed at each strip to describe
the turbulent behavior of the flow.

• Acoustic sources. Some models explicitly compute the cascade response and provide
the unsteady loading distribution on the vanes. As discussed earlier, the unsteady
loading can either be computed using an isolated airfoil or a cascade response ap-
proach that take into account the neighboring vanes.

• Sound radiation. When the unsteady loading is computed, it can be used as an
equivalent dipole source distribution in a chosen acoustic analogy to recover the
acoustic power upstream and downstream of the studied cascade. For instance, a
free-field acoustic analogy is used in the model of Hanson [93], an in-duct analogy
in the model of Posson et al. [209, 207], and an in-duct with swirling flow in the
model of Masson et al. [153].

Hanson’s model

Hanson’s model [93] is based on the cascade model of Glegg [69]. The main features of
this model are listed as follows.

• Hanson’s model uses the strip theory, in which the geometry is divided into several
cylindrical cuts of thickness ∆r.

• This model is able to consider a realistic impinging flow by taking into account the
in-homogeneity and the anisotropy that characterize the flow in the inter-stage.

• This model is able to take into account the specific features of complex blade ge-
ometries (variable stagger, sweep and lean angles).

• This model is developed in the cylindrical framework, which allows to consider
wavenumbers in the duct coordinate system with the actual number of blades and
vanes.

• For each strip, the acoustic power is computed and radiated only within the con-
sidered ∆r strip based on the Glegg’s approach [69] and using a free-field acoustic
analogy. The contributions of each strip are then summed up incoherently.

Posson’s model

Posson’s model [209, 207, 208] is based on the cascade model of Glegg [69] and includes
the developments made by Hanson’s model [93]. The main features of this model are
listed as follows.

• Posson’s model [209, 207, 208] uses the strip theory. In each strip, a rectilinear
cascade of zero-thickness flat plates of infinite span is subjected to a 3D impinging
gust.

• This model allows to compute the unsteady pressure jump across the vanes, which
can then be considered as an equivalent distribution of dipoles along the vane’s
surface.

• The vane cascade responses subject to each gust are added up to obtain the noise
source distribution corresponding to that of the actual impinging flow.
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• These noise sources are then radiated using an in-duct acoustic analogy (Goldstein’s
analogy [71]).

• The contributions of each strip are then summed up incoherently.

1.5.3 Analytical models for trailing edge noise

The first study of the broadband trailing edge noise is attributed to Powell [210] in 1959.
It consists of an experimental study that aimed to develop a semi-empirical model for
the trailing edge noise. The power spectral density of the far-field acoustic pressure is
proportional to Uα, with α = 4− 6, where U is a characteristic flow velocity magnitude,
and to ω−3 (ω is the angular frequency) at high frequencies. Other empirical models were
also proposed in previous studies in the literature [63, 23]. These models can neither be
extended to airfoil configurations nor to radiation angles that are not in the database used
to produce the model, which limit their usage.

In the 1970s the first analytical models were proposed in the study of Ffowcs Williams
and Hall [276] being followed by Amiet’s [7] and Howes’s [95] theories among others. In
the review of Howe [95], these methods are classified in three main families differing by
the way by which the perturbation interacts with the plate’s trailing edge and can be
summarized as follows.

• Theories based on Lighthill’s acoustic analogy [148] in the case of a particular vortex
in the vicinity of the trailing edge. We can particularly note the works of Crighton
& Leppington [47] and Ffowcs Williams and Hall [276]. In this latter, a non-viscous
isentropic flow in a uniform medium is considered. This allows to obtain an evolution
of the PSD of the acoustic pressure as U5.

• Theories based on the resolution of compressible linearized fluid dynamics equa-
tions. They aim to link the far-field radiated sound spectrum to hydrodynamic
pressure fluctuations measured at or close to the trailing-edge. Chase [35, 36] and
Chandiramani [33] decomposed the hydrodynamic pressure fluctuation into several
harmonics. The far-field radiated pressure is then obtained using Lighthill’s acoustic
analogy [148].

Contrary to previous studies, Amiet [7] proposes a model for a fixed plate in a
medium with motion using a strategy similar to the rotor-stator interaction noise
model [8].

• Ad hoc models. They suppose an a priori distribution of dipoles whose strengths
and types are generally determined empirically (Tam & Yu [258]).

Finally, Howe [95] proposed an analytical model synthesizing the previously proposed
models mentioned earlier. Howe’s model [95] is based on a half-plane Green’s function
for a source close to the trailing edge and an observer placed in the far-field. All these
models produce similar predictions for small Mach numbers and lead to a U5 scaling law.

These formulations are developed for a semi-infinite flat plate ignoring the leading
edge. The given argument for this assumption is that the scattering process is of the
order of magnitude of the convected vortical eddies on the trailing edge, which are much
smaller than the chord length. Therefore, they are limited to high frequencies. The first
attempt to take into account the leading edge scattering effect was introduced by Howe [96]
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who proposed a formulation of the Green’s function for an arbitrary finite airfoil chord
by performing several scattering computations at high frequencies. More recently, the
scattering effect was addressed by Roger & Moreau [223] who extended Amiet’s theory [7]
by adding a leading-edge back-scattering correction and a three-dimensional extension of
the original formulation. This was done using a two-step Schwarzschild’s procedure [8, 7]
and yields a modified chordwise distribution of the acoustic sources. Thus, the directivity
is slightly modified with the apparition of secondary lobes. It is equivalent to the formu-
lation of Howe [96] in the case of a vanishing Mach number and can also be used for high
speed subsonic flows.

Input data

In the present work, Amiet’s model [7] with the back-scattering correction [223] is adopted
for the trailing edge noise, using the strip theory. The flow state in the boundary layers at
the trailing edge is described using two main parameters, (i) the wall pressure spectrum
and (ii) the spanwise correlation length. These parameters can be directly extracted
from the LES computation or modeled using empirical and semi-empirical models. In the
present work, Goody’s [73] and Rozenberg’s [228] models are used for the wall pressure
spectrum. The different models used for the spanwise correlation length are (i) Corcos’s
model [44], (ii) Guedel’s model [88], (iii) Efimtsov’s model [57] and (iv) Salze’s model [233].
These models are briefly described in Chapter 3. The input data for these models are
recalled in the following.

• Boundary layers thicknesses: boundary layer thickness, displacement thickness and
momentum thickness.

• Convection velocity.

• Friction velocity.

• Wall shear stress.

• Adverse pressure gradient.

In the present work, these parameters are extracted from the LES computations at each
strip radius. The wall pressure spectrum and the spanwise correlation length can then be
estimated by the previously mentioned empirical models and compared to direct predic-
tions from the LES.

1.5.4 LES-informed analytical models

This method couples a CFD computation, a LES in the present work, with one of the
analytical models described earlier. The CFD computation is used to obtain the flow
parameters that characterize the properties of the impinging flow upstream of the vanes
and the boundary layers close to the trailing edge to feed the analytical models. Some of
these models, such as Amiet’s [8, 7] and Posson’s [209, 207] models, use the CFD data
to compute the unsteady loading on the surfaces. This loading is then considered as
an equivalent dipole source distribution in an acoustic analogy in order to compute the
associated radiated noise [213, 146].
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1.5.5 Hybrid numerical approach

Hybrid numerical approaches are based on a two-step process that separates the compu-
tation of the acoustic sources from the noise propagation. It couples a fully compressible
CFD simulation, a LES in the present work, with an acoustic analogy, such as the Ffowcs
Williams and Hawkings [277] analogy. The flow simulation is used to compute the acoustic
sources on a control surface. In the case of thin airfoil noise, the noise radiated is mostly
of dipolar nature and is related to the unsteady loading on the surfaces of the blades
and vanes. The loading is then used in the acoustic analogy to compute the acoustic far
field. The main drawback of such approaches is that the Green’s function is only known
for canonical cases (free-field, uniform flow, annular cylindrical ducts, with possible but
complex extensions to slowly varying ducts, lined ducts, mean swirl flows). Consequently,
some specific flow features are ineluctably neglected, as in the case of sheared flows for
example. This can impact the accuracy of the method. Moreover, such an approach only
consider dipolar sources, is only a valid assumption at low Mach numbers.

Acoustic analogy - Lighthill’s equation

The concept of an acoustic analogy is to rewrite the full equations of fluid dynamics
(presented in Section 1.4.1) as an equivalent wave equation in a homogeneous medium at
rest or in uniform motion. The methodology is first introduced by Lighthill [147, 148] and
aims to apply the standard Green’s function technique to derive approximate solutions.

Starting from the gas dynamics equations and performing some mathematical manip-
ulations, the Lighthill’s equation [147, 148] can be given as,

∂2ρ

∂t2
− c2

0

∂2ρ

∂xi∂xi
=

∂2Tij
∂xi∂xj

, (1.42)

where Tij = ρuiuj+(p−c2
0ρ)δij−τij is the so-called Lighthill’s stress tensor. When applied

to a pure acoustic problem, all the right-hand side terms in Eq.1.42 can be neglected
at large distances from the flow (according to reasonable assumptions related to the
propagation of acoustic waves, such as the assumption of small-amplitude acoustic waves,
isentropic motion, etc. ). Consequently, Eq.1.42 reduces to a homogeneous wave equation.

The double divergence of the Lighthill’s stress tensor Tij appears as the source term in
Eq. 1.42. Lighthill’s equation is exact and accounts for all the aeroacoustic processes, in-
cluding (i) the sound generation by the flow non-homogeneities, (ii) the sound propagation
through the flow and (iii) the sound dissipation by viscosity or heat conduction.

This equation can not be solved explicitly since the right-hand side term contains
the acoustic field to be determined. To overcome this difficulty, several assumptions are
applied and summarized in the following.

• At large Reynolds numbers, viscous effects are much smaller than inertial effects so
that the viscous stress tensor τij can be neglected when compared to the Reynolds
stresses ρuiuj.

• For non-reactive flows at large Reynolds numbers and low Mach numbers, the ther-
mal effects p − c2

0ρ can also be neglected when compared to the Reynolds stresses
ρuiuj.

• At low fluctuating Mach numbers, the vortical flow develops as nearly incompressible
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and Tij finally reduces to Tij = ρ0UiUj,U being the velocity field without its acoustic
part.

Using these assumptions, Lighthill’s equation indicates that non-linear aerodynamic inter-
actions induce density fluctuations at low order of magnitude, which propagate as sound.
This equation becomes explicit and possible to solve using the standard Green’s function
technique.

Ffowcs Williams & Hawkings acoustic analogy

The Lighthill’s analogy is well adapted for modeling the noise radiated by free-field tur-
bulence (e.g. jet mixing noise). However, it does not directly address the question of
physical boundaries. A convenient way to overcome this limitation is to replace the sur-
faces by additional equivalent sources supposed to radiate in free field. This method is an
extension of the Lighthill’s analogy [147, 148] to account for fixed solid boundaries, and
moving boundaries with mean axial flow. This approach is first introduced by Curle [48]
and Ffowcs Williams & Hawkings [277].

Starting from the equations of gas dynamics and using a rigid wall boundary condition
(no-crossing flow boundary condition) on the surface, a formal procedure can be used to
derive an equation for the fluctuating density ρ′, given as,

∂2ρ′

∂t2
− c2

0

∂2ρ′

∂xi∂xi
=

∂2Tij
∂xi∂xj

+
∂

∂xi

(
σ′ijδ(f)

∂f

∂xj

)
+
∂

∂t

(
ρ0VSiδ(f)

∂f

∂xi

)
(1.43)

where σ′ij = τij − (P − P0)δij is the stress tensor, δ stands for the Dirac delta function,
VSi is the velocity field of a point on the surfaces and f(x, t) = 0 is an equation defining
the kinematics of the surfaces.

The right-hand side terms in Eq. 1.43 can be considered as noise sources that generate
density fluctuations and can be defined as follows.

• The first term represents noise generation due to a volume distribution of quadrupole
sources in a limited area enclosing the sources.

• The second term represents the loading noise, produced by the exertion of a net
unsteady force on the fluid, and can be assimilated to a distribution of dipole noise
sources.

• The last term corresponds to the thickness noise resulting from the unsteady volume
displacement effects of the surface. It is equivalent to a surface distribution of
monopoles.

Approximations

In order to solve Eq.1.43 using the Green’s function technique, some approximations
should be considered to simplify the right-hand side terms.

• The Reynolds number of the flow is relatively large and the characteristic Mach
number of the fluctuating part of the flow is relatively small.

• When computing the noise sources, the pressure fluctuations due to the flow inho-
mogeneities are much larger than the acoustic pressure fluctuations. Consequently,
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the second term at the right-hand side of Eq.1.43 reduces to only the blade load-
ing forces (lift and drag). This term can thus be determined by unsteady CFD
simulations (a LES in the present work).

• The third term at the right-hand side of Eq.1.43 does not require any approximation,
since it is completely defined by the kinematics of the surfaces, assumed to be known.

Using these assumptions, the right-hand side of Eq. 1.43 becomes independent of the
desired density field and the equation can be solved using the Green’s function technique.

In the specific case of subsonic fan configurations, which is the case of the computations
in the present work, the quadrupole (first term) and monopole (last term) sources can both
be neglected since the Mach number does not exceed 0.5 at approach conditions [277, 71].

Using all these approximations, the solution of Eq.1.43 can be given as,

ρ′(x, t) =
1

c2
0

∫ T

−T

∫
Sb(τ)

Fi
∂G(x, t|y, τ)

∂yi
dS(y)dτ (1.44)

where Sb is the surfaces of the blades and vanes, x = (x1, x2, x3) and y = (y1, y2, y3) are
the observer and source coordinates respectively, t and τ are the observer time and source
time respectively, F is the force loading on the surfaces, and G is the Green’s function.

The Green’s function in the free-field for a moving medium can be given as,

G(x, t|y, τ) =
δ(τ − t+Re/c0)

4πRs

, (1.45)

where
R2
s = (x1 − y1)2 + β2

[
(x2 − y2)2 + (x3 − y3)2

]
; β2 = 1−M2

Re =
1

β2
[Rs −M(x1 − y1)] ; M = U/c0.

1.5.6 Direct noise computation

The direct noise computation approach requires to perform an unsteady simulation, an
LES in the present work, to compute both (i) the turbulent flow near the fan blades and
OGVs and (ii) the acoustic field in the fan stage. Fan stage broadband noise is generated
due to the interaction of turbulent flows with solid walls. Consequently, the unsteady
simulation should be able to capture the inherent stochastic nature of turbulence and
its modeling must be as limited as possible. Thus, unsteady statistical approaches, such
as URANS, can not be used for broadband noise predictions since turbulence is entirely
modeled. Such approaches can only be used for the prediction of tonal noise sources, since
the deterministic sources can be captured.

A higher fidelity numerical approach should be adopted for broadband noise predic-
tions, such as DNS and LES. Due to its high computational cost, direct noise computa-
tion using a DNS approach is limited to cases at low to moderate Reynolds numbers (i.e.
channel flows [126], low-pressure turbines with limited span [285, 162, 280, 161, 236] , and
compressor and fan blades [173, 283]. As an alternative, the LES approach seems to be
better adapted for direct noise computation, thanks to the significant increase of compu-
tational resources. The variety of LES approaches (wall-resolved LES, wall-modeled LES,
hybrid RANS/LES) makes it a more versatile tool than DNS that can be applied to a
wider range of flow configurations for direct noise computation.
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One main difficulty for direct noise computation using LES is to properly propagate
the acoustic waves up to a certain distance in the fan stage, particularly at the high fre-
quencies of interest. Indeed, at subsonic Mach numbers, the magnitude disparity between
hydrodynamic and acoustic disturbances is significantly large. Only a very small fraction
of the flow energy effectively radiates into the far-field [46]. The numerically captured
acoustic waves are then prone to numerical errors. The accuracy of the numerical setup,
particularly the properties of the numerical scheme, the mesh type and the boundary
conditions, appear as a stringent requirement for direct noise computation. Additionally,
artificial dissipation is generally used in the LES approaches for stability purposes. If the
rate of artificial dissipation is relatively large, acoustic waves may be significantly damped
due to their low magnitude and propagative nature.

Consequently, to correctly transport the acoustic waves without damping and distor-
tion, (i) high-order discretization schemes with suitable dissipation and dispersion prop-
erties, (ii) a well refined mesh and (iii) low artificial dissipation rates are required. Since
the numerical requirements for the LES setup are not well documented in previous works
in the literature, a parametric study is carried out in Chapter 3 to define best practices
for the choice of LES parameters to properly predict the fan stage broadband noise mech-
anisms using a direct noise computation approach.

Noise prediction methods Summary

In this section, the main available approaches for the prediction of fan stage broad-
band noise are presented:

• LES-informed analytical models.

• Hybrid numerical methods.

• Direct noise computation.

The duct modes and the duct cut-off conditions are first introduced. The available
analytical models for the two broadband noise mechanisms, the rotor-stator inter-
action noise and the trailing edge noise, are briefly described, with an emphasis
on the models used in the following chapters. The concept of acoustic analogy is
also presented, with a particular focus on the Ffowcs Williams & Hawkings [277]
analogy. This analogy computes the noise propagation in the free-field for an axial
flow. It is used in Chapters 5 and 6 to separate the contributions of different noise
mechanisms.
Analytical models

An overview of the available analytical models for the RSI noise and the TE noise is
briefly presented. A particular interest is focused on the models used in Chapter 6,
the models of Hanson [93] and Posson [209, 207, 208] for the RSI noise, and the
model of Amiet [7, 223] for the TE noise.
For the different models, the fan stage is split into annular strips. In each strip, the
geometry and the incoming flow are assumed homogeneous along the span. The
models consider the blades and vanes as a cascade of flat plates and compute the
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blade or vane response induced by an incident flow in a radial strip. The surface
response is then used as an equivalent dipole source in an acoustic analogy. The
Hanson’s and Posson’s models mainly differ by the noise propagation step (free-field
for Hanson’s model and in-duct propagation for Posson’s model).

Hybrid numerical approach

For hybrid numerical approaches, the computation of aerodynamic sources and the
noise propagation step are decoupled. In the following chapters, this approach is
based on the coupling between a scale resolving simulation (LES) and the acoustic
analogy of Ffowcs Williams & Hawkings [277]. It is mainly used to separate the
contributions of different noise mechanisms in the fan stage.

Direct noise computation

For direct noise computation approaches, the aerodynamic sources as well as the
acoustic field in the fan stage are computed. The specific constraints of such ap-
proaches, in terms of numerical scheme, artificial dissipation, grid type and mesh
refinements are highlighted.

1.6 Conclusions
This chapter introduces the main concepts required to perform broadband noise predic-
tions in a fan/OGV stage.

1.6.1 Fan noise mechanisms

Several tonal and broadband noise mechanisms encountered in a fan stage are first briefly
described. The different noise mechanisms studied in the following Chapters are high-
lighted.

• Rotor-stator interaction noise, which is generated by the interaction of the rotor
wakes with the stator vanes. This noise mechanism is studied for flat plate config-
urations in Chapter 3 and for an UHBR fan stage configuration in Chapter 6.

• Trailing edge noise, which is generated by the diffraction of turbulent boundary
layers when passing the trailing edge of the blades and the vanes. This noise mech-
anism is studied for flat plate configurations in Chapter 3 and for an UHBR fan
stage in Chapter 6.

• Separation noise, which is generated due to pressure and velocity fluctuations in a
recirculation bubble close to the leading edge of the rotor blade at partial regimes.
This noise mechanism is studied in Chapter 4 on a radial slice of an UHBR fan
stage.

• Tip gap noise, which is generated by the interactions of the tip flow vortices, mainly
the tip leakage vortex, with the rotor blades. This noise mechanism is studied in
Chapter 5 on an UHBR fan stage configuration.

The multiple numerical simulation approaches, from statistical methods to fully tur-
bulent resolving methods, are also described and compared in terms of accuracy and
computational costs.

39



Chapter 1. State of the Art

1.6.2 Prediction methods

Different noise prediction techniques used in the following chapters are presented and
briefly summarized in the following.

• LES-informed analytical models. These methods have the advantage to provide fast
noise estimates. This allows us to carry out reasonably accurate noise pre-design
or optimization studies in an industrial context. In the present work, the analytical
models are fed with LES data. Different models for RSI and TE noise predictions
are briefly described, with an emphasis on the models adopted in the following
Chapters of this work.

• Hybrid numerical methods. These methods decouple the computation of the aero-
dynamic field, which contains the acoustic sources, and the acoustic propagation.
The aerodynamic field is obtained using a LES and the acoustic propagation is com-
puted using the Ffowcs Williams & Hawkings [277] analogy. This method is used
to separate between the contributions of different noise mechanisms encountered in
the fan stage and compare them to the total far-field noise.

• Direct noise prediction. This approach is based on a fully unsteady simulation
(a LES) that resolves both the turbulent flow around the blades and the vanes
and the acoustic waves in the fan stage. It relies on much less modeling than
the analytical models and the hybrid numerical approaches. This makes it the
most precise tool to investigate the flow mechanisms responsible for the acoustic
field. It also allows to assess the validity of the hypotheses made in the analytical
models. Nevertheless, it requires the use of a specific numerical setup and important
computational resources, which have so far limited its use for aeroacoustic studies
in turbomachinery applications.
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Introduction

The main objective of this PhD thesis is the prediction of fan stage broadband noise
using LES and analytical models. To this end, the work has been split into 2 parts
or phases.

• Phase 1 corresponds to LES of several flat plate configurations. A parametric
study for different LES numerical parameters is performed and LES results
are compared with analytical models. Figure 2.1 (a) presents an illustration
of the computational domain of the flat plate configuration.
The objective of these LES simulations is to define the proper numerical LES
setup for an appropriate description of the flow topology and a direct noise
prediction in a fan/OGV stage without making any assumptions for the noise
propagation.

• Phase 2 corresponds to LES and RANS computations of the ECL5 fan stage,
which has been designed at École Centrale de Lyon. Figure 2.1 (b) presents
the fan stage of the ECL5 configurations.
The main objectives of these LES simulations are the following.

– Investigation of the flow topology and noise mechanisms of the ECL5 fan
stage at approach condition.

– Direct prediction of the acoustic levels from the fan stage, using a well-
refined mesh, which is based on the results from phase 1.

– Assessment of numerically-informed analytical models by comparing the
direct LES acoustic results with the results of the models.

The objective of this chapter is to facilitate the reading of the manuscript by gath-
ering all mesh related information of the different configurations considered in the
following chapters. This chapter also presents a summary of the configurations on
which the simulations and noise predictions in the following chapters have been
performed. The geometry and operating conditions of each configuration of the two
phases are described. Additionally, the numerical setups are presented, including
the computational domain, numerical parameters (CFD solver, numerical schemes,
boundary conditions) and the mesh parameters. Finally, the mesh quality for the
different cases of phase 2 is analyzed.
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2.1 Phase 1: flat-plate configurations

The simulations of the flat plate were performed at a freestream velocity of U0 = 100m/s,
and atmospheric conditions (ρ0 = 1.177 kg/m3, Tt0 = 300K, µ0 = 1.81 105 kgm−1s−1).

In this phase, two cases are investigated; case 1 is dedicated to the study of the
turbulence interaction noise, which is also called Leading Edge (LE) noise from a flat
plate interacting with an oncoming turbulent flow, and case 2 focuses on the study of
Trailing Edge (TE) noise from a flat plate with a sharp TE.

For both cases, the unsteady three-dimensional flow around the plate is computed with
the LES approach using the AVBP compressible solver developed by CERFACS [245].
The SIGMA SGS model [183] is adopted with the Two steps Taylor Galerkin TTGC
scheme [43], which is a third-order convective numerical scheme in space and time. The
Jameson’s artificial viscosity sensor is adopted.

2.1.1 Case 1: leading edge noise

In this section, the numerical setup for the simulations of case 1, dedicated to the study
of LE noise, is presented. Furthermore, the different mesh resolutions are described.
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(a)

(b)

Figure 2.1: Illustration of the (a) Phase 1 and (b) Phase 2 configurations.
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(a)

(b)

Figure 2.2: (a) Mesh view for MESH1. (b) Mesh refinement close to the leading edge.

Configuration

The computational domain size extends 20c in the x-direction (streamwise direction)
and 25c in the y-direction (normal direction), where c stands for the chord length. The
spanwise extension is 10% of the chord length, which represents about five times the
displacement thickness of the boundary layer at the TE. The chord length is set to c =
0.1m and the plate thickness is e = c/100. The Reynolds number based on the chord
length is Rec = 106.

Mesh description

Five different meshes are considered, which are composed of prismatic cells around the
plate surface, tetrahedral cells away from the walls, and pyramidal cells in the transition
between prismatic and tetrahedral cells. A mesh representation at mid-span is presented
in Figure 2.2. At the plate surface, 8 layers of prismatic cells have been imposed. The wall-
normal spacing is the smallest for the first layer near the wall and increases progressively
with a geometric ratio of 1.1. The properties of the different meshes are presented in
Chapter 3. For all the cases, a wall model is imposed, with a mean value of the non-
dimensional wall normal cell-size, y+, over the flat plate surface of 25 [266]. Since only
the leading edge noise is studied in this case, it is not necessary to increase the resolution
of the boundary layers on the flat plate surface. Upstream of the flat plate, the mesh is
sufficiently refined to convect the oncoming turbulence from the inlet to the leading edge.
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Boundary conditions

The boundary conditions used in the present simulations are presented below.

• Inlet boundary condition. A Navier Stokes Characteristic Boundary Condition
(NSCBC) [202] is specified at the inlet section. Synthetic turbulence is injected
based on a spectral approach. The mean flow speed is U0 = 100m/s. Upstream of
the LE (at 0.02c from the LE), the turbulence spectrum can be fitted by a Von-
Karman spectrum with a turbulent intensity of 4% and an integral length scale of
5mm. Thus, the integral length scale corresponds to 5% of the chord length, which
is considered to be representative of the turbulence length scales in the fan/OGV
interstage. The cut-off wavelength is equal to two times the largest cell size accord-
ing to Shannon’s principle. The number of Fourier modes that compose the random
velocity perturbation is 50.

• Outlet boundary condition. A NSCBC boundary condition is specified at the outlet
section. An adequate relaxation factor, as described in Ref. [149], is set to limit
acoustic wave reflections that may be generated due to the presence of turbulent
structures in the wake of the plate at the outlet section. A static target pressure of
101325Pa has also been set at the outlet section.

• Spanwise boundary condition. Periodic boundary conditions are applied at the
boundaries in the spanwise direction.

• Wall boundary condition. A no-slip boundary condition is used on the plate surface.
A wall model is used, with a dimensionless wall velocity u+ = 1

κ
ln(Ay+) for y+ >

11.45 with κ = 0.41 and A = 9.2.

Estimation of the computational time

Let us consider an estimation of the computational time as:

cost =
Nite

perfo
(2.1)

where "perfo" is the mean efficiency of the cluster for a given total number of cells in the
mesh (in other terms, "perfo" is the number of iterations per second for all the processors
for a given mesh size) and Nite is the number of required iterations for convergence.

The number of iterations required is the ratio of the physical time by the time step
used by the numerical code. The physical time Tphys should be taken as the sum of the
time T1,phys needed to ensure convergence and the time T2,phys required to have a sufficient
resolution of the acoustic spectra in the frequency domain, i.e. Tphys = T1,phys + T2,phys.

T1,phys is proportional to the residence time, Tres, in the domain and can be given by,

T1,phys = αTres = α
V

Q
(2.2)

where α is a constant taken equal to 5, Q is the volume flow rate and V is the total
volume of the domain. Replacing by the numerical values, we obtain T1,phys = 0.0675 s.

Let us consider ∆f as the target frequency step for the acoustic spectra. The PSD is
calculated by averaging the unsteady recordings using M segments. Thus, T2,phys is given
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(a)

(b) (c)

Figure 2.3: (a) Mesh view in the mid-span plane, around the flat plate. Mesh refinements
near the LE (b) and the TE (c).

as,
T2,phys = M/∆f (2.3)

In the following, M will be taken equal to 5 and ∆f equal to 40Hz, so that T2,phys =
0.125 s.
The time step ∆t of the AVBP LES solver is limited by the propagation of acoustic waves
and can be estimated using the CFL criterion as follow:

CFL =
|U0 + c0|max∆t

∆xmin

= 0.7 (2.4)

where c0 corresponds to the speed of sound.

2.1.2 Case 2: Trailing edge noise

In this case, the trailing edge of the plate is sharp and a square trip (as shown in Figure 2.3)
is used on the flat plate surface to force the transition of the boundary layers to turbulence.
Since the trailing edge noise is directly related to the turbulent eddies close to the trailing
edge of the flat plate, a good description of the boundary layers is required.

Mesh description

The mesh is mostly composed of unstructured tetrahedral elements and is carefully clus-
tered near the flat plate surface to achieve a good spatial resolution. A mesh represen-
tation at mid-span is presented in Figure 2.3. Near the wall, two types of elements are
compared, tetrahedral and prismatic. Particularly, 10 layers of prisms are imposed for
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Figure 2.4: y+ (a) and x+ = z+ (b) values on the upper surface of the plate for the WR
cases of the flat plate using the TE configuration.

Wall-Modeled (WM) cases and 16 layers for Wall-Resolved (WR) cases. The smallest
wall normal spacing corresponds to the first layer near the wall. The spacing increases
progressively with a geometric ratio of 1.1. In all the cases, a square trip is used and the
mesh around the geometric trip is tetrahedral in order to avoid very small cells, which
would lead to small timesteps (see Figure 2.3 (b)). For the WR cases, the mean value of
y+ is kept below 1 (except close to the trip and to the leading edge) and the mean values
of x+ and z+ below 35 (as shown in Figure 2.4). For the WM cases, the mean value of
y+ is kept below 30 and x+ and z+ below 150 (as shown in Figure 2.5). The properties
of the different meshes used in this study are described in Chapter 3.

Boundary conditions

NSCBC [202] are used at the inlet and outlet planes of the domain, as well as at the upper
and lower boundaries. At the inlet section a mean flow speed (U0 = 100m/s) is imposed.
At the outlet section, a static pressure (P = 101325Pa) is specified. An adequate relax-
ation factor is specified at the inlet and outlet conditions to limit wave reflections from
the domain boundaries [149]. A no-slip wall boundary condition is used at the surfaces of
the plate. Unless otherwise noted, periodic boundary conditions are used in the spanwise
direction.

Phase 1: flat plate configurations - numerical setup Summary

Computational domain

• Flat plate configurations.

• Plate thickness e = c/100, where c = 100 mm.
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Figure 2.5: y+ (a) and x+ = z+ (b) values on the upper surface of the plate for the WM
cases of the flat plate using the TE configuration.

• For the TE noise configuration, the TE is sharp and a square trip is added on
the surface of the plate close to the LE.

Numerical parameters

• Solver: AVBP (CERFACS).

• LES approach.

• Subgrid-scale model: Sigma.

• Convection scheme: TTGC (third order in time and space).

• Artificial viscosity sensor: Jameson.

• Inlet boundary condition: NSCBC non-reflective. A synthetic turbulence
injection is used at the inlet section for LE noise configuration.

• Outlet boundary condition: NSCBC non-reflective.

• Side boundary condition: periodic.

• Solid wall boundary condition: adiabatic walls with no-slip condition.

Meshes

• Hybrid unstructured meshes: prismatic cells on solid surfaces and tetrahedra
in the rest of the domain.

• Different mesh refinements.

• Wall-modeled and wall-resolved (for the TE noise configuration) LES.
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Figure 2.6: Meridian view of the ECL5 fan stage.

2.2 ECL5 configuration

The configuration used in the phase 2 of this PhD thesis is the ECL5 fan/OGV stage,
which is an open test-case designed by École Centrale de Lyon that will be tested at
the ECL-B3 test rig [22, 187]. The ECL5 is an Ultra High Bypass Ratio (UHBR) low-
speed fan stage design, without core flow, which has been designed based on technical
requirements for a commercial mid-range aircraft.

2.2.1 Geometric properties

This state-of-the-art fan stage is composed of 16 rotor blades and 31 stator vanes (as
shown in Figure 2.1 (b)). It should be noted that this low-count OGV is expected to
be cut-on for the blade passing frequency (BPF), which leads to a significant tonal noise
contribution. Figure 2.6 shows a cross-section of the ECL5 fan stage and presents the
main geometric characteristics. The hub-to-tip ratio at the fan LE position is set to 0.29.
The minimum rotor-stator distance is 110 mm (slightly larger than one mid-span rotor
chord length), which is expected to minimize potential effects. The hub and shroud radii
are respectively RH = 72 mm and RS = 250 mm upstream of the rotor, and RH = 150 mm
and RS = 252 mm downstream of the stator. The tip clearance at approach condition
is 0.965 mm (0.011c) at the LE and 1.27 mm (0.014c) at the TE, with a linear evolution
from the LE to the TE. To reduce the effect of a relatively large tip clearance on the
tip leakage flow, the pressure ratio at the fan blade tip was minimized. The stator vanes
are fixed on the hub and shroud without any clearance. The ECL5 fan is highly twisted,
which is a direct consequence of the small hub-to-tip ratio. The stagger angle varies from
2° at the hub to -58° at the tip.

The fan airfoil sections for different radial locations are presented in Figure 2.7. The
hub corresponds to a spanwise position of 0% and the fan tip to 100%. The design of
theses airfoil sections is based on the flow conditions at the design speed. Highly cambered
airfoils are located at a spanwise position of 20%. At this position, the flow is subsonic. For
airfoils at higher spanwise positions, the camber is reduced. This is due to the flow near
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Figure 2.7: Rotor profiles for different heights.

the fan tip, where the flow speed is transonic and the pressure gradient is highly influenced
by the presence of shock waves. This affects the design. Particularly, the airfoil at the fan
tip (100%) presents a change in the slope of the mean camber line between the LE and
the maximum camber position. At the fan tip, the airfoil is relatively flat near the LE and
the position of the maximum camber is set to 70% of the chord length. These properties
are characteristic for airfoils operating at transonic speeds regimes and are expected to
have important effects on the flow topology in the tip gap region.

The main geometric parameters of the rotor blades and stator vanes at four different
spanwise positions (root, mid-span, 80%-span and tip) are shown in Table 2.1. The
solidity ψ = c/g, where g = 2πr/N is the blade-to-blade spacing, r is the radius, and
N is the number of rotor blades or stator vanes, is larger than 1 at almost all locations.
The thickness decreases as a function of the radial location in order to reduce blade
deformation due to centrifugal forces and limit the flow acceleration at the tip.

2.2.2 Operating conditions

The nominal rotational speed of the ECL5 fan is Ωn = 11000 RPM. RANS simulations
are performed to study the aerodynamic behavior of the stage at different operating
points, including the nominal rotational speed (100%Nn), to a partial regime (80%Nn)
and to approach conditions at a low rotational speed (55%Nn). LES are only performed
at approach conditions (55%Nn). At this operating point, the rotational speed is Ω =
6050 RPM, which corresponds to an azimuthal Mach number of 0.48 at the blade tip and
a blade passing frequency BPF = 1613Hz. The inflow axial Mach number is about 0.3
and the relative Mach number at the blade tip is 0.56. Thus, the fan operates in a fully
subsonic regime at approach conditions. The reference mass flow rate is ṁ = 20 kg/s
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Table 2.1: Main geometric parameters at different spanwise positions. κs corresponds to
the stagger angle, and ψ to the solidity.

Position c [mm] Thickness [% c] κs [°] ψ

Rotor

Hub 64 4.8 2.0 1.99
Mid-span 101 1.9 -23 1.54
80%-span 95 1.2 -45 1.10

Tip 90 1.0 -58 0.90

Stator
Hub 73 1.9 15 2.68

Mid-span 69 2.2 12 1.74
80%-span 70 3.0 12 1.49

Tip 73 3.3 21 1.40

and the total pressure ratio (defined as the ratio between the outlet total pressure and
the inlet total pressure) is 1.1. The Reynolds number based on the rotor mid-span chord
length is approximately 106.

2.3 Phase 2: ECL5 configuration - RANS setup

In this section, the numerical setup of the RANS computations is described. The steady
RANS simulations are performed for a full-span periodic sector of the ECL5 fan stage, as
shown in Figure 2.8 (a).

2.3.1 Computational domain and mesh description

A multi-block structured mesh is adopted, with 5.1 × 106 grid points. The mesh is
generated using the commercial software Autogrid V5, developed by Numeca International
(called now Cadence). The mesh uses an O4H block topology, which is a standard block
topology for turbomachinery applications and allows for a mesh refinement in certain
regions, such as boundary layers and wakes. The mesh of the computational domain is
shown in Figure 2.8. The domain extends from 3.75 fan chord lengths upstream of the
fan leading edge to 4.25 vane chord lengths downstream of the OGV. The duct is divided
using a mixing plane in the rotor/stator interface, at a constant axial position shown in
Figure 2.8 (a).

The near-wall mesh is sufficiently refined to capture boundary layers without using a
wall model. The normalized wall-normal distance y+ varies between 1 and 3 on a large
portion of the blade and vane surfaces with a maximum of 4 at the LE, as shown in
Figure 2.9. The total cell count in the rotor domain is approximately 3.4 millions, with
131 layers in the radial direction. The fan tip-clearance region is discretized using 31
points in the radial direction to correctly capture the flow features in this region. For
the stator domain, 1.8 million cells are used, including 105 layers in the radial direction.
The mesh is refined in the rotor wake region, where around 20 points per aerodynamic
wavelength (based on the Taylor micro-scale) are used.
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Figure 2.8: Mesh description for the RANS computations. (a) mesh view around the
walls of the rotor, the stator, the shroud and the hub. Mesh refinement around the LE of
the rotor (b) and the stator (c).

Figure 2.9: y+ values on the rotor blade (a) and stator vane (b).
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Figure 2.10: Illustration of the grid skewness definition.

2.3.2 Numerical parameters

The RANS simulations are performed using the FineTurbo solver developed by Numeca
International, using a mixing plane between the fan and the OGVs, and the Jameson-
Schmidt-Turkel numerical scheme [110]. Menter’s k−ω SST turbulence model is used [157],
which provides improved flow predictions in the presence of adverse pressure gradients in
comparison to the Wilcox k − ω model [275]. Similar input flow conditions are used for
both the LES and RANS simulations, i.e. standard total flow quantities are imposed at
the inlet section (total pressure Pt0 = 101325Pa, total temperature Tt0 = 300K) with a
uniform turbulent flow (turbulence intensity of TI = 0.5 % and a turbulence length scale
of λt = 0.05 m). These values of TI and λt are based on available hot-wire measurements
at the ECL-B3 facility and are expected to be representative of the turbulent flow down-
stream of a TCS (Turbulence Control Screen) and upstream of the fan LE. On the solid
surfaces, a non-slip adiabatic wall boundary condition is used. Finally, periodic boundary
conditions are imposed on the lateral surfaces of the computational domain.

2.3.3 Mesh quality

The mesh quality can be studied based on two parameters described below.

• Cell Aspect Ratio (AR): defined as the ratio of the longest edge length to the short-
est one of a given cell. In an ideal case, AR is equal to 1 for a square (structured
mesh) or an equilateral triangle (tetrahedral cells). Acceptable values of the aspect
ratio are in the limit of 100. Large values of AR in the high gradient regions of the
flow (like flow separation, recirculation, and reattachment regions) may deteriorate
the accuracy of the numerical result and lead to poor convergence. For the RANS
mesh, the mean value of the AR is 1.11 and the maximum value is 105 in the blade
tip region close to the LE. The percentage of elements with AR> 50 is 0.002% of
the total cell count.

• Cell skewness or grid distortion. For structured meshes, the cell skewness evaluates
the angle between consecutive grid lines (for exemple, see the angle δan in Figure 2.10
on the left), where an angle of about 90° is the ideal value. For triangles and
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tetrahedral elements, the skewness (skew) can be defined as follow,

skew =
Vequi − Vac

Vac
(2.5)

where Vequi is the volume of an (ideal) equilateral tetrahedron having the same
circumsphere of the actual tetrahedron and Vac is the volume of the current tetra-
hedron (an illustration for a 2D case is shown in Figure 2.10 on the right). A value
of skewness equal to 0 indicates a square, or an equilateral cell (ideal case), whereas
a value of 1 indicates a very low quality (worst case). The skewness values should
be low (ideally below 0.5) for stability reasons. The mean skewness value for the
current mesh is 0.15 and the maximum value is 0.92 (in the fan tip region close to
the leading edge). The percentage of elements with skewness > 0.85 is 0.01% of the
total cell count.

For the RANS simulations, the structures grid indicators are used.

Phase 2: ECL5 configuration - RANS setup Summary

Computational domain

• ECL5 fan/OGV stage.

• 1 rotor blade -1 stator vane configuration.

Numerical parameters

• Solver: FineTurbo (Numeca International).

• Mixing plane approach.

• Turbulence modeling: Menter’s k − ω SST turbulence model.

• Inlet boundary condition: total pressure and temperature with uniform tur-
bulent flow parameters.

• Outlet boundary condition: mass-flow rate is imposed.

• Lateral boundary condition: periodic.

• Wall boundary condition: adiabatic and non-slip wall condition.

Mesh

• Multi-block structured mesh using a O4H block topology is adopted.

• Wall-resolved simulation.

• The adopted mesh quality criteria are in the acceptable range for a reliable
simulation (averaged AR = 1.11, maximum AR<105; averaged skew = 0.15,
maximum skew<0.92 ).
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2.4 Phase 2: ECL5 configuration - LES setup
The geometry used for the present LES is also the ECL5 fan/OGV stage [22, 187]. LES
are only performed at approach condition (55%Nn). In this section, the LES numerical
setups for the different configurations are presented.

2.4.1 Configurations

Three different configurations are considered as shown in Figure 2.11:

• radial-slice sector LES.

• (full-span) sector LES.

• (full-span) 360° LES.

For the first two cases, a periodic fan/OGV sector is simulated to reduce the compu-
tational cost of the LES. The AVBP solver that is used for the LES in this work requires
the same angular extent for the rotor and stator domains. Thus, the original 31 vanes
configuration is adapted to 32 vanes to allow for a 2π/16 angular periodicity and reduce
the size of the computational domain. According to Rai et al. [215], the stage perfor-
mance is kept constant by adjusting the vane chord length to maintain the same solidity.
To assess the influence of the reduced-chord vanes on the flow topology, a comparison
between the two configurations is carried out using RANS simulations. Theses are shown
in Appendix C, where both configurations show a similar flow topology and aerodynamic
performance, which validates the modified vane count for the present study.

For the radial-slice sector LES, only a radial slice that corresponds to 12% of the
complete span (i.e. a span length of 12mm) is simulated. The slice is centered at a radial
position that corresponds to 80% of the hub-to-tip distance, and both the blade and vane
airfoil sections are kept constant throughout the span. According to the full-span RANS
results, three-dimensionnal effects, such as the radial velocity component, are minimized
at 80% of the span.
Overviews of the computational domains of the radial-slice sector LES and the (full-
span) sector LES are respectively shown in Figures 2.12 and 2.13. For all the cases,
the domain extends from 3.75 fan chord lengths upstream of the fan to 4.25 vane chord
lengths downstream of the stator.

2.4.2 LES numerical parameters

In the present study, the LES governing equations are solved using the AVBP solver, which
is an explicit unstructured fully-compressible LES solver developed by CERFACS [245].
For turbomachinery applications, two LES domains are coupled. The first one is the
rotor domain that contains the fan blades, and the second one is the stator domain that
contains the stator vanes. The coupler CWIPI is used for the data exchange between the
two domains, based on an overlapping grid method [267] and a third order interpolation,
which is consistent with the order of the adopted numerical scheme.

A third order, finite-volume, Two-Step Taylor Galerkin Convective TTGC [43] scheme
is used to solve the filtered Navier-Stokes equations. The SIGMA sub-grid scale model [183]
is used for the closure of the unresolved turbulent eddies. NSCBC [202] are used at the
inlet and the outlet sections. At the inlet section, a uniform mean flow is injected in the
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(full-span) sector LES(full-span) 360° LES

Radial slice sector LES

Figure 2.11: LES configurations.

Figure 2.12: An overview of the computational domain of the radial-slice sector LES case.
Dimensions are given in mm. Angles are given in degrees.
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Figure 2.13: An overview of the computational domain of the (full-span) sector LES case.

axial direction, the total pressure is set to P0=101325 Pa and the total temperature is set
to T0=300 K. At the outlet section, the pressure is adjusted to obtain the correct mass
flow rate. For the sector configurations, periodic boundary conditions are used on both
sides of the computational domain. On the wall surfaces of the blades, the vanes, the
shroud and the hub, a no-slip boundary condition is used. For the wall-modeled (WM)
cases, the boundary layer is modeled using a wall law [244] with a dimensionless wall
velocity u+ = 1

κ
ln(Ay+) for y+ > 11.45, with κ = 0.41 and A = 9.2. For lower values of

y+, a linear law is imposed. For the radial-slice case, a slip wall boundary condition is
used at the boundaries in the radial direction.

2.4.3 Temporal convergence

For unsteady simulations, temporal convergence is mandatory to ensure proper physical
analysis. For the different LES computations in this work, numerical and statistical
convergence studies are performed. Numerical convergence corresponds to the end of
the transient state. Statistical convergence corresponds to the convergence of the flow
statistics. A convergence analysis methodology introduced by Boudet et al. [17] is used to
ensure the numerical and statistical convergence. This analysis is applied for the different
cases in the following chapters. The number of rotor rotations required to reach temporal
convergence is summarized in Table 2.2. Once temporal convergence is reached, the
unsteady pressure, velocity components and density are collected using monitor points to
compute the acoustic field. The number of rotations used to compute the acoustic field
is also presented in Table 2.2.

2.4.4 Mesh characteristics

An overview of the mesh at mid-span is shown in Figure 2.14 for the radial-slice LES
and in Figure 2.15 for both the (full-span) sector LES and the (full-span) 360° LES.
For these cases, a view of the mesh in the tip gap region is also presented. The hybrid
unstructured mesh is composed of prismatic cells on the blade walls, tetrahedral cells
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(b)  (c) 

(d) (e) 

(a)

Figure 2.14: (a) Mesh view at mid-span for the radial-slice sector LES. Mesh refinements
around the rotor LE (b), rotor TE (c), stator LE (d) and stator TE (d).

Table 2.2: Temporal convergence in number of rotor rotations.

Radial-slice
LES

(full-span)
sector LES

(full-span)
360° LES

Statistical convergence 1.5 1.5 1.5
Numerical convergence 5 4.5 4.5
Acoustic recording 4 4 1.0

58



2.4. Phase 2: ECL5 configuration - LES setup

(a)

Boundary layers
re nement

InterfaceUpstream re nement

Wake re nement

Downstream re nement

(b) (c)

(d) (e)

(f)

Figure 2.15: (a) Mesh view at mid-span for the (full-span) sector and 360° LES. Mesh
refinements around the rotor LE (b), rotor TE (c), stator LE (d), stator TE (e), and in
the rotor tip gap region (f).
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Figure 2.16: y+ values on the rotor blade (a) and stator vanes (b) for the (full-span) sector
LES (WM).

Figure 2.17: x+ = z+ values on the rotor blade (a) and stator vanes (b) for the (full-span)
LES sector (WM).
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(a)

(b)

Figure 2.18: y+ values on the rotor blade (a) and stator vanes (b) for the radial-slice LES
(WR).

away from the blades, and pyramidal cells in the transition region between the prismatic
and the tetrahedral cells. The mesh was designed based on turbulent and acoustic criteria
established in Chapter 3. In order to obtain a suitable spatial resolution to resolve the
boundary layers on the airfoil surfaces, the mesh is particularly refined in these regions.
The first layer near the wall corresponds to the smallest spacing normal to the wall, and
the cell size increases progressively away from the wall. Using prism layers on the walls,
the values of x+, y+ and z+ can be chosen in the appropriate ranges for WM and WR
LES. For the WM cases, the y+ values are kept smaller than 30 (Figure 2.16 for the
(full-span) sector LES) and x+ and z+ values smaller than 250 (Figure 2.17). For the WR
cases, y+ values are kept smaller than 1 (Figure 2.18) and x+ and z+ values smaller than
40 (Figure 2.19).

Away from the walls, the mesh resolution is controlled by two main criteria:

• The number of points per acoustic wavelength λac = c0(1−M)
fc

, where c0 is the speed
of sound, M is a mean Mach number, and fc is the desired mesh cut-off frequency.

• A constant "ATa" that is the ratio of the mesh size to the Taylor micro-scale λTa =
(10νkt

ε
)1/2, where ν is the kinetic viscosity, kt the turbulent kinematic energy, and ε

the turbulent dissipation rate.

According to the parameter study from Chapter 3, using a similar mesh topology and
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(a)

(b)

Figure 2.19: x+ = z+ values on the rotor blade (a) and stator vanes (b) for the radial-slice
LES (WR).

numerical scheme, 13 points per λac and a value of ATa = 30 are set. This implies that the
mesh size is limited to 30 times the Taylor micro-scale to reduce the computational cost
while providing a good resolution of the turbulent structures. This relationship between
the mesh size and the Taylor microscale ensures that the cut-off frequency of the LES lies
within the inertial region of the turbulent spectrum. The refined mesh regions that follow
the above criteria are listed below.

• Upstream of the rotor and downstream of the stator. The mesh is refined over
one blade chord length upstream of the LE of the rotor and one vane chord length
downstream of the TE of the stator in order to ensure a correct acoustic propagation
in these regions up to fc = 30 kHz for the radial-slice sector LES and up to fc =
20 kHz for the (full-span) sector and 360° LES.

• Rotor-stator interstage. The mesh resolution at the interstage ensures that the fan
wakes are correctly convected between the TE of the fan blades and the LE of the
vanes.

• Around the blades. A smooth transition region between the prismatic layers and
the tetrahedral cells has been ensured for all the meshes used in this study.

62



2.4. Phase 2: ECL5 configuration - LES setup

Table 2.3: Assessment of mesh quality criteria for the LES of the ECL5 fan stage.

Radial-slice
LES

(full-span)
sector LES

(full-span)
360° LES

Aspect
ratio

Mean value 1.1 1.15 1.18
Maximum value 160 270 285

Percentage of cells with
AR >100 3× 10−6% 8× 10−6% 9× 10−6%

Cell
skewness

Mean value 0.18 0.25 0.27
Maximum value 0.99 0.99 0.99

Percentage of cells with
skewness >0.85 1× 10−2% 2× 10−2% 2× 10−2%

Minimum
dihedral
angle (DiA)

Mean value [°] 65 54 52
Minimum value [°] 7 4 3

Percentage of cells with
DiA <10° 2× 10−4% 6× 10−4% 7× 10−4%

Maximum
dihedral
angle (DiA)

Mean value [°] 90 93 98
Maximum value [°] 174 176 177

Percentage of cells with
DiA >170° 2× 10−5% 5× 10−5% 7× 10−5%

Sliver
Mean value 1.13 1.19 1.22

Maximum value 31 50 62
Percentage of cells with

sliver >10 2× 10−5% 7× 10−5% 9× 10−5%

Using these mesh refinement criteria, different mesh zones are shown in Figures 2.14 (a)
and 2.15 (a). In the tip region, considering prism and tetrahedral cells, 30 points are
imposed in the radial direction, as shown in Figure 2.15 (f).

2.4.5 Mesh quality

For the LES meshes, different criteria are used to ensure the accuracy of the numerical
results. In addition to examining the aspect ratio and the cell skewness criteria used for
the RANS mesh (see section 2.3.3), the dihedral angles and the cell sliver are checked.

• The dihedral angle is the angle between two faces of a given tetrahedron. Acceptable
values are between 10° and 170°.

• The cell sliver (Eq. 2.6) is the ratio of the volume of an equivalent equilateral
tetrahedron with the same average edge length (Lavg) as the current tetrahedron,
to the volume of the current tetrahedron (Vac). Acceptable values are below 10.

sliver =

√
2

12

L3
avg

Vac
(2.6)

The mesh quality criteria are assessed in Table 2.3 for the different LES configurations.
All the criteria are shown to be within the acceptable ranges according to the the standards
from the literature.
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Figure 2.20

Figure 2.21: Mesh quality indicator IQv for the WR radial-slice sector LES at mid-span.

Figure 2.22: Mesh quality indicator IQa for the radial-slice sector LES at mid-span.
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(a)

Figure 2.23: Mesh quality indicator IQv for the (full-span) sector LES case. (a) Section
at a span position of 80% of the hub-to-tip ratio. (b) Section at an axial position of 60%
of the chord length.

65



Chapter 2. Configurations and numerical setup

(a)

(b)

Figure 2.24: Mesh quality indicator IQa for the (full-span) sector LES case. (a) Section
at a span position of 80% of the hub-to-tip ratio. (b) Section at an axial position of 60%
of the chord length.
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To further investigate the mesh resolution of the LES computations, the mesh criterion
IQv, which was proposed by Celik et al. [32], is used. This criterion (as defined in Eq. 2.7)
allows us to quantify the mesh resolution by comparing the turbulent viscosity calculated
by the sub-grid scale model µsgs and the molecular viscosity of the fluid µ.

IQv = (1 + αv(µsgs/µ)n)−1 (2.7)

where αv = 0.05 and n = 0.5. A well resolved LES corresponds to IQv > 0.8 and a DNS
to IQv > 0.95.

Another mesh criterion IQa is also introduced to compare the artificial viscosity µartif

to the molecular viscosity of the fluid. This criterion can be defined as,

IQa = (1 + αa(µartif/µ)n)−1 (2.8)

where αa = 0.05 and n = 0.5. A well resolved LES corresponds to IQa > 0.8 and a DNS
to IQa > 0.95.

The IQv and IQa criteria are shown in Figures 2.21 and 2.22 for the WR radial-slice
sector LES at mid-span, and in Figures 2.23 and 2.24 for the WM (full-span) sector LES
on a radial cut section at 80% of the hub-to-tip distance and on an axial cut at 60% of the
chord length. Both the IQv and IQa criteria are calculated based on an instantaneous
field obtained after statistical and numerical convergence. For both cases, IQv and IQa

values are larger than 0.85 in almost all of the computational domain. The lowest values
are located in the boundary layers and in the wakes. In these regions, the flow is highly
turbulent. It can be noted that the computation is well resolved in the rotor wake region,
which ensures the propagation of the wake properties from the rotor trailing edge to the
stator leading edge. Thus, the main noise sources, which are related to the diffraction
of the boundary layers near the trailing edge, the rotor-stator interaction, and the tip
leakage flow, are expected to be well captured in both the WM and WR cases.

The mesh is also designed to propagate the acoustic waves over a distance of one chord
length upstream of the rotor and downstream of stator, up to a frequency of 30 kHz for
the radial slice-sector LES, and to 20 kHz for the (full-span) sector and 360° LES. These
criteria have also been verified and will be further discussed when analyzing the acoustic
spectra in the following chapters. Consequently, the turbulent and acoustic criteria pre-
sented in 2.4.4 are suitable to assess the mesh quality for LES simulations of fan noise.

Phase 2: ECL5 configuration - LES setup Summary

Configurations

• Radial-slice sector LES: 1 rotor blade - 2 stator vanes configuration with
rescaled vanes to maintain the stage performance. The radial slice is extracted
at 80% of the fan span with an extent of 12% of the full span.

• (full-span) sector LES: 1 rotor blade - 2 stator vanes configuration with
rescaled vanes to maintain the stage performance.
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• (full-span) 360° LES: 16 rotor blades - 31 stator vanes.

Numerical parameters

• Solver: AVBP (CERFACS).

• Subgrid scale model: SIGMA model.

• Inlet and outlet boundary conditions: NSCBC are used at the inlet and the
outlet sections. At the inlet section, total pressure and temperature are im-
posed with a uniform flow. At the outlet section, the pressure is adjusted to
obtain the correct mass flow rate.

• Lateral boundary conditions: periodic boundary conditions are used for both
the radial-slice and the full-span sector LES.

• Wall boundary condition: non-slip wall. For the WM cases, the boundary
layers are modeled using a wall law.

Mesh

• Hybrid unstructured mesh: prismatic cells on solid surfaces, tetrahedral cells
away from the walls, and pyramidal cells in the transition between the pris-
matic and the tetrahedral cells.

• For the radial-slice sector cases: WM and WR LES are performed.

• For the (full-span) sector and 360° LES cases: WM LES are performed.

• The assessment of several mesh quality parameters ensures reliable simula-
tions.

2.5 Conclusion

This chapter introduced the different configurations for the numerical simulations. The
computations can been split into 2 different phases.

The first phase focuses on the numerical setup and best practices for LES of broadband
noise from a flat plate, which allows us to compare the results with analytical models.
This is useful to define relevant parameters for the mesh and to ensure the quality of the
LES of rotor-stator configurations.

The second phase corresponds to an aeroacoustic analysis of the ECL5 fan stage using
RANS and LES on three different configurations, a radial-slice sector LES, a (full-span)
sector LES, and a (full-span) 360° LES. The flow conditions and the main geometric
parameters for each configuration have been presented. The RANS and LES numerical
setups have been described, including details on the CFD solvers, the numerical schemes,
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modeling assumptions, and the meshing strategy. The mesh quality for the different con-
figurations has been investigated based on the non-dimensional wall distances and several
mesh parameters, to assess that the generated meshes respect the quality requirements
for a WR RANS and, WM LES and WR LES.
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Chapter 3
Flat plate configurations - Parametric study

Introduction

The main objective of this chapter is to investigate the numerical requirements for
a correct description of the turbulence interaction noise (TIN) and trailing edge
noise (TEN) mechanisms with LES. Comparisons to analytic models are preferred
to avoid any experimental or numerical uncertainty in the reference data. Conse-
quently, each noise mechanism is investigated separately on a dedicated flat-plate
configuration that satisfies the hypotheses of the corresponding model. Flow con-
ditions are chosen to be representative of a fan stage at approach conditions, with
a significant chord-based Reynolds number (Rec = 106) and a freestream Mach
number of about M0 = 0.3. Beyond the investigation of the numerical parameters,
this study is also the opportunity to clarify the dependency of broadband noise on
the main physical parameters.
The chapter is organized as follows. In Section 3.1, Amiet’s model is briefly pre-
sented for both TIN and TEN mechanisms. Sections 3.2 and 3.3 present the results
of the parametric studies for the leading edge noise case and the trailing edge noise
case, respectively. In Section 3.2, the effects of several numerical and physical pa-
rameters on the TIN are presented. The investigated parameters are:

• Numerical parameters: the cell size and the sub-grid scale model.

• Physical parameters: the plate thickness and the angle of attack.

In Section 3.3, the influence of several numerical parameters on the boundary layer
characteristics and on the TEN is described. The studied parameters are:

• The near-wall modeling.

• The grid topology and refinement in the near-wall and wake regions.

• The domain extent and the boundary conditions in the spanwise direction.

• The tripping methodology.
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3.1 Analytical models

The analytical models used in this study are based on Amiet’s theory for single airfoils.
In this section, the assumptions and the formulation of this theory are briefly recalled.

3.1.1 Assumptions of Amiet’s models

The assumptions used in the formulation of Amiet’s theory can be classified as follows.

• Airfoil geometrical parameters. The scattering effects are only considered for
airfoils with small thickness, camber and angle of attack. To consider the camber
effect, Moreau et al. [169] have proposed semi-empirical corrections by modifying
the surface loading as a function of the geometrical parameters. However, this effect
is moderate (difference of 1 to 2 dB for a camber of 12◦ to 24◦). The influence of
the thickness is more significant. Noise levels decrease in a quasi-linear way as a
function of the thickness [169, 190, 83]. This reduction is more important for smaller
upstream velocities.

• Far Field Assumptions. In the models presented here, the observers are assumed
to be in the acoustical and geometrical far field. The influence of these assumptions
is studied in the PhD of J. Christophe [41]. It is shown that the geometrical far-
field assumption yields similar results to the exact formulation for an observer at a
distance larger than two times the span length (assuming that the span length is
sufficiently larger than the chord length). The acoustical far-field assumption yields
acceptable results for an observer at a distance greater than ten times the acoustic
wavelength. Extensions of this theory have led to consider near field effects [134].
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3.2. Case 1: leading edge noise

• Uniform upstream flow conditions. In Amiet’s theory, the incident velocity is
considered uniform and turbulence is assumed to be frozen, which leads to a uniform
turbulence intensity and integral length scale. To account for spanwise-varying flow
conditions along the airfoil, a strip method can be applied. This method consists
in a discretization of the airfoil span in strips, having their own upstream flow
conditions [134, 41].

3.1.2 Amiet model

The TIN model considered in this work was first proposed by Amiet (1975) [8]. The
incident wake impinging on the LE is assumed to be frozen turbulence and is described
as a sum of spatial Fourier modes in the streamwise and spanwise directions. Assuming
a large span to chord aspect-ratio, the resulting far-field sound at an observer position in
the midspan plane (x,0,z) is given by

Spp(x, ω) = (
kzρ∞c

2S2
0

)2U0Lπ

2
L(x, kx, 0)2Φww(kx, 0), (3.1)

where kx is the axial wavenumber, Φww is the Power Spectral Density (PSD) of the up-
wash velocity fluctuations, and L(x, kx, 0) is the total aeroacoustic transfer function. For
a frozen turbulent velocity field kx = ω/U0. More details about the derivation of TIN
Amiet model are given in Appendix A.

The TEN model [7] describes the scattering of pressure fluctuations from an incident
boundary layer at the sharp TE [223]. Assuming a large span to chord aspect ratio, the
PSD of the acoustic far-field, for an angular frequency ω and an observer at x =(x,y,z),
is given by

Spp(x, ω) = (
kcz

4πS2
0

)22πLΠ0(
ω

uc
, kz)|I(

ω

uc
, kz)|2, (3.2)

where k is the acoustic wavenumber, k = kc/2, c is the chord length, L is the span length,
kz is the spanwise wavenumber, S0 represents a convection-corrected distance, and uc is
the convective velocity. Π0 is a statistical function related to the wall-pressure spectrum
φpp slightly upstream of the TE, assuming homogeneous boundary layer turbulence. lz is
the associated spanwise correlation length,

Π0(
ω

uc
, kz) =

1

π
Φpp(ω)lz(kz, ω) lz(kz, ω) =

∫ +∞

0

√
γ2(∆z, ω)cos(kz∆z)d∆z (3.3)

where γ2 is the spanwise coherence of the pressure fluctuations between points separated
by a distance ∆z. In Equation (3.2), I is the aeroacoustic transfer function that can be
considered as the sum of the contribution of the main scattering from the TE I1 and the
LE scattering correction I2. Detailed expressions can be found in [223].

3.2 Case 1: leading edge noise

The simulations address the flow around a flat plate for a freestream velocity of U0 =
100m/s, in atmospheric conditions (ρ0 = 1.177 kg/m3,T0 = 300K, µ0=1.81.105). A syn-
thetic turbulence is prescribed at the inlet section based on a spectral approach [133, 251].
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Figure 3.1: Upstream turbulent energy spectrum (close to the inlet section). The numeri-
cal spectrum obtained by LES with MESH4 (φvv,CFD) is compared to a fit of Von Karman
spectrum (φvv,VonKarman Eq. 3.5).

The turbulent spectrum can be fitted by a Von-Karman spectrum with a turbulent in-
tensity of 4 % and an integral length scale of 5mm (5% of the chord length), as shown in
Figure 3.1.

3.2.1 Mesh description

In this case, five different meshes are considered. The main parameters of these meshes
are summarized in Table 3.1. The first four meshes (MESH1 to MESH4) have the same
refinement near the plate surface and different refinements in the far-field region. MESH5
has the same far-field mesh refinement as MESH4 and a coarser mesh close to the plate
surface. For all cases, a wall law is imposed near the plate surface, with a mean normalized
wall-normal spacing of y+ = 25 (except for MESH5 where y+ = 35). As mentioned in
chapter 2, the description of the boundary layer is not the main objective of this case.

3.2.2 Pressure and velocity fluctuations

Figure 3.2 shows an instantaneous field of the normal velocity fluctuations, and the root
mean square (RMS) of the pressure fluctuations Prms around the plate for MESH4. The
upstream synthetic turbulence, revealed by the velocity fluctuations, is seen to impinge
on the LE of the plate. Consequently, a dipolar distribution of Prms is observed at the
LE, which is in good agreement with the assumptions of Amiet’s model. These pressure
fluctuations allow to locate the TIN source around the blade LE.

The distribution of Prms along the upper side of the plate is also presented in Figure 3.3
for MESH4 and MESH5, which differ by their near wall mesh refinement. In both cases,
a peak of Prms at the LE is observed, which reveals the TIN source distribution. When
comparing the two meshes, it can be observed that MESH4 allows to capture a larger peak
of Prms at the LE. Also, moderate oscillations can be noticed for MESH5 at 0 < x/c < 0.05.
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Table 3.1: Mesh parameters used in the LES simulations for case 1. N is the total
number of cells, ∆ymin the minimum mesh size, ∆xff the mesh size in the far-field, ∆t
the minimum time step, and CPU h an estimation of the computational time.

Parameters MESH1 MESH2 MESH3 MESH4 MESH5

Mesh
Parameters

N (106) 0.9 1.2 1.65 2.35 2.01
∆ymin [mm] 0.13 0.13 0.13 0.13 0.18
∆xff [%c] 5.5 3.6 2.1 1.7 1.7

y+ 25 25 25 25 35

CPU
Estimation

CFL 0.7 0.7 0.7 0.7 0.7
∆t [10−7s] 1.5 1.5 1.5 1.5 2.1
∆fmin [dB] 40 40 40 40 40
Tphys [ms] 125 125 125 125 125
CPU h 663 1238 1702 2424 1700

Figure 3.2: (a) Instantaneous snapshot of the transverse velocity fluctuations and (b)
RMS pressure fluctuations, Prms, around the plate.
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Figure 3.3: Evolution of Prms along the upper side of the plate for MESH4 and MESH5.

(a) (b)

Figure 3.4: Contours of streamwise (a) and transverse (b) RMS velocity fluctuations
around the LE of the plate for MESH4.
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Figure 3.5: Coherence between the pressure fluctuations at three different locations (A,
B, and C) on the surface of the plate and (a) transverse and (b) streamwise velocity fluc-
tuations, respectively, upstream of the LE (location D, x/c = −0.02 along the stagnation
line). Inserted field corresponds to an enlarged view of Prms at the LE.

The small peak at the TE is due to the abrupt transition from the wall condition to the
free field. The TE peak is limited when using the refined mesh (MESH4).

Figure 3.4 shows contours of the streamwise and transverse components of the RMS
velocity fluctuations around the LE of the plate. The streamwise component, urms, de-
creases in the stagnation region. This is due to the reduction of the axial velocity and the
axial Mach number in the cross-section of the plate, which restricts the velocity fluctua-
tions in the streamwise direction. However, the transverse component, vrms, is increased
in the stagnation region as pointed out by Gill et al. [68] and Kim et al. [124]. This decay
of urms and the increase of vrms along the stagnation line means that a certain amount
of turbulent kinetic energy in the streamwise direction is transferred into the transverse
direction. This process is significant near the LE of the plate at a distance below 0.005c.
According to Santana et al. [241], the strongest turbulence distortion occurs at a distance
of the order of the LE radius, which is consistent with the results shown here.

For a further study of the relationship between the velocity fluctuations in the vicinity
of the LE, and the unsteady pressure response on the plate surface, the coherence γ2

uip
is

calculated. It is defined as,

γ2
uip

(f) =
|Suip(f)|2

Suiui(f)Spp(f)
(3.4)

where Suiui is the power spectral density (PSD) of a velocity fluctuation component (u′ and
v′ in the streamwise and transverse directions, respectively) in the vicinity of the LE, Spp is
the PSD of the pressure fluctuations p′ on the plate surface, and Suip is the cross-spectral
density between u′i (the i-th velocity fluctuation component) and p′. Figure 3.5 shows
the coherence between the streamwise and transverse velocity fluctuations at position D
(x/c = −0.02) along the stagnation line, and the pressure fluctuations on the plate surface
at the locations A, B and C. Pressure fluctuations at the stagnation point (location A)
are mainly generated by streamwise velocity fluctuations, with γ2

up ≈ 0.92 and γ2
vp ≈ 0.08

at almost all frequencies. As pointed out from Figure 3.4 (a), turbulence intensity in the
streamwise direction is attenuated in the vicinity of the LE and the noise is not radiated
from the stagnation point A. Moving away from the stagnation point (locations B and C),
the coherence between transverse velocity fluctuations and the unsteady pressure response
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Figure 3.6: PSD of the unsteady pressure fluctuations on the upper surface of the plate.
LE and TE correspond to x/c = 0 and x/c = 1, respectively.

increases significantly corresponding to an important increase in Prms shown in Figure 3.3.
The transverse fluctuating velocity component is thus at the origin of the radiated TIN.

The distribution of Prms presented in Figures 3.2 (b) and 3.3 is important to locate
noise sources, but does not provide any information about their frequency content. For
that, the PSD of pressure fluctuations along the upper surface of the plate is presented
in Figure 3.6, showing the spectral decomposition of the pressure response. PSD are ob-
tained by a periodogram method, using segments of size 210 time steps and a 50% overlap.
A Hann window is also applied. The reference pressure is 2.10−5 Pa. As in Figure 3.3, it
can be observed that noise sources are mainly located near to the plate LE (x/c < 0.3).
The noise is mainly radiated at low reduced frequencies (fc/U0<6), which are the major
contributors to TIN source. Additionally, the axial extent of the region of large pressure
fluctuations on the plate surface is more important at low frequencies than at high fre-
quencies.

Pressure and velocity fluctuations Summary

• A dipolar noise source is observed at the plate LE, characterized by a peak of
Prms that depends on the mesh resolution close to the LE.

• The Prms peak at the LE is mostly related to the transverse velocity fluctua-
tions.

• Noise is mainly radiated at low to mid frequencies (fc/U0 < 6).
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Figure 3.7: Upstream turbulent energy spectrum (at x/c = −0.02c). The numerical
spectrum obtained by LES from MESH4 (φvv,CFD) is compared to a fit of Von Karman
spectrum (φvv,VonKarman Eq. 3.5) and to the modified version of Von Karman spectrum
(φvv,VonKarmanMod, Eq. 3.7).

3.2.3 Influence of numerical parameters

In this section, the effects of two numerical parameters, the mesh size in the far-field region
and the sub-grid scale model, are investigated. Numerical results from the different meshes
are compared to analycal noise predictions from Amiet’s model.

Processing of flow variables for Amiet’s model

Far-field noise predictions with TIN Amiet’s model (described in section 3.1) require, as
an input, the turbulent energy spectrum of the flow upstream of the airfoil. This spectrum
is usually modeled by either a Von Karman or a Liepmann spectrum [262, 27]. The use of
these spectra coupled with Amiet’s theory has been validated in several applications [8,
190, 226, 3]. A modified version of Von Karman spectrum, which will be presented in the
following, is considered in this study to fit the LES results. The Von Karman model is
formulated as,

φvv(kx, ky) =
4

9π

u2

k2
e

k̂2
x + k̂2

y

(1 + k̂2
x + k̂2

y)
7/3

(3.5)

where k̂i are the wave-numbers made dimensionless by ke defined as

ke = (
√
π/Λf )Γ(5/6)/Γ(1/3) (3.6)

The two relevant parameters of this model spectrum are the average of the squared velocity
fluctuations u2, which is directly available from the flow computation, and the longitudinal
turbulence length scale λf , the only remaining parameter that allows us to adjust the
spectrum model to fit the LES spectrum. At relatively close distances from the plate LE,
the flow is largely distorted due to the plate thickness and the spectrum of the incoming
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Figure 3.8: Distribution of the monitor points used to compute the PSD of the pressure
fluctuations and the PWL.

flow is largely influenced by the airfoil body. For that, a modification of the Von Karman
spectrum is proposed by J. Chritophe [41] to take into account flow deformation. This
modification is based on the generalization of the rapid distortion theory for turbulent
flows around bluff bodies and can be given as,

φvv(kx, ky) =
91

36π

u2

k2
e

k̂2
x + k̂2

y

(1 + k̂2
x + k̂2

y)
19/6

(3.7)

Figure 3.7 shows the turbulent energy spectrum φvv directly obtained from the LES
(MESH4) at a distance of 0.02c upstream of the plate LE. The Von Karman spectrum
(φvv,VonKarman, Eq. 3.5) and its modified version (φvv,VonKarmanMod, Eq. 3.7) are used to
fit the numerical spectrum (φvv,CFD) and are also presented in Figure 3.7. An integral
length-scale of 5 mm (5% of the chord length) and a turbulent intensity of 4% are used for
these two spectra. The modified spectrum better fits the LES spectrum than the original
Von Karman spectrum. This fit is used for the far-field predictions with Amiet’s model
in the following.

Influence of the far-field mesh refinement

Figure 3.9 shows the numerical acoustic power level spectra (PWL) for the different
meshes. The PWL is computed by integrating over a circle of radius 8c centered at the
leading edge, as shown in Figure 3.8. A reference value of 1.10−12W is adopted. For
the comparison with Amiet’s model, φvv is taken as a fit of the modified version of Von
Karman spectrum (Eq. 3.7). All the other parameters are directly taken from the LES.
Apart from slight differences at low frequencies, a very good agreement is observed with
the analytical model for all cases up to 4 kHz. All meshes have the same structure and
the same minimum cell size near the plate LE, where the TIN source is located. The far-
field grid refinement influences the propagation and consequently the cut-off frequency of
the spectrum, such that the most refined mesh can propagate a larger range of frequencies.

The acoustic cut-off wave-lengths (λc = c0/fc, where fc is the cut-off frequency ob-
tained from Figure 3.9) obtained for the different meshes are presented in Figure 3.10, as
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Figure 3.9: Comparison of the power spectral levels PWL for the different meshes, at a
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Figure 3.11: Comparison between numerical (MESH4) and analytical results of the PSD
spectra of the pressure fluctuations at R = 8c and different angles θ measured counter-
clockwise from the main flow direction.

a function of the far-field mesh size ∆xff given in Table 3.1. A linear trend is observed,
and for the present numerical setup (particularly for the third order numerical scheme
TTGC), one can infer that 13 points per wavelength are required to accurately capture
acoustic waves up to a distance of 8c from the leading edge of the plate. This means
that for a cell size of λc/13 with fc = 20 kHz, the amplitudes of the pressure spectra are
successfully captured up to a frequency of 20 kHz at a distance of 47 acoustic wavelengths
with the present numerical setup. This valuable information will be used in the future to
set up aeroacoustic-oriented LES simulations.

To study the noise propagation around the plate, five monitor points are located on
a semi-circle around the plate LE in the mid-span plane, at a radius of R = 8c and
at angles of θ = 30°, 60°, 90°, 120°, and 150°, where R originates from the LE of the
plate and θ is measured counter-clockwise from the freestream flow direction. Figure 3.11
shows a comparison of the PSD of the pressure fluctuations from MESH4 determined at
these five monitor points and the analytical TIN Amiet solution at the same positions. A
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Figure 3.12: Comparison between numerical (MESH4) and analytical results of the direc-
tivity of the sound power level, at R = 8c and for six frequencies.
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Figure 3.13: Comparison between three different SGS models and TIN Amiet model.
(a) Power spectral level PWL at a distance of 8c. (b) PSD of the pressure fluctuations at
a distance of 8c normal to plate LE.

good agreement can be noticed for the captured frequency range for the different angles
around the LE of the plate. The numerical PSD spectra nicely reproduce the lobes of the
analytical solution, which are due to the non-compactness of the acoustic sources on the
plate surface.

Moreover, Figure 3.12 shows directivity plots around the plate for different reduced
wavenumbers kc, where k = 2πf/c0 is the acoustic wavenumber and c0 the speed of
sound in the freestream flow. As kc increases, the non-compactness effects become more
important. The directivities are calculated for the sound power spectra at R = 8c for
MESH4, and compared to results obtained with Amiet’s TIN model. Since the radiated
noise is symmetric, only the upper part is represented. For small values of the reduced
frequency (kc = 0.37 and kc = 1.86), the plate is sufficiently compact relatively to the
gust wavelength (λ/c = 17 and λ/c = 3.4 for kc = 0.37 and kc = 1.86, respectively)
and the acoustic field can be assimilated to a unique dipole, as observed for the first two
wavenumbers plotted in Figure 3.12. As the frequency increases, kc increases and the
wavelength relative to the chord length decreases. Directivities become more and more
complex and multiple lobes start to appear highlighting non-compactness effects related
to the finite chord length of the plate. These effects can be observed in Figure 3.12 for
frequencies larger than 4000 Hz (kc > 7.39 and λ/c < 0.85). In all cases, a good agreement
between numerical and analytical results is observed.

Influence of sub-grid scale (SGS) model

Three different SGS models are compared, Smagorinisky (SMAGO) [250], wall adapting
local-eddy viscosity (WALE) [182] and SIGMA [183] models. Figure 3.13 shows a com-
parison of the PWL and the PSD of the pressure fluctuations at a distance of 8c in the
direction normal to the LE, between the different SGS models and the analytical solution
obtained by Amiet’s TIN model. MESH4 (Table 3.1) is used for the three numerical cases.
Results obtained by WALE and SIGMA models are very similar and match very well the
analytical solution. A slight increase of the cut-off frequency is noticed by the SIGMA
model. However, significant differences can be observed for the SMAGO model, which
overestimates the sound level at low frequencies (below 500 Hz) and underestimates it at
larger frequencies (beyond 2000 Hz).
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3.2. Case 1: leading edge noise

Compared to the spectra obtained using WALE and SIGMA models, when using
SMAGO model, the linear slope in the spectrum at mid to high frequencies is not well
predicted and the cut-off frequency is reduced. Thus, for the same mesh refinement,
SMAGO model appears to be too dissipative. In addition, by observing the PSD of the
pressure fluctuations (Figure 3.13 (b)), the lobes corresponding to non-compactness effects
are also better reproduced by the SIGMA and the WALE models than by the SMAGO
model. Consequently, for the same computational cost, the WALE and SIGMA models
are more accurate in the far-field noise prediction than the SMAGO model, especially in
the high frequency range.

Influence of numerical parameters Summary

Comparison with Amiet’s TIN model

• Turbulent energy spectrum: a modified Von Karman spectrum is used to fit
the numerical spectrum as an input for Amiet’s model.

• All other inputs are directly taken from the numerical simulations.

Parametric study

• Far-field mesh refinement: for a cell size of λc/13 with fc = 20 kHz, the
amplitudes of the pressure spectra are successfully captured up to a frequency
of 20 kHz at a distance of 47 acoustic wavelengths with the present numerical
setup (mainly with the third order numerical scheme TTGC).

• Influence of subgrid scale model: the WALE and SIGMA models allow to
obtain similar noise predictions in good agreement with the analytical model,
while the Smagorinsky model underestimates the acoustic levels at mid and
high frequencies.

3.2.4 Influence of physical parameters

Following the successful validation of the numerical LES approach in the prediction of
the TIN of a flat plate, the effects of two physical parameters on the predicted noise are
investigated, the plate thickness e and the flow angle of attack α. The other geometrical
parameters, the operating conditions and the turbulence synthesizing method are kept
unchanged in this section. MESH4 is used for this study.

Influence of the plate thickness

The effects of the plate thickness on the generated TIN are investigated by performing
LES for four different thicknesses, e/c = 1%, 2%, 4% and 8%. The PWL obtained from
the LES noise predictions for the various thicknesses are compared with Amiet analytical
model in Figure 3.14, for which the input data are taken from the LES corresponding to
thickness e/c = 1%. It can be noticed that noise reduction induced by thickness is more
pronounced at high frequencies for thicker plates, which agrees with reported findings in
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Figure 3.14: (a) Comparison of the power spectral level PWL predictions for the different
plate thicknesses, with the analytical solution of Amiet’s theory. (b) Noise reduction
∆PWL = PWLe=0 − PWLe due to plate thickness.

the literature [68, 254, 189]. The frequency above which the noise becomes sensitive to
the thickness of the plate is about 4 kHz for e/c = 8%, whereas it is about 7.8 kHz for
e/c = 4%. This shows that the frequency for which the plate response varies due to the
thickness effects is reduced when the plate’s thickness is increased. In addition, slight
increase of the noise at low frequencies can also be noticed with the increase of thickness.

To further study the trend of TIN when varying the plate thickness, the noise reduction
is quantified by calculating ∆PWL = PWLe=0−PWLe, where the subscript e = 0 refers to
the Amiet solution for a flat plate and the subscript e refers to the numerical solutions for
each thickness. Figure 3.14 (b) shows ∆PWL as a function of the reduced frequency based
on the thickness, Kt = fe/U0. In addition to the numerical predictions, the correction
factor proposed by Gershfeld [67] is plotted. This factor is used to account for the effects
of thickness on TIN, and is given by:

∆PWL = 10log10(exp(π
fe

U0

)) = log10(exp(10π))
fe

U0

(3.8)

It can be noticed that contributions from the various plate thicknesses collapse onto a
single trend. This suggests that Kt = fe/U0 is a good non-dimensional parameter for
∆PWL and is the dominant factor that controls the noise reduction due to thickness. For
Kt > 0.4, a linear slope, similar to Gershfeld’s correction term [67], is observed for the
different thicknesses. Although the slope is similar, Gershfeld’s model [67] significantly
over-predicts noise reduction at high frequencies for the cases studied here. Alternatively,
a representative estimation of ∆PWL can be obtained by using a least-squares method to
linearly fit the numerical predictions. The best fit for ∆PWL in dB for the cases studied
here is also showed in Figure 3.14 (b) and is given as,

∆PWL ≈ 0; Kt < 0.3

∆PWL = −3.18 + 12.16 ∗ fe
U0

; Kt > 0.3
(3.9)

The mechanism underlying noise reduction due to the increase of the plate thickness
is investigated here. Figure 3.15 shows a comparison of Prms distributions along the upper
surface of the front 20% of the chord length of the plate. Prms values have all been
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Figure 3.15: Axial distribution of Prms for the different thicknesses along the upper surface
of the plate.

normalized by the maximum Prms for the case e/c = 1 %. As the thickness increases, the
peak of Prms close to the LE decreases and moves further downstream. This decrease of the
surface pressure response may explain the reduction of the far-field noise predictions with
the plate thickness, and agrees with the conclusions of Chiang and Fleeter [38] who used
an analytical method to study the effects of thickness on the surface pressure response of
an oscillating airfoil.

Prms reduction with the thickness can be explained by the flow distortion in the stag-
nation region of the plate leading edge. Figure 3.16 shows the distribution of the mean
streamwise velocity component, u, normalized by the freestream velocity magnitude, U0,
at different locations upstream of the plate LE for different thicknesses. For the first lo-
cation, at 25% of the chord length upstream of the LE (x/c = −0.25 and y/c = 0), u/U0

shows a small reduction of about 5% of the freestream value for e/c = 8%, which means
that a small distortion of the turbulent structures would be expected at this location.
Closer to the LE, the streamwise velocity component becomes more affected by the pres-
ence of the LE. At 0.02c upstream of the LE, a reduction of 50% of u/U0 can be noticed
for e/c = 8%, whereas this reduction is about 25% for e/c = 4%. Thus, the distortion of
turbulent structures is shifted further upstream in the larger stagnation region near the
leading edge as the thickness increases. Consequently, the magnitude of the turbulent
velocities interacting with the plate and generating noise is expected to decrease with the
thickness as it was pointed out by previous studies in the literature [68, 124]. This is
verified in Figure 3.17 by plotting the distribution of the RMS transverse velocity fluctu-
ations, vrms, at different locations upstream of the plate LE for different thicknesses. As
the thickness increases, the maximum value of vrms decreases in the stagnation region of
the plate. Thus, with the increase of the plate thickness, the incident turbulent velocity
is more distorted by the velocity gradients in the stagnation region such that the distri-
bution of the velocity fluctuations across the leading edge is smoothed and its amplitude
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Figure 3.18: Effect of the angle of attack on the noise radiated in terms of ∆PWL =
PWLAoA − PWLAoA=0 for two different frequencies, f = 2 KHz (left) and f = 3 KHz
(right).

is reduced.

Influence of the angle of attack

The effects of the angle of attack on the generated TIN are investigated by performing LES
for different angles of attack of the flow upstream of the plate, α = 2◦, 4◦, 6◦, 8◦, 10◦, 12◦, 15◦.
Figure 3.18 shows ∆PWL = PWLα−PWLα=0◦ , the variation in PWL between the corre-
sponding angle of attack, α, and the solution obtained by Amiet’s model, α = 0◦, at two
different frequencies, 2 kHz and 3 kHz. Three regimes can be identified. The increase of
PWL is first negligible for low angles of attack (below 6°), then it significantly grows and
saturates for the larger angles, beyond 10°.

To understand the origin of the additional noise, the flow field around the plate is
investigated using instantaneous fields of the streamwise velocity component u around
the plate, at different angles of attack, in Figure 3.19. The increase of α eventually leads
to a separation and the formation of vortices at the plate LE. However, for α < 6◦, no
significant vortex can be noticed. From 6° to 10°, the LE separation vortex is well formed
and the flow exhibits a local separation at the LE followed by a reattachment close to the
TE. Beyond 10°, the vortex detaches from the plate. These observations, combined with
the noise level trend observed in Figure 3.18, suggest that the fast increase of the noise
(from α = 6◦ to α = 10◦) is associated with the onset of the leading-edge vortex. This
also indicates that, for high angles of attack, the TIN is not the dominant noise source.
When the vortex leaves the plate, the noise generation mechanism is modified, which may
explain the slope change of ∆PWL for α > 10◦.

Influence of physical parameters Summary

Influence of the plate thickness (e).

• The increase of the thickness leads to a reduction of the noise at high frequen-
cies.
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Figure 3.19: Instantaneous fields of the streamwise velocity component for different angles
of attack around the plate.
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• As the thickness increases, the frequency above which the noise becomes sen-
sitive to the thickness decreases.

• The noise reduction due to the thickness is controlled by the parameter Kt =
fe/U0. All the reductions from the various plate thicknesses collapse onto a
single trend when plotting ∆PWL in function of Kt.

Influence of the angle of attack (α).

• The angle of attack leads to a far-field noise increase.

• With the increase of α, three regimes can be identified,

– α < 6°: the noise increase is relatively small.

– 6°< α < 10°: the noise significantly increases with α.

– α > 10°: saturation of the noise increase.

• The additional noise due to the increase of the angle of attack is explained by
the formation of a separation vortex close to the LE of the plate.

3.3 Case 2: Trailing edge noise

This case considers the flow around a flat plate with a sharp TE for a freestream velocity
U0 = 100 m/s, at atmospheric conditions (ρ0 = 1.177 kg/m3, T0 = 300K, µ0 = 1.81 ×
10−5 Pa.s). The chord length is c = 0.1m and the plate thickness is e = c/100. The
Reynolds number based on the chord length is Rec = 106.

3.3.1 Input parameters for Amiet TEN model

In this section, the main parameters used as input for Amiet’s TEN model (given in
Eq. 3.2), as well as some analytical and empirical approaches from the literature to model
these parameters, are briefly presented.

Turbulent boundary layer

TEN is directly related to the turbulent boundary layer characteristics. For flows around
airfoils, the boundary layers are considered laminar for low Reynolds numbers (Re . 105),
where Re is based on the external velocity and a characteristic length (usually the chord
length). For higher Reynolds numbers, a transition zone appears, and is followed by a
turbulent flow. This latter is characterized by a chaotic and non-linear motion with a
rotational and three-dimensional velocity field.

The real difficulty of the numerical resolution of a turbulent boundary layer is the large
variety of characteristic length, velocity and pressure scales encountered in this region. A
two-layer model is widely used to analyze the turbulent boundary layer. Near the wall,
small turbulent structures are found, and the motion is related to the fluid viscosity and
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the wall shear stress τw defined as,

τw = µ
du

dy

∣∣∣∣
y=0

(3.10)

where µ is the fluid dynamic velocity and y is the coordinate normal to the wall.
Larger structures are found for distances further away from the wall, where the be-

havior of the boundary layer is controlled by the external velocity Ue and the boundary
layer thickness δ. This latter is usually defined as the distance from the wall for which
the mean streamwise velocity reaches 99 % of its external value u(y = δ) = 0.99Ue.

The inner region is usually described by two dimensionless variables known as the
inner variables, the normalized streamwise velocity, u+ = u/uτ , and the dimensionless
normal wall distance, y+ = yuτ/ν, where uτ =

√
τw/ρ is the friction velocity. This region

can be divided into three zones.

• The laminar sub-layer, also called the viscous sub-layer, characterized by a linear
evolution of the velocity with the distance to the wall, such that u+ = y+ for y+ < 7.

• The inertial logarithmic zone, characterized by a logarithmic evolution of the veloc-
ity, such that u+ = (1/κ)ln(y+) + C, where κ = 0.41 is the Von Kármán constant
and C = 5.1, for y+ > 20.

• The buffer layer between the viscous sub-layer and the logarithmic zone (7 < y+ <
20).

These regions are illustrated in Figure 3.20.
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Figure 3.21: Typical experimental normalized wall pressure spectra. Source: Y. Rozen-
berg et al. [228]

Van Driest [263] provided an universal streamwise velocity profile based on an analysis
that yields a continuous streamwise velocity and shear stress distribution for the turbulent
flow near a smooth wall, given by,

u+ =

∫ y+

0

2dy+

1 +
√

1 +K2y+2[1− exp(−y+/A+)]2
(3.11)

where A+ = 27 and K = 0.4 are constants. This analytical expression will be used for
validation purposes in the following sections.

The boundary layer can also be described by integral variables, the boundary layer
displacement thickness δ1 and the momentum thickness δ2, defined as:

δ1 =

∫ δ

0

1− ρU(y)

ρ0U0

dy δ2 =

∫ δ

0

ρU(y)

ρ0U0

(1− ρU(y)

ρ0U0

)dy. (3.12)

Physically, the displacement thickness represents the loss in mass flow in the region oc-
cupied by the boundary layer compared to an inviscid flow. The momentum thickness
δ2 is defined such that the total loss of momentum flux is equivalent to the removal of
momentum through a distance δ2. We can also define the form factor H12 = δ1/δ2, which
characterizes the type of the boundary layer, whether it is laminar (H12 = 2.6), turbulent
(H12 ≈ 1.4) or at the separation point (H12 = 2.76± 0.23) [31].

Wall Pressure Spectrum models

Typical Wall Pressure Spectra (WPS) are presented in Figure 3.21 for different Reynolds
numbers. WPS exhibit three main slopes, (i) a positive slope at low frequencies (region
(1) in Figure 3.21), (ii) a slightly negative slope in the overlap region of the spectrum
(region (2) in Figure 3.21), and a strong negative slope at high frequencies (region (3) in
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3.3. Case 2: Trailing edge noise

Figure 3.21).
In the early models [120], the WPS is either normalized by the internal variables of the

boundary layer (τw and uτ ), which leads to an acceptable description of experimental data
at high frequencies, or by the external variables (Ue, δ, δ1), which leads to good agreement
with experimental data at low frequencies. In more recent models [37, 74, 228], both the
effects of the internal and external parameters are considered. Among the models existing
in the literature, four of them are briefly described here, (i) the models of Amiet [7], (ii)
Chase–Howe [37], (iii) Goody [74], and (iv) Rozenberg [228]. The models of Goody [74]
and Rozenberg [228] are used for validation purposes of the numerical WPS obtained from
the different LES performed in this chapter and in Chapter 6. For more details about the
semi-empirical models for turbulent boundary-layer WPS, the reader is referred to Hwang
et al. [103]. All the WPS, φpp, presented in the following use the single-sided convention,
p′

2
=
∫∞

0
φpp(ω)dω.

• Amiet’s model [7]. Based on experimental wall-pressure fluctuations beneath a
turbulent boundary layer collected by Willmarth and Roos [278], Amiet [7] proposed
an analytical formulation for the WPS (φpp) using the outer variables, given as
follows:

φpp(ω)

ρ2
0δU

3
e

= 2.10−5F (ω̃)

2
(3.13)

where F (ω̃) = (1 + ω̃+ 0.217ω̃2 + 0.00562ω̃4)−1 with ω̃ = ωδ1/Ue and for 0.1 < ω̃ <
20. When compared to experimental data, this model presents good results at low
frequencies.

• Chase–Howe’s model [97]. Using a mix of both internal and external variables,
Howe [97] suggests the following formulation for the WPS based on a theoretical
approach developed by Chase [37]:

φpp(ω)Ue
τ 2
wδ1

=
2ω̃2

(ω̃2 + 0.0144)3/2
(3.14)

This model is applicable at low Mach numbers [97]. Compared to Amiet’s model [7]
that only uses outer variables, Chase–Howe’s model [97] yields better agreement with
experimental data due to the use of mixed variables. The Chase–Howe’s model [97]
scales well at low frequencies (slope of ω2) and in the overlap region (slope of ω−1),
where both inner- and outer-layer scalings can be used. However, the third slope
for high frequencies is not correctly captured.

• Goody’s model [74]. Goody [74] proposed a semi-empirical model based on the WPS
model of Chase–Howe [97, 37], considering the effects of the Reynolds number on
the WPS. This model is based on the following criteria.

1. φpp is proportional to ω−5 as ω tends to infinity.
2. In the overlap region, the spectrum decay is of the order of ω−0.7.
3. The increase of the Reynolds number increases the extent of the overlap region.
4. A mix of inner and outer variables are used. For the characteristic length

of the outer variables, the boundary layer thickness δ is used instead of the
displacement thickness δ1, considering that the largest coherent structures sizes
are of the order of δ.
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Consequently, the WPS is formulated as follows,

φpp(ω)Ue
τ 2
wδ

=
C2(ωδ/Ue)

2

[(ωδ/Ue)0.75 + C1]3.7 + [C3(ωδ/Ue)]7
(3.15)

where C1, C2 and C3 are empirical constants usually taken as C1 = 0.5, C2 = 3
and C3 = 1.1R−0.57

T , with RT = (δ/Ue)/(ν/u
2
τ ) the ratio of the outer to inner

boundary layer time scales. Compared to experimental results, Goody’s model [74]
shows acceptable results over the whole frequency range, for zero pressure-gradient
turbulent boundary layers, for a wide range of Reynolds numbers [103].

• Rozenberg’s model [228]. Rozenberg et al. [228] have extended Goody’s model [74]
to consider the effects of adverse pressure gradients. With respect to the model of
Goody [74], the following modifications are included:

1. The displacement thickness δ1 is used instead of the boundary layer’s thickness
δ to normalize the WPS.

2. For an adverse pressure gradient flow, the wall shear stress is replaced by the
maximum shear stress along the normal direction in the boundary layer.

3. In the overlap region, the spectrum decays with a slope larger than 0.7.

4. At high frequencies, the spectrum can decay with a slope larger than 5.

5. The global level of fluctuating pressure increases as the pressure gradient in-
creases.

Consequently, the final formulation of Rozenberg’s model [228] is given by,

φpp(ω)Ue
τ 2
wδ1

=
[2.82∆2(6.13∆−0.75 + F1)A1 ][4.2(0.8(βc+0.5)0.75

∆
) + 1]ω̃2

[4.76ω̃0.75 + F1]A1 + [C3ω̃]A2
(3.16)

where ∆ = δ/δ1 and βc = (δ2/τw)(dp/dx) are the pressure gradient parameters,
A1 = 3.7 + 1.5βc, A2 = min(3, 19/

√
Rt) + 7 and F1 = 4.76(1.4

∆
)0.75[0.375A1 − 1].

Rozenberg’s model model is not used in this chapter since zero pressure-gradient
flat plates are simulated. However, this model is used in Chapter 6.

Convection velocity

The convection velocity uc is usually taken as a constant (60 or 70 % of the streamwise
external velocity). However, uc depends on the frequency and can be deduced from a
linear interpolation of the phase of the streamwise cross correlation spectrum obtained
from LES data.

The convection velocity can also be predicted from the following empirical law devel-
oped by Smol’yakov [252],

uc
Ue

= a
ωδ1

1 + bω2
δ1

+ c (3.17)

where ωδ1 = ωδ1/Ue, a = 1.6, b = 16 and c = 0.6.
It was shown that this empirical model is suitable for zero pressure-gradient flows [252,

233].
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3.3. Case 2: Trailing edge noise

Correlation and coherence

The space-time correlation of the pressure fluctuations on the airfoil surface can be used
to study the spatial and temporal evolution of the turbulent scales in the boundary layer
and is given as,

C(x, t, r, τ) =< p(x, t)p(x+ r, t+ τ) > (3.18)

The coherence length scale of the source field in the spanwise direction can be used
to compute the spanwise correlation length, which is a direct input parameter of Amiet’s
TEN model. This coherence length scale represents the size of the source region that
radiates independently from neighboring sources, at a given frequency, in a statistical
sense. The coherence function γ between two points at a position x and separated by a
distance r can be obtained as follow,

γ2(x, r, ω) =
|Rpp(x, r, ω)|2

Rpp(x, 0, ω)Rpp(x+ r, 0, ω)
(3.19)

The cross spectrum function, Rpp, is the Fourier transform of the space-time cross-
correlation function and is defined as,

Rpp(x, r, ω) =

∫ ∞
−∞

C(x, t, r, τ)e−iωτdτ (3.20)

Spanwise correlation length scale

The spanwise correlation length, lz, can be calculated from the coherence function as,

lz(kz, ω) =

∫ +∞

0

√
γ2(∆z, ω)cos(kz∆z)d∆z (3.21)

Several empirical models are found in the literature allowing to provide a quick prediction
of the spanwise correlation length, lz, used in Amiet’s TEN model. The first model
developed by Corcos [44] considers a decrease of lz with a rate of ω−1 and is given as,

lz(ω) =
αuc
ω

(3.22)

where α is usually between 1.4 and 2.1. This model is only valid at high frequencies.
Another model introduced by Guedel et al. [88], which was obtained by averaging

experimental data performed on airfoils at different angles of attack, is given as,

lz(ω) = δ1
(0.05 + 6.8ω̃2)

0.12 + 5ω̃3
(3.23)

where ω̃ = ωδ1/uc.
In order to correct the low-frequency scales predicted by the model of Corcos [44],

an empirical model has been proposed by Efimtsov [57] that introduces the effects of
the boundary layer thickness on the WPS. The results obtained by Efimtsov [57] are
derived from an extensive series of measurements on airfoils, over a range of Mach number
0.41 < M < 2.1. For M < 0.75, lz is given as,

lz(ω) = δ[(
a1ωe
uc/uτ

)2 +
a2

2

ω2
e + (a2/a3)2

]−1/2 (3.24)
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where ωe = ωδ/uτ , a1 = 0.77, a2 = 548 and a3 = 13.5.
Finally, Salze et al. [233] derived a model based on Efimtsov’s model [57] to correctly

evaluate lz over the whole frequency range, by replacing δ by δ1 and recasting the expres-
sion of lz as follows,

lz(ω) = δ1[(
a1ωδ1
uc/Ue

)2 +
a2

2

ωδ1
2(H2

1U
+
e )2 + (a2/a3)2

]−1/2 (3.25)

where H1 = δ/δ1 and U+
e = Ue/uτ . The nominal values of a1 to a3 provided by Efimtsov

have also to be modified. To ensure consistency between the models of Efimtsov [57] and
Salze [233], the constants a1, a2 and a3 proposed by Salze et al [233] (a1 = 0.85, a2 = 100
and a3 = 1) are considered for the two models.

3.3.2 Parameter study nomenclature

A parameter study is performed in order to study the influence of the near-wall modeling,
the grid topology and refinement in the near-wall and wake regions, the domain extent and
boundary conditions in the spanwise direction, and the tripping methodology. Table 3.2
shows the mesh characteristics and the computational time estimations (CPU time) for
the different cases using the SIGMA sub-grid scale model [183].

The nomenclature for these cases is as follows,
[trip method]X[trip position]H[trip height]-[cell type][y+]W[wake cell size]-[span BC/

extension]-[SGS]:

• [trip method]: Geom or Source (defined in Section 3.3.3);

• [trip position]: position of the trip as a percentage of the chord length from the LE;

• [trip height]: height of the trip relative the boundary-layer displacement thickness
δ1;

• [cell type]: near-wall cell type, ’P’ for prisms and ’T’ for tetrahedra;

• [y+]: value of y+ at the wall. A value around 1 is used for wall-resolved (WR)
simulations, while larger values of y+ indicate wall-modeled (WM) simulations. In
the latter cases, a simple wall-model is used, with a dimensionless wall velocity
u+ = 1

κ
ln(Ay+) for y+ > 11.45, with κ = 0.41 and A = 9.2;

• [wake cell size]: cell size in the wake relative to the Taylor scale, estimated in the
wake far from the TE of the plate and given as λw = (10νkt/ε), where kt is the
turbulence kinetic energy and ε is the turbulence dissipation rate;

• [spanwise BC]: ’PERIO’ for periodic (by default), ’SYM’ for symmetry;

• [spanwise extension]: ’Sp0.1c’ and ’Sp1.0c’ for 10% and 100% of the chord length,
respectively;

• [SGS]: sub-grid scale model. ’SIGMA’ for Sigma model [183] (by default), ’WALE’
for wall adapting local-eddy viscosity model [182], ’SMAGO-DYN’ for Dynamic
Smagorinsky model [165].
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3.3. Case 2: Trailing edge noise

Table 3.2: Mesh parameters used for the LES cases. N is the total number of cells, ∆t
the minimum time step, and CPU time an estimation of the computational time.

Mesh N
(106) x+ y+ z+ wake

size
∆t

[10−9s]
CPU time

[103h.NbProc]
GeomX10H1-P01W30 3.05 30 1 30 30 6.545 47.9
GeomX10H2-P01W30 3.09 30 1 30 30 6.676 46.9
GeomX10H4-P01W30 3.08 30 1 30 30 6.851 46.1
SourceX10H4-P01W30 3.06 30 1 30 30 6.851 45.8
GeomX10H1-P25W30 2.16 250 25 250 30 49.3 5.77
GeomX10H2-P25W30 2.21 250 25 250 30 73.8 3.93
GeomX10H4-P25W30 2.15 250 25 250 30 77.0 3.66
GeomX10H4-T25W30 2.36 250 25 250 30 64.2 4.84
GeomX10H4-T10W30 3.43 150 10 150 30 22.0 20.52
GeomX10H4-P25W15 3.50 250 25 250 15 77.0 5.98
GeomX10H4-P25W100 1.80 250 25 250 30 77.0 3.07

3.3.3 Influence of numerical parameters

The influence of the different numerical parameters described in section 3.3.2 is presented
here.

Influence of the Mesh Type and Refinement at the Wall

The influence of the mesh type near the wall is studied by comparing tetrahedral and
prismatic meshes. The trip height corresponding to H4 is used for this comparison since it
gives the best transition in WM cases (as it will be shown in the next section). Figure 3.22
shows u+, the mean streamwise velocity u normalized by the shear velocity uτ , as a
function of the distance to the wall y+, in wall units, at x/c = 70%. LES results are
compared to the analytical solution of VanDriest [263]. The WR case (GeomX10H4-
P01W30) shows the best agreement as expected, with a slightly larger value of u+ in the
buffer region when compared to the WM cases. In the WM cases, for the same value of
y+ = 25 at the wall and the same CPU cost, a better agreement is found for the prismatic
mesh when compared to the tetrahedral one. In order to reach a similar agreement, the
tetrahedral mesh needs to be 2.5 times finer at the wall, which leads to y+ = 10.

The influence of the mesh near the wall on the wall pressure spectrum (WPS) in
the vicinity of the trailing edge is also analyzed. Figure 3.23 shows the WPS obtained
from the LES data, for prismatic and tetrahedral meshes, compared to the empirical
solution proposed by Goody [74]. The numerical WPS are normalized by U0/τ

2
wδ and

plotted against the reduced frequency ωδ/U0. It should be noticed that the WPS is quite
sensitive to the mesh type and refinement close to the wall. A very good agreement
with the empirical model is obtained in the WR case (GeomX10H4-P01W30), while some
discrepancies can be found for the WM cases. For the tetrahedral cases (GeomX10H4-
T10W30 and GeomX10H4-T25W30), more discrepancies are visible, particularly at high
frequencies.
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Figure 3.22: Mean velocity as a function of y+ for different LES cases using different
near-wall mesh type and refinements.

Influence of the Tripping Methodology

Two tripping methods are compared in this study. The first one corresponds to a geometric
trip on the plate surface, with a rectangular step shape, which requires a dedicated mesh.
The second one involves a source term introduced in the streamwise momentum and energy
equations, which has been designed to mimic the presence of a rugosity in the flow [16, 17].
The root-mean-square (RMS) velocity profiles urms for the two tripping methods are
compared in Figure 3.24 for WR simulations, at a streamwise position corresponding to
Reδ2 = 1968 (Reynolds number based on the momentum thickness of the boundary layer
δ2). They are also compared to the DNS data from Jimenez [112], available at the same
Reδ2 value. Although the large geometric trip (“H4”) overestimates the turbulent intensity
in the boundary layer, a very good agreement with the DNS data in terms of shape and
amplitude is obtained using the source term. Thus, the source term seems to allow for a
correct transition without requiring a modification of the geometry and the adaptation of
the mesh near the geometrical trip.

Influence of the Trip Height

The influence of the trip height is studied in WM and WR cases. Three heights are
considered for each case: Htrip

δ1
= 1, 2, and 4. The instantaneous flow topology is shown in

Figure 3.25 for the trip heights H1 (a) and H4 (b), using iso-surfaces of Q-criterion from
the LES computations. A transitional and turbulent boundary layer is found on both
sides of the plate. The transition is triggered by the geometric trip, with small structures
appearing close to the reattachment point. Although similar turbulent structures are
observed for both trip heights in the WR cases (not shown here), the WM simulation
with the larger trip (H4) shows finer structures than that with the H1 trip. Note that for
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(c) GeomX10H4-P25W30
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(d) GeomX10H4-P01W30

Figure 3.23: Wall pressure spectra (WPS) in the vicinity of the plate trailing edge (at
98% of the chord from the leading edge), for (a) GeomX10H4-T25W30, (b) GeomX10H4-
T10W30, (c) GeomX10H4-P25W30 and (d) GeomX10H4-P01W30
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Figure 3.24: RMS velocity as a function of y+ for two LES cases using different tripping
methods.

0.0 70 140

[m/s]

(a) (b)

Figure 3.25: Iso-surfaces of Q-criterion (QC2/U2 = 1000), colored by the velocity magni-
tude, for (a) GeomX10H1-P25W30 simulation and (b) GeomX10H4-P25W30 simulation.
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Figure 3.26: Axial (a) and normal (b) RMS velocities as a function of y+ for different
WR LES cases using different trip heights.

the WM cases, the small trip height (H1) is of the order of the first layer of prisms.
Figures 3.26 (a) and (b) show the normalized rms velocity profiles in the boundary

layer, for WR cases, at a streamwise position corresponding to a Reynlods number Reδ2 =
1968. The LES results for the different trip heights are compared to DNS data from
Jimenez [112] at the same Reδ2 . While very good agreement is found for the cases "H1"
and "H2" with the DNS data, a small overestimation of the turbulent intensity can be
noticed when using the highest trip "H4".

The development of the turbulent boundary layer is then analyzed in Figure 3.27
by comparing the normalized velocity profiles and the WPS near the trailing edge for
the different trip heights. Identical velocity profiles are obtained for the WR cases with
the three trip heights, in very good agreement with the analytical solution. However,
as it can be seen in Figure 3.27 (a) for the WM cases, the simulation corresponding
to the largest trip “H4” shows a better agreement with the analytical solution. Thus,
for WM simulations, the trip height must be sufficiently larger than the boundary layer
displacement thickness in order to ensure an adequate boundary-layer transition. This
effect on the boundary-layer transition can also be found by comparing the WPS in
Figure 3.27 (b). Only slight differences are obtained between the WR cases. However, for
the WM cases, the highest trip (H4) shows a reduction in the WPS amplitude by about
10 dB/Hz compared to H1 and H2 trips at low to moderate frequencies, but an increased
intensity at high frequencies, with a slope closer to the WR cases.

Influence of trip position

The influence of the trip position on the transition of the boundary layer is addressed
by considering two axial trip positions, x = 0.1c (GeomX10H4-P25W30) and x = 0.2c
(GeomX20H4-P25W30), where x = 0 corresponds to the plate LE.

The flow topology is first studied using Q criterion in Figure 3.28. The flow topology
corresponds to that observed in the previous section. The boundary layer transition occurs
further downstream in the X20 case and slightly bigger turbulent structures are observed.

The boundary-layer normalized velocity profiles are compared with VanDriest ana-
lytic model [263] in Figure 3.29. Comparing the different positions for the trip, a better
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Figure 3.27: Comparison of the mean velocity profiles (a) and WPS (b) in the vicinity of
the trailing edge, between LES simulations using different trip heights.
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Figure 3.28: Iso-surfaces of Q-criterion (QC2/U2 = 1000), colored by the velocity magni-
tude, for (a) GeomX10H4-P25W30 simulation and (b) GeomX20H4-P25W30 simulation.
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Figure 3.29: Comparison of the normalized velocity profiles between LES cases differing
by the streamwise position of the trip.

agreement is obtained for the case X10, showing the necessity of an earlier tripping of the
boundary layer. As a consequence, the trip is located at x = 0.1c in all other cases.

Influence of the spanwise boundary condition

The influence of the spanwise boundary condition on the spanwise correlation length,
lz, is examined through a set of WM simulations corresponding to GeomX10H4-P25W30.
Periodic (“PERIO”) and symmetry (“SYM”) boundary conditions are considered. lz is cal-
culated using the spanwise coherence γ2 as showed in Eq. 6.9 and Eq. 3.19. Comparisons
of γ2 and lz between the two boundary conditions are shown in Figures 3.30 and 3.33
respectively. In addition, lz obtained from a WR case is given in Figure 3.33 (a) as a
reference. The LES results are compared to Corcos [44], Guedel [88], Efimtsov [57] and
Salze [233] empirical models. The four models use input data from the LES simulations,
which slightly differ between WM and WR, leading to some differences in lz even if the
same model is used in both cases. Thus, WR and WM cases cannot be displayed in the
same plot.

Except for the models of Efimtsov [57] and Salze [233] that give slightly closer results
for lz, large differences can be found with the other models. For the WR case, a good
agreement of the LES with the model of Salze [233] is observed for high frequencies and
a slight over-prediction at low to mid frequencies is found, probably due to the domain
spanwise extent. The model of Salze [233] can, thus, be used as a reference for the WM
cases.

From Figure 3.33 (b), it can be noticed that periodic boundary conditions lead to
larger spanwise coherence at low frequencies compared to symmetry boundary condition.
Furthermore, periodic boundary conditions lead to a relatively better agreement with the
model of Salze [233] at high frequencies (f > 4 kHz) compared to symmetric boundary
conditions, while a slightly higher over-prediction at low to mid frequencies can be noticed.
When periodic boundary conditions are used, a perfect correlation is imposed between the
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(a) (b)

Figure 3.30: Contours of spanwise coherence of the fluctuating pressure on the surface
of the plate as a function of frequency and spanwise separation, at streamwise locations
x/c = 0.98, for computations (a) Geom-X10H4-P25W30-PERIO and (b) Geom-X10H4-
P25W30-SYM.

boundaries, but velocity fluctuations normal to the boundary are also allowed. This may
explain why lz is overestimated at low frequencies, which correspond to length scales of
the order of the spanwise extent of the domain, and is correctly estimated at intermediate
and high frequencies, which are mainly controlled by small scale turbulence. Periodic
boundary conditions are used for all the other cases.

Influence of the Spanwise Extent

The influence of the spanwise extent on the flow topology and spanwise correlation length
lz is addressed through a set of WM simulations corresponding to GeomX10H4-P25W30.
Two span extents (10% (Sp0.1c) and 100% (Sp1.0c) of the chord length) are investigated.
The flow topology is first illustrated using an iso-surface of Q criterion in Figure 3.31
for the two span extents. Both computations present similar flow behaviors. The tur-
bulent structures, formed after the trip, seem to have similar size and intensity in both
cases, which proves that the small span extent (Sp0.1c) is able to properly reproduce the
turbulent boundary layer development on the surface of the plate.

The comparison between the spanwise correlation lengths for the two span lengths is
presented in Figures 3.32 and 3.33 (b). Even if the spanwise extent of the computational
domain (LLES = 10mm = 0.1c) appears sufficient when compared to the maximum cor-
relation length (lz,max = 3.5 mm), a larger extent leads to a smaller correlation length
at low frequencies, closer to Salze’s and Efimtsov’s models. It can be observed that the
spanwise coherence γ2 and the correlation length lz are significantly reduced, particularly
at low and mid frequencies, when the large span is considered. However, compared to the
model of Salze [233], the range where lz is over-predicted is restricted to lower frequencies.
Consequently, in order to limit computational cost, the shorter span extent is retained.

Influence of the sub-grid scale model

The influence of the sub-grid scale (SGS) turbulence model is studied by considering
the dynamic Smagorinsky (SMAGO-DYN) [165], the wall adapting local-eddy viscosity
(WALE) [182] and the SIGMA [183] models.
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Figure 3.31: Iso-surfaces of Q-criterion (QC2/U2 = 1000), colored by the velocity mag-
nitude, for (a) GeomX10H4-P25W30-Sp0.1c simulation and (b) GeomX10H4-P25W30-
Sp1.0c simulation.

(a) (b)

Figure 3.32: Contours of spanwise coherence of the pressure fluctuations on the surface of
the plate as a function of frequency f and spanwise separation ∆z, at streamwise location
x/c = 0.98, for computations (a) Geom-X10H4-P25W30-Sp0.1c and (b) Geom-X10H4-
P25W30-Sp1.0c.
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Figure 3.33: Spanwise correlation length, lz, for WR (a) and WM (b) cases, for dif-
ferent spanwise boundary conditions and different spanwise extents, in comparison with
empirical models.
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Figure 3.34: Iso-surfaces of Q-criterion (QC2/U2 = 1000), colored by the velocity mag-
nitude, for (a) GeomX10H4-P25W30-SIGMA simulation and (b) GeomX10H4-P25W30-
SMAGO-DYN simulation.
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Figure 3.35: Comparison of the normalized velocity profiles between LES cases differing
by the SGS turbulence model.

The flow topology is first studied using an isosurface of Q criterion in Figure 3.34
for SIGMA and SMAGO-DYN models. Smaller flow structures and larger velocities are
noticed when using the SIGMA model. Similar flow structures are found when comparing
the SIGMA and WALE models.
The boundary-layer transition is also studied by comparing the normalized velocity profiles
in the boundary layer between the three SGS models in Figure 3.35. Similar profiles are
obtained for SIGMA and WALE models, with a very good agreement with the Van Driest
analytic solution. However, the velocity profile is underestimated by the SMAGO-DYN
model. The latter seems to be very dissipative and not able to properly predict the
turbulent boundary-layer properties.

Influence of the mesh in the wake region

For a fan/OGV stage, the wakes formed downstream of the fan reach the LE of the stator
and generate rotor-stator interaction noise, which is the dominant source in such config-
urations. Thus, the numerical setup should allow for correct modeling and propagation
of the fan wakes in the inter-stage. After some distance downstream of the TE of the fan
blade, the wake reaches an asymptotic state. Once this length scale is known, the wake
can be decomposed into three different regions: “near wake”, “intermediate wake”, and “far
wake”. The asymptotic far wake stage is reached when all turbulent flow statistics follow
universal distributions that are independent of the TE conditions. Here, numerical results
obtained from the LES cases are compared to empirical models or universal distributions
in each wake region.

Three mesh refinements are considered in the wake region, denoted “W100”, “W30”,
and “W15”. The WM case corresponding to the mesh type and refinement at the wall
“P25” is used for all three cases. Figure 3.36 shows the streamwise development of the
center-line velocity (Uc) for the three mesh refinements in the near wake region. The shear
velocity uτ0 is computed at the trailing edge of the plate and the kinematic viscosity ν
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Figure 3.36: Axial development of the normalized centerline velocity U∗c in the near-wake
for the three mesh refinements in the wake region, and comparison with the corresponding
analytic solution.

is equal to its averaged value at each location. The LES results are compared with the
near-wake analytic model proposed by Ramaprian et al. [217],

Uc/uτ0 = (1/κ)[lng(x∗)− γ] +B (3.26)

U/uτ0 = (1/κ)lny∗ +B + (1/κ)E1(ψ) (3.27)

where x∗ = uτ0x/ν, y∗ = uτ0y
ν

, ψ = y/g(x), E1(ψ) =
∫∞
ψ

e−t

t
dt, the function g is defined

as g(α)[ln(g(α))− 1] = κ2α, and γ = 0.5772157 is the Euler-Mascheroni constant. κ and
B are model constants equal to 0.418 and 5.5, respectively. It can be noted that beyond
a certain streamwise position (x∗ = 2× 103), a good agreement is found between the LES
results and the analytical solution, although Uc is under-predicted for the coarsest mesh
“W100”.

Figure 3.37 shows the velocity profiles, for different streamwise positions, for the dif-
ferent mesh refinements in the near wake region. Comparisons with analytic solutions
are also shown. δ2f is the momentum thickness in the far-wake. The streamwise posi-
tion x/δ2f = 28 (x∗ ≈ 2.104) corresponds to approximately the upper limit of the near
wake region, as noticed experimentally [21, 6]. Beyond x/δ2f = 10, a good agreement is
obtained between the profiles of the cases W30 and W15 and the analytic solution.

The intermediate-wake characteristics are analyzed for the “W30” case by comparing
the normalized deficit velocity and the Reynolds stress profiles, for different streamwise
positions, in Figures 3.38 (a) and (b) respectively. In this region, the flow is expected to
follow the asymptotic behavior given by [217],

ud/Ud = exp(−4η2ln2) (3.28)

G = uv = 8ln2(νt/Udb)η exp(−4η2ln2), (3.29)

where η = y/b, ud is the velocity deficit at a normal coordinate y and Ud the maximum
velocity deficit. The profiles are plotted against y normalized by the local wake half-
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Figure 3.37: Normalized velocity profiles in the near-wake, for the three mesh refinements
in the wake region, and comparison with the corresponding analytic solution.
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Figure 3.38: Comparison of the wake characteristics with empirical models in the
intermediate-wake region, for the computation GeomX10H4-P25W30, at different stream-
wise positions x/δ2f . (a) Normalized velocity deficit (ud/Ud) profiles and (b) Reynolds
stress (uv/uvmax) profiles.
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Figure 3.39: Asymptotic evolution of the wake parameters, for the three mesh refinements
in the wake region, and comparison with the corresponding analytical solution.

width b. At distances above x/δ2f = 28, a good agreement for the normalized velocity
deficit is found between the numerical results and the analytical solution, with a slight
over-prediction between η = 0.3 and η = 0.8. For η < 1, the normalized Reynolds stress
profiles are quite similar and fit well with the analytical solution. For larger values of
η (i.e., y > b), the analytical solution predicts a turbulent intensity that tends to zero,
while the Reynolds stress from the numerical results approaches its value outside of the
wake region.

The far-wake properties are investigated in Figure 3.39. The asymptotic behavior is
reached approximately beyond x/δ2f = 350. The results in the far-wake can be compared
to the half-power laws for the half-width b and maximum velocity deficit Ud, which are
given by

(b/δ2f )
2 = 16(νt/U0δ2f )ln2(x/δ2f ) (U0/Ud)

2 = 4π(νt/U0δ2f )(x/δ2f ). (3.30)

In the case of the refined meshes “W30” and “W15”, the power laws for b and Ud
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are well predicted and the product Udb/U0δ2f approaches the predicted constant value
0.9394 [217]. For these cases, νt/U0δ2f approximately tends to 0.032 and Gmax is slightly
less than 0.0487 (see [217]). The mesh resolution “W100” seems to be too coarse in the
wake region. Thus, it can be concluded that the mesh resolution “W30” is sufficient to
properly predict the flow in the wake region beyond a certain streamwise position, with
an acceptable computational cost.

Influence of numerical parameters on the WM-LES results Summary

• Mesh type at the wall: prismatic cells show better agreement with Van Driest
analytical model than tetrahedral cells.

• Mesh refinement at the wall: a value of y+ = 25 allows to properly capture
the boundary layer mean and fluctuating parameters.

• Trip height: a trip height equal to four times the displacement thickness of the
boundary layer yields a good transition of the boundary layer to turbulence.

• Spanwise boundary condition: at mid and high frequencies, periodic boundary
conditions show a better agreement of the spanwise correlation length with
the empirical model of Salze than symmetry boundary conditions.

• Spanwise extent: the spanwise extent of 1c, compared to the one of 0.1c, allows
to reduce the spanwise correlation length and to obtain a better agreement
with the model of Salze, especially at low frequencies. However, the extent of
0.1c is sufficient at mid- and high-frequency.

• Trip position: a trip at an axial position of x = 0.1c (x = 0 corresponds to the
LE position) shows better boundary layer mean streamwise velocity profiles
than the one at x = 0.2c.

• Subgrid scale model: similar boundary layer properties are obtained for Wale
and Sigma models, whereas large discrepancies are noticed when using the
dynamic Smagorinsky model.

• Mesh refinement in the wake region: a mesh size equal to 30 times the mean
Taylor scale in the wake region is sufficient to properly propagate the wake
properties.

3.3.4 Acoustic Far-Field Predictions

The acoustic far-field predicted using the LES results from the GeomX10H4-P25W30 and
GeomX10H4-P01W30 simulations (both ensuring 13 points per wavelength in the far-field
and a total number of points of 3.1 and 13 millions, respectively) is compared to Amiet’s
TEN model (see Equation (3.2)). For the analytical predictions, the convection velocity
uc is computed as the slope of the phase of the wall-pressure cross-spectrum between
two streamwise locations in the vicinity of the trailing edge. The calculated values are
between uc/U0 = 0.63 and uc/U0 = 0.7. The wall-pressure PSD in the vicinity of the
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Figure 3.40: Direct prediction of the far-field PSD of pressure fluctuations from LES, in
comparison to Amiet’s theory (various correlation laws), for an observer at 90◦ and a
distance of 8c from the plate.

trailing edge φpp is extracted from the LES computation and is fitted to a Goody model,
which can be used as an input in the TEN model. The spanwise integral lengthscale, lz,
is modeled using the analytical models shown in Figure 3.33. For the direct numerical
prediction, both the turbulent flow and the acoustic wave propagation are modeled by
the LES solver.

A comparison between the LES predictions and the analytical solutions of the PSD
of the pressure fluctuations in the far-field, at 90°and a distance of 8c from the trailing
edge of the plate, is shown in Figure 3.40. The mesh cut-off frequency can be observed
around 15 kHz. The analytical prediction is very sensitive to the model used for lz. Both
WR and WM results show a good agreement with the model of Salze [233] at mid-to-high
frequencies, but seem to overestimate the low frequency levels. This can be explained by
the domain confinement in the spanwise direction, as shown for lz in Figure 3.33.

3.4 Conclusion
A parametric study of the effects of several numerical parameters on the flow development
around a flat plate and the associated noise generation has been conducted using LES
simulations. The main noise mechanisms are investigated separately: turbulence inter-
action noise and trailing edge noise. The upstream flow properties for the leading edge
noise case and the geometric parameters of the plate are chosen to approach as close as
possible the assumptions made in Amiet’s acoustic models.

Comparison with analytical models and DNS data show very good results for the
boundary layer characteristics and the far-field noise prediction. These results allow the
definition of an adequate numerical set-up in order to prepare LES simulations of the
broadband noise generated by an UHBR turbofan fan stage.

The main results of the parametric studies can be summarized as follows,

• Mesh design. The computational domain can be divided into three main regions:

– Near wall region. In order to properly describe the properties of the boundary
layers, prismatic cells are preferred than tetrahedral cells on the wall surfaces.
For WM-LES, a value of y+ of 25 is seen to be appropriate.
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– Wake region. In order to properly transport the turbulent wakes from the
trailing edges of the fan to the leading edges of the OGV, a ratio of the cell
size to the Taylor micro-scale of about 30 is required.

– Far-field region. In order to properly propagate the acoustic waves in the fan
stage (upstream of the fan and downstream of the OGV), 13 cells per acoustic
wavelength are required for the specific numerical setup adopted in this study
(particularly for the third-order numerical scheme TTGC).

• Trip design. The effects of the trip height and its streamwise position on the devel-
opment of the boundary layers are assessed.

– Trip height. Three trip heights (δ1, 2δ1 and 4δ1) are compared. The best
boundary layer transition is found for the biggest trip of height 4δ1.

– Trip streamwise position. Two streamwise positions (0.1c and 0.2c) are com-
pared. The trip at 0.1c shows better transition of the boundary layer.

• Sub-grid scale model. The boundary-layer properties obtained with the models
SIGMA [183] and WALE [182] are similar and match well with the analytical results.

• Spanwise boundary conditions. Periodic and symmetric boundary conditions are
compared. When periodic boundary conditions are used, the spanwise correlation
length, which is an important input for Amiet’s trailing edge model [7], is closer to
Salze’s model [233], compared to the one obtained when using symmetry boundary
conditions.

• Spanwise extent. Two spanwise extents (0.1c and c) are compared. An extent of
0.1c (about 5δ) is seen to be sufficient at mid to high frequencies.

With the numerical parameters selected in the analysis above, good predictions of the
far field noise are achieved, in comparison to Amiet’s TIN and TE noise models.

Note 1

The results of this Chapter were presented at the European Conference of Turbo-
machinery (ETC14) in 2021. The scientific publication was in the top-5 of the best
contributions to the conference and was selected for publication in the International
Journal of Turbomachinery, Propulsion and Power (IJTPP) [3].

Note 2

The results of this Chapter were used to develop a pre-dimensionning tool for LES
in turbomachinery, called LESCOTT. LESCOTT allows to evaluate the mesh size
in each region of interest of the computational domain, based on both turbulent and
acoustic criteria, for a given numerical scheme and mesh topology. It provides also a
quick estimation of the computational time of LES for fan/OGV stage applications.
The main principles of this tool are presented in Appendix B.
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Chapter 4
On the effects of a separation bubble on fan
noise

Introduction

The main objective of the present chapter is to improve our current understanding
of the unsteady aerodynamic characteristics and the noise generation mechanisms of
a recirculation bubble. Such a phenomenon can appear close to the leading edge of
the rotor blades in a state-of-the-art fan stage, at approach conditions. Particularly,
this chapter focuses on the effects of the mass flow rate, i.e. the angle of attack, on
the evolution of the bubble and its acoustic signature. Additionally, the influence
of the inlet turbulence injection rate on the recirculation bubble characteristics is
assessed.
This is achieved by performing a number of WR LES with varying mass flow rates
and turbulent injection rates. Moreover, the capability of WM LES to properly
capture the presence and the properties of the recirculation bubble is investigated
by comparing two additional WM LES, with and without a roughness region close
to the LE (called trip), with a WR case. To limit the computational cost, the radial
slice sector LES case, described in Chapter 2, is considered. Meshes are designed
such that the acoustic propagation is resolved by the LES up to one chord length
(c) upstream of the fan and downstream of the OGV. The effects of the mass flow
rate are analyzed in terms of the steady and unsteady characteristics of the flow
in the vicinity of the fan blades and vanes and the noise contributions related to
the recirculation bubble. To this end, a Dynamic Mode Tracking (DMT) method
is used to examine the behavior of the flow at any frequency of interest for the
recirculation bubble.
The chapter is organized as follows. Section 6.1 presents a literature review on
the previous studies performed on a laminar separation bubble. The capability of
the WM assumption for the prediction of some aerodynamic characteristics of the
recirculation bubble is assessed in Section 4.2. The influence of the turbulence rate
in the incoming flow on some aerodynamic properties of the recirculation bubble
is investigated in Section 4.3. Finally, the effects of the mass flow rate on the
formation of the recirculation bubble and its acoustic signature in the rotating and
in the stationary domains are presented in Section 4.4.
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4.1 Laminar separation bubble

For a fan stage operating at its nominal regime, the Reynolds number exceeds one million
and the flow remains attached along the surface of the blades. The turbulent eddies in
the boundary layer are diffracted when passing the TE and generate noise. At low fan
speeds, such as at approach conditions, a flow separation region may appear close to the
LE of the fan blades even at moderate adverse pressure gradient. If the flow transitions
to turbulence and reattaches, a laminar recirculation bubble is formed. The recirculation
bubble generally influences the fan performance by increasing the losses of the fan stage.

4.1.1 Mechanism of a laminar separation bubble

Figure 4.1 shows the basic mechanism of a boundary layer separation and the formation
of a recirculation bubble close to the LE of the blade. Upstream of the separation region,
the laminar boundary layer encounters an adverse pressure gradient due to a high angle
of attack. The magnitude of the pressure gradient is sufficiently high to cause the sepa-
ration of the flow. The separation region can be divided into two zones (a dividing shear
layer separates the two zones in Figure 4.1). Close to the blade surface, a recirculating
flow is generated, which leads to the formation of a reverse flow vortex. Away from the
wall, the boundary layer undergoes a transition to turbulence due to disturbance am-
plification occurring in the unstable laminar layer. The turbulent mixing between these
two zones enhances the exchange of momentum between the inner and outer parts of the
wall-bounded shear layer, which can lead to flow reattachment. The described mecha-
nism of separation, transition and reattachment results in the formation of a recirculation
bubble close to the LE of a fan blade at approach condition [186, 54, 237, 53]. After the
reattachment, a turbulent boundary layer develops. As the Reynolds number decreases,
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4.1. Laminar separation bubble

Figure 4.1: Laminar separation bubble formation on the suction side of an airfoil (adapted
from [186]).

the transition and reattachment points on the blade suction side are shifted. At suffi-
ciently large angles of attack and low Reynolds numbers, the separated shear layer fails
to reattach, thus stalling the airfoil.

4.1.2 Literature review

This phenomenon and its contribution to self-noise have been extensively studied exper-
imentally [168, 142, 54, 248, 98, 211, 163, 136] and numerically [219, 218, 113, 283, 283,
52, 249] on a single airfoil configuration.

Direct Numerical Simulations (DNS) of the airflow around a NACA0012 airfoil were
performed by Sandberg et al. [219, 218] at Reynolds and Mach numbers of Re = 5× 104

and M = 0.4, respectively. Sandberg et al. [219, 218] observed that a laminar separation
bubble can be found on the suction side of an airfoil at low Reynolds number and non-
zero angle of attack. This separation bubble is followed by a transition to turbulence
and a reattachment of the boundary layer. The acoustic results from the DNS indicate
the presence of an additional noise source on the suction side that is not located at the
TE and can change significantly the noise directivity. Similar conclusions were reached
by Jones et al. [113], who observed that this additional noise source is dominant at high
frequencies.

Another DNS study was performed byWu et al. [283], who investigated the flow around
a Controlled-Diffusion (CD) airfoil at α = 8◦, Re = 1.5×104 andM = 0.25. Downstream
of the LE, the flow is laminar and spanwise coherent structures are generated due to the
Kelvin-Helmholtz instability [94, 273, 53]. This is related to a short recirculation bubble
that triggers the laminar to turbulent transition of the boundary layer. Downstream of
the transition region, the size of the turbulent structures decreases as they are convected,
and turbulence is fully developed at the TE. Inside the separation region, a hump is
observed in the amplitude of the wall pressure spectra. In this region, the space-time
correlation of the fluctuating pressure shows a periodic pattern in time and significant
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levels of correlation in space due to large coherent spanwise structures. Similar results
were obtained by Sanjosé et al. [173] using the Lattice-Boltzmann method with a DNS
resolution for low Mach and Reynolds numbers and by Deuse et al. [52] and Shubham
et al. [249] using Large Eddy Simulations (LES). The axial position of the separation
region and the velocity fluctuations in this region are observed to significantly oscillate,
generating additional noise.

Experimental studies using airfoils at low Mach and Reynolds numbers and high an-
gles of attacks [211, 163, 136, 240, 109] have shown an increase in the amplitude of the
velocity fluctuations in the separation region. This occurs close to the LE and is due to
the onset of a recirculation bubble in the separation region. Experimental results from
Kurelek et al. [136] exhibit evidence of a triple peak pattern for the wall-normal profiles of
the Root-Mean-Square (RMS) streamwise velocity fluctuations, and a significant increase
in the RMS velocity fluctuations normal to the airfoil surface. Additionally, Michelis et
al. [163] show a dominant broadband peak in the Power Spectral Density (PSD) of the ve-
locity fluctuations in the bubble region, which is related to Kelvin-Helmholtz instabilities.
Another experimental study by O’meara and Mueller [211], performed on a NACA00012
airfoil for a range of 0.65 × 105 < Re < 4.5 × 105 and α = 2°, investigates the feedback
effects due to tonal noise emission in a laminar separation bubble formed on the suction
side of an airfoil. A particular frequency is detected that is related to roll-up vorticies
forming in the recirculation bubble region and passing over the TE of the airfoil.

Based on the observations discussed above, high angles of attack can be found at the
fan LE at approach conditions, a major difference when compared to cruise conditions.
This is related to the reduced freestream Mach number and fan rotational speed at ap-
proach conditions, which can result in local flow separations and the appearance of a
recirculating bubble near the LE [213, 145, 146]. Recirculation bubbles play an important
role in the boundary layer transition to turbulence on the fan blade surface and produce
an additional noise source that can be associated to a highly unsteady flow in the bubble
region [146]. It should be noted that a classical solution to suppress laminar separation
bubbles consists in increasing the roughness (e.g. using a tripping band) near the LE
in order to force the transition to turbulence before the flow separation [30, 247]. How-
ever, the use of a tripping band near the LE to prevent separation bubbles at approach
conditions increases aerodynamic losses at cruise conditions.

Although the presence of recirculation bubbles has been observed and suggested as
a significant noise contributor to fan noise [146], a detailed analysis of the flow in such
bubbles and their acoustic signature in aero-engine applications has received limited at-
tention.

4.2 Numerical assessment of the WM-LES
To assess the validity of the wall-modeled (WM) LES assumption in the prediction of
some aerodynamic quantities in a separation region, WM and WR LES are compared at
the reference mass flow rate ṁ = 20 kg/s and a rotational speed corresponding to 50%
of the nominal speed (Ω = 5500RPM). The properties of the three meshes compared in
this study are shown in Table 4.1. The "WM-TRIP" mesh is constructed from the WM
mesh by adding a square geometrical trip at 10% of the chord length (trip height around
four times the boundary layer displacement thickness at the position of the trip, which
is deemed sufficient for an adequate transition of the boundary layer to turbulence, as
shown in Chapter 3).
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4.2. Numerical assessment of the WM-LES

Table 4.1: Mesh properties for the different WM and WR LES. x+, y+ and z+ are the
dimensionless wall distances in the streamwise, normal and spanwise directions, respec-
tively.

WM WM-TRIP WR
Number of cells [106] 40 41 80

x+ = z+ 250 250 35
y+ 25 25 1.0

Number of prismatic layers 10 10 16
Stretching ratio [%] 10 10 6
Time step [10−8s] 4.4 4.35 0.8

CPUh/blade passage [103] 50 51 280

The turbulent structures on the suction surface of the rotor blade are shown in Fig-
ure 4.2, for the different meshes, using iso-surfaces of the Q-criterion (Qc2/U2

0 = 1500,
where U0 is the free-stream velocity magnitude) colored by the vorticity magnitude. The
value of the iso-surface of Q-criterion is chosen in a way to clearly identify the turbulent
structures in the boundary layers. For all the cases, a laminar boundary layer is formed
near the LE, followed by a transition region, where a recirculation bubble is identified.
This bubble is characterized by a significant level of vorticity and forces the transition of
the boundary layer to turbulence. Downstream of the recirculation bubble, the flow reat-
taches to the airfoil and remains attached down to the TE. When comparing with the WR
case, the use of a wall model appears to delay the apparition of the recirculation bubble
and leads to larger turbulent structures in the separation region and in the downstream
direction, even when a trip is added.

The flow topology around the rotor blades is then analyzed by means of the mean
streamwise velocity component, u, (Figure 4.3) and the turbulent kinetic energy, kt, (Fig-
ure 4.4), which are averaged in the rotating reference frame. The averaged values are
computed over 3.5 rotations of the fan. On the blade suction side, near the LE, a zone
of negative velocity and high turbulent kinetic energy can be found. This recirculation
region corresponds to the bubble identified by the Q-criterion iso-surfaces in Figure 4.2,
which leads to the boundary layer transition to turbulence. By comparing the flow topol-
ogy obtained from the different cases, we can observe that, for the WM cases compared to
the WR case, the bubble is longer in the streamwise direction and its position is shifted
downstream over the suction side. However, smaller values of the maximum turbulent
kinetic energy are observed when a wall model is used, which delays the transition to
turbulence. Consequently, both the boundary layer and the wake thicknesses increase for
the WM cases. These differences between the WM and WR cases are less pronounced
when adding a trip. In this case, the axial position of the bubble onset on the suction
side of the blade is imposed by the trip position.

The distributions of isentropic Mach number, Mis, which is related to the static pres-
sure distribution on the blade, and the RMS of the pressure fluctuations (Prms), along the
blade, are presented in Figure 6.1. The isentropic Mach number Mis is defined as,

Mis =

√√√√((P0

P

) γ−1
γ

− 1

)
2

γ − 1
,
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Chapter 4. On the effects of a separation bubble on fan noise

Figure 4.2: Iso-surfaces of Q-criterion (Qc2/U2
0 = 1500), colored by the vorticity magni-

tude, for the different meshes, (a) WR, (b) WM, and (c) WM-TRIP.

Figure 4.3: Contours of averaged streamwise velocity u around the rotor blade, for the
different meshes, (a) WR, (b) WM, and (c) WM-TRIP.
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4.2. Numerical assessment of the WM-LES

Figure 4.4: Contours of turbulent kinetic energy kt around the rotor blade, for the different
meshes, (a) WR, (b) WM, and (c) WM-TRIP.
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Figure 4.5: Average isentropic Mach number Mis (a) and RMS pressure fluctuations Prms

(b) along the rotor blade for the different meshes.
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Figure 4.6: Average friction coefficient Cf along the rotor blade for the different meshes.
(a) suction side. (b) pressure side.

where P0 is the total pressure in the free-stream outside the boundary layers, P is the
static pressure and γ is the ratio of specific heats (in this case γ = 1.4). On the suction
side, a plateau of Mis can be observed near the LE, which indicates the presence of the
recirculation bubble. Downstream of the bubble region, the turbulent boundary layer is
subjected to an adverse pressure gradient down to the TE. The bubble region also exhibits
large Prms values, as shown in Figure 6.1 (b). It can be observed that, when a wall law is
used, the bubble is shifted downstream and its size increases, compared to the WR case.
This is consistent with the previous observations on the flow topology. The strength of
the additional self-noise source due to the recirculation bubble can be partly related to
the Prms levels. The maximum value of Prms is lower for the WM cases compared to the
WR case, but the width of the peak is larger. By adding a trip to the WM case, the
position and the fluctuations of the recirculation bubble becomes closer to the WR case
(LES WR). However, the mean pressure level is different, which shows that the outlet
pressure needs to be rescaled in case a trip is added.

The friction coefficient, Cf , can also provide useful information about the recirculation
bubble. A comparison of Cf between the different meshes is presented in Figure 4.6, over
the suction side (a) and the pressure side (b) of the rotor blade. For all the cases, a region
of negative friction coefficient is observed close to the LE of the blade on the suction side,
related to the presence of the bubble. Downstream of this region, Cf remains positive
along the suction side down to the TE. The locations where Cf reaches zero can be con-
sidered as the initial and end points of the bubble, respectively, which allows us to define
the size of the bubble. As for the analysis of Mis in Figure 6.1, the reattachment point is
shifted downstream when a wall law is used, which leads to a larger recirculation bubble.
On the pressure side, the friction coefficient is slightly negative for the WM case with trip
(WM-TRIP), directly after the trip position, which indicates that a small recirculation
appears in this region caused by the trip. For the other cases, the distribution of Cf is
quite similar and remains positive, which suggests that the flow is attached all along the
pressure side.
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4.3. Influence of the turbulence injection rate

Numerical assessment of the WM-LES Summary

Configuration.

• Radial slice sector LES.

• LES are performed at approach condition (50Nn) without turbulence injection
and at a mass flow rate of ṁ = 20 kg/s.

Assessment of the WM-LES

• Assessment of the WM LES assumption to predict the aerodynamic charac-
teristics of a recirculation bubble that appears close to the LE of the rotor
blade.

• The results of two WM LES, with and without a rugosity step (trip) close to
the LE of the blade, are compared to results of WR LES without a trip in
terms of steady and unsteady characteristics of the flow in the vicinity of the
blade surface.

• When WM LES is used, the recirculation bubble is shifted downstream and
its length is increased. The maximum value of Prms is lower for the WM cases
compared to the WR case, but the width of the peak is larger.

• When a trip is used, the differences with the WR LES case are reduced.
However, the pressure level is different and the size and position of the trip
have to be defined beforehand.

4.3 Influence of the turbulence injection rate
In this section, the effects of the inlet turbulence rate on the characteristics of the recircu-
lation bubble are studied by comparing the results for three different turbulence injection
rates, TI = Urms/U of 0.8%, 1.2% and 2.1%, with the case without turbulence injection
at the inlet section. Wall-resolved LES at the reference mass flow rate (ṁ = 20 kg/s) are
performed for this study.

As for the first case of the study on the flat plates in Chapter 3, synthetic turbulence
is injected based on a spectral approach first introduced by Kraichnan [133], where an
isotropic turbulent velocity field is generated using random Fourier modes and extended
by A. Smirnov et al [251] for spatially developing in-homogeneous, anisotropic turbulent
flows. At a distance of 0.05c upstream of the LE, the turbulent spectrum can be fitted by
a Von-Karman spectrum with a turbulence intensity of TI and an integral length scale of
5mm (5% of the chord length). The cut-off wavelength is equal to two times the largest
cell size according to Shannon’s principle. The number of Fourier modes that compose
the random velocity perturbation is 250.

In order to properly transport the turbulent flow from the inlet section down to the
rotor blade, the mesh is carefully refined in the upstream region. A view of the rotor
domain mesh at mid-span is presented in Figure 4.7. The main properties of the mesh
corresponding to the WR cases with turbulence injection are given in Table 4.2 and
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Figure 4.7: Grid in a blade-to-blade view of the rotor domain at mid-span for the radial-
slice sector LES case with turbulence injection. The presented grid is four times coarser
than the current grid.

Table 4.2: Mesh properties for the WR-LES cases with and without turbulence injection.

WR WR-Turb
Number of cells [106] 80 90

x+ = z+ 35 35
y+ 1.0 1.0

Number of prismatic layers 16 16
Stretching ratio [%] 6 6
Time step [10−8s] 0.8 0.8

CPUh/blade passage [103] 280 320

compared to the mesh for the WR cases without turbulence injection. The computational
cost is increased by 14% for the mesh with turbulence injection, due to the increase of
the mesh size and the additional model for turbulence injection.

The turbulent structures on the suction surface of the rotor blade are shown in Fig-
ure 4.8, for different turbulence intensity rates at the inlet section, using iso-surfaces of the
Q-criterion (Qc2/U2

0 = 1500, where U0 is the free-stream velocity magnitude) colored by
the vorticity magnitude. For all the cases, a recirculation bubble appears close to the LE
and leads to the transition of the boundary layer to turbulence, as discussed for Figure 4.2.
When comparing the different cases, the transition of the boundary layer to turbulence
appears earlier on the suction side of the rotor blade when the turbulence intensity is
increased. This leads to smaller turbulent structures in the separation region and in the
downstream direction. Even for the highest turbulence injection rate, the boundary layer
remains laminar close to the LE and the boundary layer separation is observed.

The distributions of isentropic Mach number, Mis, which is related to the static pres-
sure distribution on the blade, and RMS of the pressure fluctuations (Prms), are presented
in Figure 4.9. As in Figure 6.1, the recirculation bubble is identified by the plateau ofMis

in Figure 4.9 (a), and the large Prms values in Figure 4.9 (b), for the different turbulence
injection rates. It can be observed that, as the turbulence injection rate increases, the
bubble is shifted upstream and its size decreases, which is consistent with our previous
findings from the flow topology. The strength of the additional self-noise source due to
the recirculation bubble can be partly related to the Prms levels. When the injection
rate increases, the maximum value of Prms is larger, but the width of the peak decreases.
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4.3. Influence of the turbulence injection rate

Figure 4.8: Iso-surfaces of Q-criterion (Qc2/U2
0 = 1500), colored by the vorticity magni-

tude, for different values of the turbulence intensity injected at the inlet section.
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Figure 4.9: Average isentropic Mach number Mis (a) and RMS pressure fluctuations Prms

(b) along the rotor blade for the different values of the turbulence intensity injected at
the inlet section.
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Figure 4.10: Average friction coefficient Cf along the rotor blade for the different values
of the turbulence intensity injected at the inlet section. (a) suction side. (b) pressure
side.

However, these changes remain below 3% of the maximum value of Prms and are expected
to have a small impact on the noise radiated.

As in Section 4.2, the friction coefficient, Cf , is used to characterize the size of the
recirculation bubble. A comparison of Cf between the different turbulence injection rates
is presented in Figure 4.10, over the suction side (a) and the pressure side (b) of the
rotor blade. For all the cases, the recirculation bubble is identified by a region of nega-
tive friction coefficient close to the LE of the blade on the suction side, and the size of
the bubble is obtained from the locations where Cf reaches zero. As for the analysis of
Mis in Figure 4.9, the reattachment point is shifted upstream as the turbulence injection
rate increases, which leads to a smaller recirculation bubble. On the pressure side, the
distribution of Cf is quite similar for the different turbulence injection rates and remains
positive, which indicates that the flow is attached all along the pressure side.

Influence of the turbulence injection rate Summary

• The computational cost is increased by 14% for the cases with turbulence
injection, when compared to the cases without turbulence injection at the
inlet section. This is due to the increase of the mesh size and the model of
turbulence injection at the inlet.

• For the various turbulence injection rates:

– The recirculation bubble is characterized by a region of negative friction
coefficient, high pressure fluctuations, and a plateau in the distribution
of isotropic Mach number, over the suction side of the rotor blade.

– The boundary layer reattaches before the trailing edge of the blade in a
fully turbulent state.
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4.4. Influence of the mass flow rate

Table 4.3: Mesh properties for the different LES. x+, y+ and z+ are the dimensionless
cell sizes in the streamwise, normal and spanwise directions, respectively.

WR-Mesh1 WR-Mesh2 WR-Mesh3
Number of cells [106] 68 80 100

x+ = z+ 35 35 35
y+ 1.0 1.0 1.0

Number of prismatic layers 8 16 24
Stretching ratio [%] 12 6 3
Time step [10−8s] 0.8 0.8 0.8

CPUh/blade passage [103] 238 280 350

• When the turbulence injection rate increases:

– The length of the bubble and the region of high RMS pressure fluctua-
tions over the suction side of the rotor blade slightly decrease.

– The bubble is shifted upstream over the suction side of the rotor blade.

– The peak of RMS pressure fluctuations in the separation region increases.

• The differences in the recirculation bubble characteristics between the differ-
ent turbulence injection rates remain small.

4.4 Influence of the mass flow rate

In this section, the effects of the mass flow rate on the characteristics of the recirculation
bubble and the generated noise are studied by comparing the results for four different mass
flow rates ranging from 19 to 22 kg/s. Based on the results of the two previous sections,
WR LES without turbulence injection are performed in this study. First, the grid and
time convergences of the LES are presented. Then the aerodynamic and aeroacoustic
results are discussed.

4.4.1 LES convergence criteria

Grid convergence

In this section, the mesh convergence of the LES is assessed by comparing the results
from the 3 meshes presented in Table 4.3, for the reference mass flow rate ṁ = 20 kg/s.

The near wall refinements (x+, y+ and z+) are taken as small as possible within the
range of a refined Wall-Resolved (WR) LES [266, 199, 282]. It should be noted that even
a slight refinement of the near-wall surface mesh would lead to a significant increase in the
computational cost of the simulation. The values of y+ and x+ = z+ over the suction side
of the rotor blade are shown in Chapter 2 and recalled in Figure 4.11 for ṁ = 19 kg/s.
These values satisfy stringent guidelines for wall-resolved meshes in LES according to
state-of-the-art literature review [266, 199, 282].

In the present work, the sensitivity of the recirculation bubble to the stretching ratio
is assessed. This parameter is not explicitly addressed in the literature and is expected
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Figure 4.11: (a) y+ and (b) x+ = z+ values over the suction side of the rotor for ṁ =
19 kg/s.

to have an effect on the recirculation bubble properties.
Figure 4.12 shows a comparison between the different meshes for several quantities

characterizing the mean flow (isentropic Mach number, friction coefficient, boundary layer
thickness) and the fluctuations (RMS pressure fluctuations Prms) in the vicinity of the fan
blade surface. The friction coefficient Cf and boundary layer displacement thickness δ1 are
shown for the suction side only, where the separation bubble appears. Overall, the results
show a fairly good agreement between the different meshes along the blade chord length.
The distributions of Mis and Prms on the pressure side are close for the 3 meshes. On the
suction side, near the LE, a separation zone can be associated with the region of negative
friction coefficient and the plateau of isentropic Mach number. It should be noted that high
pressure fluctuations are also observed in that region. Some discrepancies between WR-
Mesh1 and WR-Mesh2 results can be seen for all the quantities in Figure 4.12, particularly
in the separation region. These differences are more pronounced for δ1 over the whole
suction side, where WR-Mesh1 predicts a faster increase of the thickness of the boundary
layer. This may be due to differences in the transition to turbulence, which may lead to
cumulative discrepancies. When comparing WR-Mesh2 and WR-Mesh3, similar results
are obtained for the different quantities in Figure 4.12 along the whole blade surface. This
justifies the use of WR-Mesh2 to study the effects of the mass flow rate in the following.

Temporal convergence

Temporal convergence is necessary to ensure proper physical analysis. Two different types
of temporal convergence are studied here for the mesh WR-Mesh2 at a mass flow rate of
ṁ = 20 kg/s. The first type of convergence is referred to as numerical convergence and
corresponds to the end of the transient state. The second type of convergence is referred
to as statistical convergence and corresponds to the convergence of the flow statistics.
Unsteady velocity samples are collected for the convergence analysis. These are obtained
from the suction side boundary layer near the fan TE, at a normalized wall-normal distance
of y+ = 50. Based on the convergence analysis methodology introduced by Boudet et
al. [17], the velocity signal is split into four segments and the statistical estimates on the
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Figure 4.12: Grid convergence. (a) Isentropic Mach number Mis and (b) RMS pressure
fluctuations Prms along the rotor blade. (c) Friction coefficient Cf and (d) boundary layer
displacement thickness δ1 along the suction side of the rotor blade. ρ is the density and
τw is the wall shear stress.
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Figure 4.13: Temporal convergence for the WR-Mesh2 case. (a) Numerical convergence.
The number of rotations corresponds to the end of the first segment. (b) Statistical
convergence. The mean value (ū) and the standard deviation (u′rms) of the streamwise
velocity component are normalized by their values at the end of the simulation (t = tend,
where "t" corresponds to the time).
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last three segments are compared. The numerical convergence is estimated by introducing
the function

κ(u) = max

(
max

i,j=2..4

(∣∣∣∣u(i) − u(j)

u(4)

∣∣∣∣) , max
i,j=2..4

(∣∣∣∣∣u′(i)RMS − u
′(j)
RMS

u
′(4)
RMS

∣∣∣∣∣
))
× 100 (4.1)

where u(i) and u
′(i)
RMS are the average of a velocity component and the RMS velocity

fluctuations, respectively, calculated over the i-th segment. The evolution of κ(u) is
presented in Figure 4.13 (a). Numerical convergence is reached when κ stabilizes within
a few per cent (4% in this case). The statistics are then calculated from this point, at the
end of the first segment.

The statistical convergence is considered to be reached when the statistics reach a
constant value. Figure 4.13 (b) shows the evolution of the mean (u) and the standard
deviation (u′rms) of the streamwise velocity component (u), both normalized by values at
the end of the simulation. It can be observed that the simulation is well converged after
1.5 rotations.

Grid and temporal convergence Summary

Configuration.

• Radial-slice sector LES.

• LES are performed at approach condition (55Nn) without turbulence injec-
tion.

Grid convergence.

• A grid convergence analysis is performed assessing the influence of the stretch-
ing ratio in the direction normal to the wall on the recirculation bubble char-
acteristics.

• The adopted unstructured mesh consists of 80× 106 cells with y+ = 1, x+ =
z+ = 35 (which are consistent with the state of the art requirements) and a
stretching ratio of 6%.

Temporal convergences.

• The numerical and statistical convergences are ensured after 1.5 fan rotations.

4.4.2 Aerodynamic results

The decrease of the fan blade angle of attack α when the mass flow rate ṁ increases (shown
in Table 4.4) is expected to cause variations of the recirculation bubble characteristics,
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Table 4.4: Fan blade angle of attack α for various mass flow rates ṁ.

ṁ [kg/s] 19 20 21 22
α [°] 12.5 9.10 7.40 5.30

Figure 4.14: Iso-surfaces of Q-criterion (Qc2/U2
0 = 1500), colored by the vorticity magni-

tude, for the different mass flow rates. The cases are shown by decreasing mass flow rate,
and increasing angle of attack of the fan blade.

which are detailed in the following.
The turbulent structures on the suction surface of the rotor blade are shown in Fig-

ure 4.14, for the different mass flow rates, using iso-surfaces of the Q-criterion (Qc2/U2
0 =

1500, where U0 is the free-stream velocity magnitude) colored by the vorticity magnitude.
For all the cases, a recirculation bubble appears close to the LE and leads to the transition
of the boundary layer to turbulence, as discussed for Figure 4.2. When comparing the
different cases, the reduction of the mass flow rate delays the boundary layer transition
and leads to larger turbulent structures in the separation region and in the downstream
direction.

The flow topology around the rotor blades is then analyzed by means of the mean
streamwise velocity component, u, (Figure 4.15) and the turbulent kinetic energy, kt,
(Figure 4.16), which are averaged in the rotating reference frame. The averaged values are
computed over 3.5 rotations of the fan. As shown in Figures 4.3 and 4.4, the recirculation
bubble is identified by a zone of negative velocity and high turbulent kinetic energy for
the different mass flow rates. By comparing the flow topology obtained from the different
cases, we can observe that as the mass flow rate decreases, the bubble position is shifted
downstream over the suction side and the size of the bubble increases. However, smaller
values of the maximum turbulent kinetic energy are observed when the mass flow rate
decreases. Consequently, both the boundary layer and the wake thicknesses increase when
the mass flow rate is reduced.

The distributions of isentropic Mach number, Mis, and the RMS of the pressure fluc-
tuations, Prms, along the blade, are presented in Figure 4.17. As shown in Figure 6.1, the
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Figure 4.15: Contours of averaged streamwise velocity u around the rotor blade, for
various mass flow rates, (a) ṁ = 22 kg/s, (b) ṁ = 21 kg/s, (c) ṁ = 20 kg/s and (d)
ṁ = 19 kg/s.
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Figure 4.16: Contours of turbulent kinetic energy kt around the rotor blade, for various
mass flow rates, (a) ṁ = 22 kg/s, (b) ṁ = 21 kg/s, (c) ṁ = 20 kg/s and (d) ṁ = 19 kg/s.
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Figure 4.17: Average isentropic Mach numberMis (a) and RMS pressure fluctuations Prms

(b) along the rotor blade for various mass flow rates.
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Figure 4.18: Average friction coefficient Cf along the rotor blade for various mass flow
rates. (a) suction side. (b) pressure side.

recirculation bubble is identified by the plateau of Mis in Figure 4.17 (a), and the large
Prms values in Figure 4.17 (b), for the different mass flow rates. It can be observed that,
as the mass flow rate decreases, the bubble is shifted downstream and its size increases,
which is consistent with our previous findings from the flow topology. The strength of
the additional self-noise source due to the recirculation bubble can be partly related to
the Prms levels. When the mass flow rate decreases, the maximum value of Prms is lower,
but the width of the peak increases. These changes are expected to have an impact on
the noise radiated by this additional noise source.

As in Section 4.2, the friction coefficient, Cf , is used to characterize the size of the re-
circulation bubble. A comparison of Cf between the different mass flow rates is presented
in Figure 4.18, over the suction side (a) and the pressure side (b) of the rotor blade. For all
the cases, the recirculation bubble is identified by a region of negative friction coefficient
close to the LE of the blade on the suction side, and the size of the bubble is obtained
from the locations where Cf reaches zero. As for the analysis of Mis in Figure 4.17, the
reattachment point is shifted downstream as the mass flow rate decreases, which leads to
a larger recirculation bubble. On the pressure side, the distribution of Cf is quite similar
for the different mass flow rates and remains positive, which suggests that the flow is
attached all along the pressure side.

Several boundary layer parameters are computed on the suction side of the rotor blade
for the different mass flow rates and compared in Figure 4.19. The displacement thickness
is defined as,

δ1 =

∫ δ

0

(1− ρU

ρ0U0

)dn. (4.2)

The momentum thickness is defined as,

δ2 =

∫ δ

0

ρU

ρ0U0

(1− U

U0

)dn, (4.3)

and the shape factor H12 = δ1/δ2, where n is the wall normal distance to the suction
side surface of the blade, ρ0 is the freestream density, and ρ and U are the density and
the velocity magnitude in the boundary layer, respectively. The development of the
boundary layer can be divided into three main regions, (i) the separation region, (ii) the
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Figure 4.19: Comparison of boundary layer parameters on the suction side of the rotor
blade for various mass flow rates. (a) Boundary layer displacement thickness δ1, (b)
momentum thickness δ2, (c) and shape factor H12.
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Figure 4.20: Comparison of the streamwise velocity component u (a) and kt (b) profiles
in the wake of the rotor blade, at one chord length from the TE.

reattachment region and (iii) the adverse pressure-gradient region. For all cases, near the
LE, the displacement thickness δ1 reaches a local maximum in the recirculation bubble,
while the momentum thickness δ2 is almost constant. Thus, in this region, large values of
the shape factor H12 are reached. Downstream of the recirculation bubble, the boundary
layer is reattached and the shape factor decreases significantly. As previously discussed,
the streamwise location of the reattachment point varies significantly with the mass flow
rate, and consequently the end of the H12 hump varies from 0.1c for the largest mass flow
rate (ṁ = 22 kg/s) to 0.35c for the smallest mass flow rate (ṁ = 19 kg/s). After the
reattachment, a plateau is observed for the boundary layer parameters. The size of this
plateau increases with the mass flow rate. At further downstream locations, the combined
effects of the adverse pressure gradient and the friction lead to an increase in both the
displacement and momentum thicknesses while the shape factor remains nearly constant.
By comparing the different cases, it can be observed that decreasing the mass flow rate
leads to a thicker boundary layer with a larger separation region, and a reattachment
point that is shifted further downstream.

The evolution of the boundary layer is controlled by several parameters, including
the separation region due to the recirculation bubble, the pressure gradient and the skin
friction. In order to study the effect of the recirculation bubble on the boundary layer, the
displacement thickness has also been computed using the integral formulation available in
the numerical software Xfoil [56, 55], neglecting the influence of periodicity. The results
are compared to the LES computations for the different mass flow rates in Figure 4.19
(a). When using the integral formulation in Xfoil, the boundary layer is assumed to be
fully turbulent from the LE, such that there is no recirculation bubble. The levels of
δ1 obtained from the integral formulation are consequently adjusted to match the values
of δ1 in the LES at a given axial position by adding a constant value. This allows for
the comparison of the δ1 distribution, taking into account the effect of the bubble on the
boundary layer thickness. The differences in the δ1 distributions for the different mass
flow rates are mainly due to differences in the angle of attack and Reynolds number.
The results from the LES and the integral formulation for the different mass flow rates
show similar trends once the boundary layer is reattached, whereas significant differences
can be found in the separation and reattachment regions. This is particularly true for
the large mass flow rates (21 kg/s and 22 kg/s), which suggests that downstream of the
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Figure 4.21: Streamwise evolution of the wake half-width b, normalized by the momentum
thickness in the far wake δ2 (a), and the boundary layer thickness at the blade TE δTE
(b). x is the streamwise direction and x = 0 m corresponds to the blade TE.

bubble, the boundary layer is fully turbulent and that its thickness is only controlled
by the pressure gradient and the skin friction. For small mass flow rates, discrepancies
become significant due to the presence of a large recirculation bubble, which affects the
boundary layer development over a larger region of the blade. Once the flow is reattached,
the δ1 distributions have similar trends despite the differences in absolute value.

Finally, the effect of the mass flow rate on the rotor wakes is studied. Figure 4.20
shows the distributions of the streamwise velocity component u and the turbulent kinetic
energy kt at a distance of one chord length from the TE of the rotor blade. θmax is the
angular sector of a single fan blade passage, which corresponds to 2π/16. When the mass
flow rate decreases, the wake becomes thicker whereas both the velocity deficit and tur-
bulent kinetic energy increase, which is consistent with the results in Figures 4.15 and
4.16. For the largest mass flow rate case (22 kg/s), it seems that a symmetric Gaussian
function could fit the circumferential distribution of kt, whereas cases with a low mass
flow rate show skewed wake profiles towards the suction side. The wake is further ana-
lyzed by calculating the wake half-width, b, which can be defined as the width of the wake
where the velocity reaches 50% of the maximum velocity deficit. The axial evolution of
the wake half-width is shown in Figure 4.21 (a), in which the variables are normalized
by the momentum thickness in the far-wake, which is assumed to be constant for each
case. It should be noted that the momentum thickness in the far-wake can be computed
from Eq.D.11, which can be rewritten as δ2 =

∫ δw
0

ρu
ρ0U0

(1 − u
U0

)dn, where u corresponds
to the streamwise component of the mean velocity in the wake, U0 corresponds to the
freestream velocity magnitude outside the wake and δw corresponds to wake width. Re-
sults in Figure 4.20 (a) are shown for the far-wake region (x/δ2 > 800), where the wake
properties are assumed to have an asymptotic behavior and δ2 is nearly constant. A lin-
ear increase of b2 with the downstream distance can be observed for the different cases.
Furthermore, the wake half-width also increases as the mass flow rate decreases, which is
consistent with the trends in the boundary layer thicknesses in Figure 4.19. Figure 4.21
(b) shows the evolution of b normalized by the boundary-layer thickness at the TE of the
fan blade, δTE, which is defined as the wall-normal distance from the blade surface where
the velocity reaches 99% of the freestream velocity. All cases seem to collapse onto a
single trend, particularly beyond a streamwise distance where the wake is fully developed
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(x/δ2 > 2500). In this case, the evolution of the fan wake is controlled by the boundary
layer thickness at the TE of the blade.

Influence of the mass flow rate: aerodynamic results Summary

• For the various mass flow rates:

– The recirculation bubble is characterized by a region of negative stream-
wise velocity and friction coefficient, high turbulent fluctuations and a
plateau in the distribution of isotropic Mach number over the suction
side of the rotor blade.

– The boundary layer is reattached before the trailing edge of the blade in
a fully turbulent state.

– The wake width scales with the boundary layer thickness at the trailing
edge of the rotor blade.

• When the mass flow rate is reduced:

– The length of the bubble and the extent of the region of high RMS pres-
sure fluctuations over the suction side of the rotor blade are increased.

– The bubble is shifted downstream over the suction side of the rotor blade.

– The peak of RMS pressure fluctuations in the separation zone is de-
creased.

– The boundary layer displacement and momentum thicknesses and the
wake width are increased.

4.4.3 Aeroacoustic results

Contours of the instantaneous dilatation rate (∇ · u) for ṁ = 20 kg/s are shown in
Figure 4.22, along with iso-surfaces of Q-criterion (Qc2/U2

0 = 100) colored by the vorticity
magnitude. The development of turbulent structures around the blades and in the wakes
can be observed. The contours of instantaneous dilatation rate show wave-fronts generated
by the TE and the bubble region near the LE. The present simulations are able to capture
the noise generation mechanisms at the TE and in the bubble region, as well as the acoustic
wave propagation in the refined-mesh region around the fan stage. It should be noted
that there is no acoustic reflection from the upstream and downstream boundaries of the
domain. The turbulence in the fan wakes near the TE in Figure 4.22 does not seem to
contribute to the radiated noise from the fan stage, which indicates that quadrupole noise
sources from the wake are not dominant when compared to dipole noise sources from the
blades.

The acoustic field is directly computed in the LES simulations up to one rotor chord
length upstream of the rotor blades, in the mesh refinement region. A comparison of the
PSD of the pressure fluctuations (p′) for various mass flow rates is showed in Figure 4.23
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Figure 4.22: Instantaneous contours of dilatation rate and iso-surfaces of Q-criterion
(Qc2/U2

0 = 100) colored by the vorticity magnitude, at ṁ = 20 kg/s. The star symbol
indicates the location of the monitor point where unsteady pressure samples are collected
for the PSD computation. The dashed-line shows the location of the monitor points used
for the calculation of the coherence.

(a). All the PSD spectra are obtained by multiplying the pressure signals by a Hanning
window with 50% overlap and by averaging the signals using 5 segments of length 210.
A pressure reference of Pref = 2.10−5 Pa is adopted. The location of the monitor point
used for the unsteady data collection is indicated by the star symbol in Figure 4.22. For
the different cases, tones at 3200 Hz and 6400 Hz can be observed. The frequencies at
which these tones appear are independent of the mass flow rate and correspond to the first
two harmonics of the Vane Passing Frequency VPF = V Ω/60, where Ω is the rotation
speed in RPM, and V = 32 corresponds to the number of vanes in the full stage. The
presence of tones at harmonics of the VPF for a monitor point that is rotating with the
rotor domain can be associated with the noise emitted by the periodic interaction of the
rotor blade wakes with the stator vanes. For a monitor point in the stator domain, this
interaction is expected to generate noise at the BPF and its harmonics BPFn = nBω,
where ω = Ω/60 and n corresponds to the order of the BPF harmonic. Using the Tyler
and Sofrin rule [261], the acoustic modes that are generated by the interaction noise have
azimuthal orders m = nB−kV , where k is an integer. If the monitor point is in a rotating
reference frame, its angular position θ varies with time, such that θ(t) = ωt. Thus, for a
duct mode of order m, the phase term of the pressure fluctuation that depends on θ and
t in the rotating reference frame can be written as,

ei(mθ(t)−ωt) = ei([nB−kV ]ωt−nBωt) = e−ikV ωt (4.4)

where i is the imaginary unit and the frequency kV ω corresponding to the VPF harmonics
can be recognized.

At higher frequencies, between 10 kHz and 13 kHz, a peak is visible for each case,
except for the largest mass flow rate (ṁ = 22 kg/s). This peak is referred to as HFP1st in
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Figure 4.23: PSD of the pressure fluctuations from a monitor point normal to the rotor
surface at one chord length from the rotor LE (indicated by a star in Figure 4.22) in the
rotating frame of reference. (a) Rotor-stator simulations at various mass flow rates. (b)
Comparison with a rotor-only simulation at ṁ = 21 kg/s.
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Figure 4.24: Spatial distribution of the density modes using the DMT technique. (a)
VPF1st. (b) HFP1st.

Figure 4.23. Its second harmonic, denoted HFP2nd, can also be observed in Figure 4.23.
When the mass flow rate increases, the frequency of these High Frequency Peaks (HFP)
increases (e.g. from 10.5 kHz to 12.8 kHz for HFP1st) whereas their amplitude decreases.
For each case where HFP peaks are present, an additional peak denoted INTER in Fig-
ure 4.23 can be observed at a frequency INTER = HFP1st + VPF1st. The HFP peaks are
related to a noise mechanism associated with the recirculation bubble, and are discussed
below, whereas the INTER peak is an interaction tone between HFP1st and VPF1st.

The effects of the stator on the generated noise can also be shown when comparing
the acoustic spectra from the different mass flow rates in Figure 4.23 (a). When the mass
flow rate is reduced, the turbulent kinetic energy in the boundary layers on the suction
side of the rotor and in the rotor wakes is increased. Consequently, the trailing edge noise
and the rotor-stator interaction noise are amplified. In Figure 4.23 (a), we can observe
that the broadband noise component is increased with the reduction of the mass flow rate,
and thus with the increase of the size and turbulent intensity of the recirculation bubble.
This can be partly explained by the rotor-stator interaction noise, showing the effects of
the stator on the generated noise.

The separation noise contribution can be compared to the rotor-stator interaction
noise, which is the noise source that is usually considered as the dominant source in
fan/OGV configurations at approach conditions. The amplitudes of the peaks VPF1st

and HFP1st are compared in Table 4.5 for various mass flow rates. For the different cases,
the contribution of the rotor-stator interaction noise is shown to be dominant. As the
mass flow rate decreases, the amplitude of the VPF1st peak increases. This is due to
the increase of the width of the rotor wakes and the turbulence intensity in the wakes,
with the increase of the recirculation bubble strength, which leads to an increase of the
rotor-stator interaction noise. It is also interesting to compare the amplitude of the peak
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Table 4.5: Comparison of the amplitudes of the peaks VPF1st and HFP1st for different
mass flow rates.

ṁ [kg/s] ‖VPF1st‖ [dB] ‖HFP1st‖ [dB] ∆(‖VPF1st‖ - ‖HFP1st‖) [dB]
19 111.0 103.5 7.5
20 107.0 98.6 8.4
21 106.2 96.6 9.6
22 106.0 86.5 19.5

Figure 4.25: Spatial distribution of the density modes using the DMT technique for the
case at ṁ = 21 kg/s without stator vanes. (a) VPF1st. (b) HFP1st.

HFP1st from the lowest mass flow rate (ṁ = 19 kg/s) with the amplitude of the peak
VPF1st from the largest mass flow rate (ṁ = 22 kg/s), for which the bubble has limited
influence on the rotor wakes. The contribution of the peak HFP1st (ṁ = 19 kg/s) is
comparable to VPF1st (ṁ = 22 kg/s) with a difference of 2.5dB, which suggests that the
noise associated to the recirculation bubble can be of the same order of magnitude as the
rotor-stator interaction noise in a stage without the presence of a recirculation bubble.

In order to better understand the effects of a recirculation bubble on the fan noise, an
additional LES is performed at ṁ = 21 kg/s without the stator vanes. Nevertheless, the
stator domain without vanes that is downstream of the rotor is kept in the simulation in
order to maintain the same length of the computational domain. The PSD of the pres-
sure fluctuations obtained from the simulations at 21 kg/s, with and without the stator
vanes, are compared in Figure 4.23 (b). As expected, the peaks at the VPFs and IN-
TER frequencies are not present in the spectrum for the simulation without stator vanes.
However, the HFPs can still be seen in the noise spectrum. The frequencies at which
these tones appear are quite similar between the two cases, with and without the stator
vanes, while the amplitudes are reduced in the case without stator vanes (a reduction of
5 dB for HFP1st and 4 dB for HFP2nd). In addition, the removal of the stator vanes leads
to a broadband noise reduction of 5 to 8 dB over the frequency range starting from 3
kHz up to the cut-off frequency (30 kHz). This shows that the rotor-stator interaction
noise, which is due to the interaction of the rotor wakes with the stator vanes, is significant.

The tones observed in Figure 4.23 can be further investigated using a mode decom-
position technique, which is known as Dynamic Mode Tracking (DMT) [214]. The DMT
has been developed to study the spatial and temporal features of the flow at a given fre-
quency. It has the advantage to be an “on-the-fly” method, which is useful to reduce the
computational expense and data storage requirements. Figure 4.24 shows DMT results
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Figure 4.26: Spatial distribution of the density modes using the DMT technique on the
suction side of the rotor blade at ṁ = 19 kg/s. (a) HFP1st. (b) HFP2nd.

calculated from the density in the LES with the stator vanes, at VPF1st and HFP1st, for
various mass flow rates. Figure 4.25 shows the DMT results for the simulation without
the stator vanes, at ṁ = 21 kg/s. For the simulations with stator vanes, the mode that is
related to the VPF1st shows wave-like fluctuations coming from downstream of the rotor
and propagating in the upstream direction, through the blade passage. For the simulation
without the stator vanes, the upstream propagating density fluctuations are not observed
in Figure 4.25(a). Thus, the behavior of this mode at the VPF1st confirms that the peaks
observed at this frequency in Figure 4.23 are associated with the interaction tones between
the periodic rotor wakes and the stator vanes.

The DMT results computed at the HFP1st in Figures 4.24 and 4.25 show a density
mode in the boundary layer that is convected by the flow, and another mode generated
in the bubble region that propagates in the upstream direction. The latter can be asso-
ciated with acoustic waves and confirms that the HFP1st peak observed in Figure 4.23 is
generated by a noise source located in the bubble region.

In Figure 4.26, the spatial distribution of the density modes from the DMT technique
at HFP1st and HFP2nd is shown on the suction side of the rotor blade for a mass flow
rate ṁ = 19 kg/s. The maximum amplitudes can be found in the separation region close
to the LE and the modes travel towards the TE. Thus, the TE noise is expected to be
affected by disturbances that are generated by the recirculation bubble.

In order to better understand the noise sources, the coherence between pressure fluc-
tuations in the separation region of the rotor blade and pressure fluctuations at several
positions upstream of the rotor is calculated for ṁ = 20 kg/s and ṁ = 21 kg/s. The lo-
cation of the 100 monitor points is shown by a dashed line in Figure 4.22. The coherence
between the signals is defined as,

γ2
pwp′(f) =

|Spwp′(f)|2

Spwpw(f)Sp′p′(f)
, (4.5)

where Spwpw is the spectral density of the wall pressure fluctuations pw in the separation
region, Sp′p′ is the spectral density of the pressure fluctuations p′ at a probe location
upstream of the rotor blade, and Spwp′ is the cross-spectral density between pw and p′. The
resulting coherences are presented in Figure 4.27 (a) and (b) as a function of the frequency

145



Chapter 4. On the effects of a separation bubble on fan noise

103 104

f [Hz]

0

0.2

0.4

0.6

C
o

h
er

en
ce

2

20 kg/s

21 kg/s

(a) (b)

(c)

INTER

Figure 4.27: Coherence between the pressure fluctuations in the bubble region and the
pressure fluctuations upstream of the rotor blade. (a) ṁ = 20 kg/s and (b) ṁ = 21 kg/s.
(c) Coherence at ∆x/c = −1. The origin of the ∆x axis is the rotor LE.
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Table 4.6: Strouhal number St parameters for various mass flow rates. δ1,bubble corre-
sponds to the local maximum of the boundary layer displacement thickness δ1 in the
separation region.

ṁ [kg/s] U0 [m/s] δ1,bubble [mm] HFP1st frequency [kHz] St
19 80 1.81 10.5 0.237
20 84 1.61 11.6 0.222
21 88 1.38 12.8 0.201
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Figure 4.28: Spanwise coherence of the pressure fluctuations on the suction side of the
blade, in the recirculation bubble region, for ṁ = 19 kg/s. (a) Coherence between two
points separated by distances ∆z = 0.1Lz and ∆z = 0.2Lz. (b) Coherence plotted against
spanwise separation, ∆z, for peak frequencies VPF1st and HFP1st.

and the distance ∆x/c between the reference point on the blade surface and the monitor
point located in the upstream direction. Additionally, the coherence spectrum farthest
from the blade surface (at ∆x/c = −1) is plotted in Figure 4.27 (c) for ṁ = 20 kg/s and
ṁ = 21 kg/s. All cases show high coherence levels and large peaks in the spectra at the
high frequency peaks HFP1st, HFP2nd and INTER up to a large distance away from the
recirculation bubble.

The results from the coherence analysis confirm the observations made using the DMT
technique (Figures 4.24 and 4.26). Thus, the bubble region can be considered as an addi-
tional source of fan noise that produces high frequency peaks in the noise spectra. The low
coherence in Figure 4.27 at the VPF1st and VPF2nd also confirms that the bubble region
does not contribute to the peaks observed in the acoustic spectra at these frequencies. In
Figure 4.27 (c), the frequencies of the peaks HFP1st, HFP2nd and INTER are increasing
with the mass flow rate, which can be related to the reduced size of the bubble and is
consistent with the acoustic spectra in Figure 4.23. The coherence of the peaks is slightly
larger for the lowest mass flow rate. Since the noise produced by the bubble region at the
HFPs is larger for the reduced mass flow rates, a significant contribution to the overall
noise level at these frequencies can be attributed to the bubble region, which leads to high
coherence levels in Figure 4.27.

At this point, it is interesting to show that the spanwise extent of the computational
domain is sufficient. For that, the spanwise coherence of the pressure field, γ2, and the
spanwise correlation length, lz, are calculated at a streamwise position in the recirculation
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Figure 4.29: Spanwise correlation length of the pressure fluctuations on the suction side
of the blade, in the recirculation bubble region, for ṁ = 19 kg/s.

bubble region and are presented in Figures 4.28 and 4.29 for the smallest mass flow rate
ṁ = 19 kg/s (corresponding to the largest bubble). lz is normalized by the total spanwise
extent of the domain Lz. The coherence levels are observed to decay with the spanwise
separation for the whole frequency range. In particular, for the two frequencies VPF1st

and HFP1st, this decay is clearly shown in Figure 4.28 (b), down to negligible values
over less than half of the domain size. This justifies that the current computational
domain span allows to capture a statistically independent acoustic source region. The
acoustic source signature of the recirculation bubble is also observed in Figures 4.28 (a)
and 4.29. The highest correlation length corresponds to HFP1st and constitutes 28.5% of
the spanwise length. The present spanwise extent of 3.5 times the turbulence correlation
length is considered sufficient.

Figure 4.30: Iso-surfaces of Q-criterion (Qc2/U2
0 = 5000), colored by the vorticity magni-

tude, for the mass flow rate ṁ = 20 kg/s. (a) Instantaneous flow field. (b) Mode using
the DMT technique at HFP1st.
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The physical mechanism which causes the HFPs in the acoustic spectra is also inves-
tigated. To this end, a snapshot of the turbulent structures is shown in Figure 4.30 (a)
near the LE of the blade for the mass flow rate ṁ = 20 kg/s. Note that similar turbu-
lent structures are obtained for other mass flow rates. The laminar boundary layer close
to the leading edge detaches in the presence of a strong pressure gradient, and nearly
bi-dimensional vortices are formed. Then, the vortical structures are subject to strong
spanwise deformations as they are convected in the downstream direction. In order to
investigate the relation between these vortical structures and the noise at the HFPs, Fig-
ure 4.30 (b) shows iso-surfaces of Q-criterion based on the filtered flow field from the DMT
at HFP1st. Turbulent structures at this frequency can thus be identified. 2D structures
are visible again in the bubble region and are convected in the downstream direction.
This indicates that the HFP1st in the acoustic spectra is related to a mechanism of vortex
shedding in the bubble region. A Strouhal number, defined as St = fvL/U0, where fv is
the frequency of the vortex shedding, L is a length scale, and U0 is the relative free-stream
velocity magnitude upstream of the fan, is calculated for each case. For a vortex shedding
mechanism, the length scale is usually chosen as a characteristic length in the direction
normal to the incoming flow. Here, we propose to use the local maximum of the boundary
layer displacement thickness δ1 in the separation region, as shown in Figure 4.19 (a). For
a vortex shedding at the HFP1st, the Strouhal numbers calculated for each case are shown
in Table 4.6. The values obtained are typical of a vortex shedding mechanism (St ≈ 0.2).
This confirms that the noise radiated from the bubble region at the HFP1st is associated
with a vortex shedding mechanism.

Influence of the mass flow rate: aeroacoustic results Summary

• For the various mass flow rates:

– Two main self-noise sources can be observed from the rotor blade, the
trailing edge noise and the separation noise.

– Tones can be observed in the PSD spectra upstream of the rotor at the
first two harmonics of the vane passing frequency, which are related to
the tonal contribution of the rotor-stator interaction noise.

– Except for the largest mass flow rate (ṁ = 22 kg/s), high frequency
peaks can be observed in the PSD spectra upstream of the rotor.

– By applying a dynamic mode tracking (DMT) technique and analyzing
the coherence function between the pressure fluctuations in the bubble
region and the pressure fluctuations upstream of the rotor, these high
frequency peaks are related to acoustic waves due to fluctuations in the
recirculation bubble.

– By analyzing the turbulent structures obtained from a DMT solution, the
high frequency peaks are associated to a vortex shedding mechanism.

• When the mass flow rate is reduced:

149



Chapter 4. On the effects of a separation bubble on fan noise

– The amplitude of the high frequency peaks is increased and their fre-
quency is reduced.

– Higher broadband levels can be observed.

– The rotor-stator interaction noise is amplified due to the increase of the
turbulence intensity in the rotor wake and the increase of the wake width.

• When the stator vanes are removed:

– The harmonics of the VPF are suppressed, but the high frequency peaks
remain.

– The frequencies at which the high frequency peaks appear are quite sim-
ilar between the cases with and without stator vanes.

– The amplitudes of the high frequency peaks are reduced.

– The broadband noise levels are reduced by 5 to 8 dB over the frequency
range starting from 3 kHz up to the cut-off frequency (30 kHz).

4.4.4 Signature of the bubble in the stator domain

Aerodynamic results

The turbulent structures in the rotor wakes and in the boundary layers of the stator vanes
are presented in Figure 4.31, for the different mass flow rates, using iso-surfaces of the
Q-criterion (Qc2/U2

0 = 500) colored by the vorticity magnitude. For all the cases, the
rotor wakes interact with the stators and generate the rotor-stator interaction noise. As
the mass flow rate decreases, bigger turbulent structures are observed in the rotor wakes,
which correspond to the big turbulent structures appearing downstream of the bubble in
Figure 4.14 for the small mass flow rates. When the stator vane is not impacted by the
rotor wake (upper vane in the figure), transition occurs near the LE, expect for the highest
mass flow rate. When the vane is impacted by the wake, transition is promoted neat the
LE for all the mass flow rates. For the smallest mass flow rate (ṁ = 19 kg/s), shown
in Figure 4.31 (d), large turbulent structures are formed, which occupy all the interblade
region between the stator vanes.

The flow topology around the stator vanes is then analyzed by means of the mean
streamwise velocity component, u, (Figure 4.32) and the turbulent kinetic energy, kt,
(Figure 4.33), which are averaged in the stationary reference frame. The averaged values
are computed over 3.5 rotations of the fan. Except for the lowest mass flow rate (ṁ =
19 kg/s), the flow remains attached on the suction side of the vanes. The high turbulent
kinetic energy region close to the leading edge for ṁ = 21 kg/s and ṁ = 20 kg/s (positions
1 and 2 in Figure 4.33) indicate the transition of the boundary layer to turbulence, which
is also observed in Figures 4.31 (b) and (c), respectively. For ṁ = 19 kg/s (Figure 4.33
(d)), a region of high turbulent kinetic energy and low streamwise velocity over the suction
side of the stator vanes can observed. This region corresponds to a flow separation and
leads to the formation of the large turbulent structures identified by the Q-criterion iso-
surfaces in Figure 4.31 (d). This separation is due to the increase of the incidence on the
vanes when the mass flow rate is reduced.

The distributions of isentropic Mach number, Mis, and the RMS of the pressure fluc-
tuations (Prms), along the vane, are presented in Figure 4.34. For the different cases, the
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(a) (b)

(c) (d)

vorticity [      /s] 
0.0 20 40

Figure 4.31: Iso-surfaces of Q-criterion (Qc2/U2
0 = 500), colored by the vorticity magni-

tude, for the different mass flow rates. The cases are shown by decreasing mass flow rate,
and increasing angle of attack of the fan blade. (a) 22 kg/s. (b) 21 kg/s. (c) 20kg/s. (d)
19 kg/s.
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(c) (d)
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Figure 4.32: Contours of averaged streamwise velocity u around the stator vanes, for
various mass flow rates, (a) ṁ = 22 kg/s, (b) ṁ = 21 kg/s, (c) ṁ = 20 kg/s and (d)
ṁ = 19 kg/s. The star symbol indicates the location of the monitor point where unsteady
pressure samples are collected for the PSD computation.
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Figure 4.33: Contours of turbulent kinetic energy kt around the stator vanes, for various
mass flow rates, (a) ṁ = 22 kg/s, (b) ṁ = 21 kg/s, (c) ṁ = 20 kg/s and (d) ṁ = 19 kg/s.
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Figure 4.34: Average isentropic Mach numberMis (a) and RMS pressure fluctuations Prms

(b), along a stator vane, for the different mass flow rates.
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Figure 4.35: Average friction coefficient Cf along the stator vanes for various mass flow
rates. (a) suction side. (b) pressure side.

pressure side shows a favorable pressure gradient. Except for the highest mass flow rate
(ṁ = 22 kg/s), a plateau of Mis can be observed near the LE on the suction side, which
indicates a small recirculation bubble. Downstream of this region, the turbulent boundary
layer is subjected to an adverse pressure gradient right down to the TE. The front part
of the suction side also exhibits high Prms values, as shown in Figure 4.34 (b), which are
produced by the small recirculation bubble and the interaction of the rotor wakes with
the stator LE. However, the influence of the bubble is assumed to be small on the vane,
since the bubble is small compared to the blade wake width.

The strength of the rotor-stator interaction noise source can be partly related to the
Prms levels. It can be observed that, as the mass flow rate decreases, the maximum value
of Prms close to the LE is higher, which indicates an increase of the intensity of the rotor-
stator interaction noise. For the lowest mass flow rate (ṁ = 19 kg/s), high Prms values
can be observed over the whole vane chord, down to the TE. This suggests that even the
strength of the trailing edge noise is increased when the rotor wake’s width and turbulence
intensity are amplified due to a larger and more turbulent recirculation bubble close to
the rotor LE.
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Figure 4.36: PSD of the pressure fluctuations from a monitor point at one chord length
from the stator trailing edge, located by the star symbol in Figure 4.32 (a), at various
mass flow rates.

The friction coefficient, Cf , also provides useful information about the boundary layer
transition. A comparison of Cf between the different mass flow rates is presented in
Figure 4.35, over the suction side (a) and the pressure side (b) of the stator vane. Except
for the highest mass flow rate (ṁ = 22 kg/s), a region of negative friction coefficient is
observed close to the LE of the vane on the suction side, which is related to the separation
bubble. Downstream of this region, Cf remains positive along the suction side right down
to the TE. As the mass flow rate decreases, the incidence on the vanes increases, which
leads to a larger recirculation bubble. For ṁ = 22 kg/s, the flow remains attached over the
whole vane surface, as observed in Figures 4.31, 4.32 and 4.33. On the pressure side, the
distribution of Cf is quite similar for the different mass flow rates and remains positive,
which suggests that the flow is attached all along the pressure side.

Aeroacoustic results

The acoustic field is directly computed in the LES simulations up to one stator chord
length downstream of the stator vanes, in the mesh refinement region. A comparison
of the PSD of the pressure fluctuations (p′) for various mass flow rates is presented in
Figure 4.36. All PSD spectra are obtained by multiplying the pressure signals by a
Hanning window with 50% overlap and by averaging the signals using 5 segments of length
210. A reference pressure of Pref = 2.10−5 Pa is adopted. The location of the monitor
point used for the unsteady data collection is indicated by the star symbol in Figure 4.32
(a). For the different cases, tones at 1650 Hz, 3200 Hz, 4800 Hz, 6000 Hz can be observed.
The frequencies at which these tones appear are independent of the mass flow rate and
correspond to the first four harmonics of the blade passing frequency BPF = BΩ/60,
where Ω is the rotation speed that is given in RPM, and B = 16 corresponds to the
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Table 4.7: Comparison of the frequencies and the amplitudes of the tones BPF1st, HFPs1
and HFPs2 for different mass flow rates.

ṁ [kg/s] 19 20 21
BPF1st [kHz] 1.65 1.65 1.65
‖BPF1st‖ [dB] 112 106 103
HFPs1 [kHz] 16.7 17.8 19.91
‖HFPs1‖ [dB] 100 94 85
HFPs2 [kHz] 22.7 24.5 26.1
‖HFPs2‖ [dB] 102 97 91
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Figure 4.37: Spatial distribution of the density modes around the stator vanes using the
DMT technique. (a) BPF1st. (b) HFPs2.
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number of blades in the full stage.
At higher frequencies, except for the largest mass flow rate (ṁ = 22 kg/s), two main

tones are visible for each case. The first tone is observed between 16 kHz and 20 kHz
and is referred to as HFPs1 in Figure 4.36. The second tone, denoted HFPs2, can also
be observed in Figure 4.36. The frequencies and the amplitudes of the different tones
are presented in Table 4.7. When the mass flow rate increases, the frequency of these
high frequency peaks increases whereas their amplitude decreases. Following the analysis
made for the peaks appearing in Figure 4.23 (a), the high frequency peaks are related to
a noise mechanism associated with the recirculation bubble on the rotor.

The tones observed in Figure 4.36 can be further investigated using the DMT tech-
nique [214]. Figure 4.37 shows DMT results calculated from the density in the LES
around the stator vanes, at BPF1st and HFPs2, for various mass flow rates. At BPF1st,
the stage encounters a resonance phenomenon, which is a direct consequence of the blade
and vane counts of the full stage (16 blades and 32 vanes). At HFPs2, the predominant
mode appears to have 16 lobes upstream of the stator for the different mass flow rates
in Figure 4.37 (b). These figures correspond to 1/8th of the full circumference. Thus,
a predominant mode of azimuthal order 128 can be identified at this frequency. Down-
stream of the stator, the modes of azimuthal orders -32 and 32 can be identified by the
four lobes in Figure 4.37 (b) in opposite directions. A further detailed analysis needs to
be performed in order to quantitatively identify the modes in the stator domain that are
related to the recirculation bubble.

Influence of the mass flow rate in the stator domain Summary

• Except for the largest mass flow rate, the boundary layer transition to turbu-
lence occurs close to the leading edge due to a small separation bubble. In all
the cases, transition occurs earlier when a blade wake impacts the vane near
the LE.

• For the different mass flow rates, a peak of RMS pressure fluctuations is
observed close to the leading edge, which can be related to the separation
bubble and the rotor-stator interaction.

• When the mass flow rate is reduced, the RMS pressure fluctuations and the
extent of the flow separation region close to the leading edge are increased.

• In the PSD spectra, tones at the blade passing frequency and its harmonics
appear for the different cases.

• Except for the largest mass flow rate, high frequency tones appear in the
spectra. When the mass flow rate is reduced, the amplitude of theses tones is
increased and their frequency is reduced.

• These tones may correspond to the separation noise related to the recirculation
bubble that appears close to the leading edge of the rotor blade.
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4.5 Conclusion

In this chapter, a set of wall-resolved LES are performed over a radial slice of a scale model
UHBR fan stage at approach conditions, for different values of the turbulent injection rate
and mass flow rate. In order to limit the computational cost, a periodic sector with a single
blade and two OGVs is considered. The meshes are designed to ensure that the acoustic
waves can be propagated to all the monitor points in the frequency range of interest.
The capability of the wall-modeled LES assumption to predict some characteristics of
the recirculation bubble is also assessed. When using a wall-model assumption, the flow
around the rotor blade is seen to be well predicted, compared to the results of wall-resolved
LES, with however some discrepancies in the recirculation bubble region.

For the different cases, a laminar separation bubble is observed on the suction side
near the blade leading edge, which causes the boundary layer transition to turbulence.
On one hand, the influence of the turbulence injection at the inlet on the flow topology
around the rotor blade, and particularly on the recirculation bubble characteristics, is
found to be moderate. On the other hand, the size and position of the recirculation
bubble, as well as the amplitude of the pressure disturbances in the separation region,
appear to vary significantly with the mass flow rate. As the mass flow rate decreases, the
size of the bubble increases, the bubble shifts downstream, and high levels of wall pressure
fluctuations can be found along the suction side of the blade. The development of the
boundary layer and the wake is influenced by the presence of a recirculation bubble and
its size. For a low mass flow rate and a large recirculation bubble, both the boundary
layer thickness on the suction side and the wake width increase. However, the boundary
layer on the pressure side appears to be unchanged for all mass flow rates. It is found that
the wake width far downstream of the fan blade scales with the boundary layer thickness
at the trailing edge.

Two different self-noise mechanisms are identified in the rotating frame: the trailing-
edge noise generated by the scattering of the turbulent boundary layer at the trailing edge,
and an additional noise source due to the recirculation bubble near the leading edge. High
frequency peaks in the noise spectra are associated with the recirculation bubble. This
noise generation mechanism is studied in details by using a DMT technique. It is found
that the acoustic waves that are related to the first harmonic of the high frequency peak
come from the bubble region. This finding is consistent with the results of the coherence
between the wall pressure fluctuations in the recirculation bubble region and pressure
fluctuations away from the blade.

The frequencies of the tones from the bubble decrease when the mass flow rate de-
creases, and the amplitudes of the tones increase. An interaction tone between the re-
circulation bubble and the stator vanes is found by analyzing an additional simulation
performed without the stator vanes. Additionally, the broadband noise levels are found
to increase for the low mass flow rates over the whole frequency range.

Iso-surfaces of Q-criterion are computed using the DMT technique at the first high
frequency peak to investigate the physical mechanism of the noise from the recirculation
bubble. This analysis suggests that a vortex shedding from the bubble explains the noise
radiated at this frequency.

Finally, the influence of the mass flow rate and the effects of the rotor recirculation
bubble in the stator are investigated. High frequency tones, which are related to the noise
due to the recirculation bubble, can be identified in the PSD spectra downstream of the
stator vanes.
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4.5. Conclusion

It is shown that the noise radiated from a recirculation bubble can be a significant
contributor to the fan noise. This noise source can be found at approach conditions, as
the mass flow rate of an aero-engine is reduced. Thus, it might be useful to identify the
presence of a recirculation bubble on fan blades using high-fidelity models to reduce this
noise source during design.

Note

The results of this Chapter are published in the Journal of Sound of Vibrations [5]
and were presented at the 16me Congrès Français d’Acoustique [4] and at the Con-
grès des Jeunes Chercheurs en Mécanique - Méca-J [1]
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Chapter 5
Aeroacoustic analysis of the tip leakage flow
of an UHBR turbofan

Introduction

This chapter presents an aerodynamic and aeroacoustic analysis of the flow in the
fan tip region of the (full-span) sector LES configuration. The flow topology in
the blade tip region is first analyzed through mean and turbulent flow parameters,
such as the velocity components, the rms velocity fluctuations, and the vorticity
magnitude. Two tip leakage vortices are identified in this region, which is charac-
terized by a deficit in the streamwise velocity component and significant levels of
turbulent kinetic energy. The noise sources are then identified using the velocity
dilatation rate and rms pressure fluctuations over the blade surface. The dominant
noise sources in the tip gap region are observed at the trailing edge of the blade due
to interactions of the tip leakage vortices with the trailing edges. The wall pressure
spectra in the tip gap region and the coherence of pressure fluctuations between
monitor points at different positions in this region show an acoustic contribution of
the tip leakage flow mainly in two frequency ranges. The first range corresponds to
medium frequencies between 2 kHz and 9 kHz, and the second range corresponds to
high frequencies between 10 kHz and 25 kHz. A dynamic mode tracking technique
is used to follow the evolution of modes identified at given frequencies. The far-field
noise is computed using the Ffowcs Williams and Hawkings’ (FWH) analogy from
the solid surface of the blade. This surface is spilled into two parts; the tip region
(outer 15% of span) and the rest of the blade (lower 85% of the span) in order
to analyze the acoustic contributions of these two regions separately. Medium and
high frequency contributions of the tip leakage flow are also observed and analyzed.
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5.1 State of the art
The current chapter focuses on the tip gap noise of the ECL5 fan stage.

The tip gap noise is related to the leakage flow in the tip gap region of the rotor blades.
To avoid any contact between the fan rotating blades and the casing, a radial clearance
between the fan blade tip and the shroud is essential for the operation of the fan stage.
The existence of such a clearance induce the development of a highly turbulent and three-
dimensional unsteady secondary flow, due to a pressure difference between the pressure
and suction sides of the rotor blade in the tip region. This complex flow is responsible for
aerodynamic losses and noise emissions.

The first studies on the tip leakage flow, performed by Rains [216], have shown that the
flow at the blade tip is perpendicular to the camber line, when passing from the pressure
side to the suction side. When interacting with the main flow, this leakage flow is rolled
up, which leads to the formation of a tip leakage vortex (TLV). This latter is characterized
by highly vortical structures [257], which may interact with the trailing edge of the rotor
blades and with the mainstream flow, and yield strong unsteady mechanisms. This leads
to aerodynamic losses [286, 121] and noise emissions [115].

The influence of the tip leakage vortex on the aerodynamic performance of a turbo-
machine has been extensively studied in the literature [61, 212, 255, 289, 257, 286, 19].
Indeed, the efficiency of a rotating machine is very sensitive to the size of the tip gap,
and it is strongly reduced when the tip clearance is increased. An experimental study
was performed by Inoue et al. [105] on the rotor of an axial compressor, for various tip
gap sizes, ranging from εs = 0.5% to εs = 5%, where εs is the tip gap size normalized by
the rotor span. It was shown that, when the tip gap size increases, both the efficiency
and the compression rate of the rotor decrease. This is partly due to the thickening of
the boundary layers at the casing, which generates a blockage effect and leads to a reduc-
tion of the tangential velocity component at the tip. For the smallest tip gap size, the
strongest interaction between the tip leakage flow and the main flow occurs. It was also
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noticed that, when the gap size increases, the location of the maximum pressure differ-
ence between the suction and pressure side moves towards the trailing edge of the blade.
Also, for the largest gap size, a strong recirculation region appears in the tip gap. Similar
findings were obtained experimentally by Kameier & Neise [116, 115] and numerically by
Lallier-Daniels et al. [139] who have studied the effects of the tip gap size on a low speed
fan at a high compression ratio. It was found that a reduction of εs by a factor of 4 leads
to an efficiency gain of 7 %. In addition, the influence of the tip gap size on the generated
noise was highlighted. When going from εs = 1.4% to εs = 2.8%, an increase of the noise
levels of 15 dB was observed around 370 Hz.

Several experimental studies [28, 287, 288] have been performed on the fan rig of the
University of Siegen to analyze the influence of the tip leakage flow on the aerodynamic
performance and the noise emissions. Different normalized tip gap sizes were investigated,
varying from εs = 0.5% to εs = 5%. At nominal operating speed, when increasing from
εs = 0.5% to εs = 5%, the far-field noise levels (for a microphone at 1.3 m upstream of
the rotor) increased by 10dB. Tones also appeared in the far-field acoustic spectrum at
frequencies lower than the blade passing frequency. The generated noise was attributed
to interactions between the coherent structures formed in the tip region with the blade
tip. These coherent structures are rotating at a speed lower than the rotation speed of
the blades.

Many experimental [26, 85, 86, 86, 87, 106, 108] and numerical [19, 288, 140, 128]
studies have been performed on isolated airfoil configurations to analyze the characteristics
of the tip leakage flow, independently from other complex mechanisms occurring in a
turbomachine. A parametric study has been performed on a NACA 5510 profile placed
between two plates [85]. The effects of the incoming velocity magnitude, the angle of
attack and the tip gap size (εs varying from 1% to 12%) on the topology of the tip leakage
flow and the noise emissions have been investigated. The incoming velocity magnitude
has shown little effects on the tip leakage flow topology, whereas a significant influence
of the angle of attack and the tip gap size was found. For larger angles of attack, the
aerodynamic loading of the profile increases and the tip leakage flow appears closer to
the leading edge on the airfoil. Additionally, it was observed that, as the tip gap size
increases, the position of the maximum velocity magnitude in the tip leakage flow moves
towards the trailing edge. Two main noise sources were identified in the far-field acoustic
spectrum. The first noise source, which has been identified at frequencies ranging from
0.7 kHz to 3.5 kHz, is of dipolar nature and corresponds to turbulent structures generated
due to the flow separation in the tip gap region, and passing over the trailing edge.
The second noise source, identified at frequencies ranging from 4 kHz to 7 kHz, is of
a quadripolar nature and is associated to vortices in the shear layers of the tip leakage
flow. Different numerical approaches, such as large eddy simulation [130], zonal large
eddy simulation [19], and lattice Boltzmann Method [152], have shown that the main
noise source at the tip is located between the mid-chord and the trailing edge. The main
contribution of the tip gap noise was observed around 2 kHz and 6 kHz, with a stronger
directivity on the pressure side.

In order to approach real turbomachinary configurations, several studies have been
performed on linear compressor cascades. Experimental studies carried out by Kang &
Hirsh [118, 117, 119] over a cascade of 7 NACA 65-1810 airfoils, with varying tip gap size,
have shown the formation of three tip vortices, (i) a tip leakage vortex (TLV) formed close
to the leading edge, (ii) a tip separation vortex (TSV) formed along the tip pressure side
edge and exiting the clearance around mid-chord, and (iii) a secondary vortex develop-
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ing at the tip suction side edge, which interacts with the TSV. An induced vortex (IV)
can also be identified alongside the TLV and rotates in the opposite direction [286, 19].
The trajectory of the TLV was identified by Storer & Cumpsty [257] based on the mini-
mum values of the static pressure on the casing. The aerodynamic characteristics of the
TLV were also investigated in a series of experiments at Virginia Tech. [177, 272, 274] in
a low-speed linear compressor cascade with stationary and moving endwalls. The TLV
was characterized by a region of strong velocity gradients and high levels of turbulent
kinetic energy. Furthermore, several numerical simulations [286, 222, 264, 231, 129] have
been performed on a linear compressor cascade with a tip clearance to investigate the tip
leakage flow topology and the associated noise sources. You et al. [286] have performed
incompressible LES on a linear compressor cascade with a moving endwall. The tip leak-
age vortex was identified by a region of important streamwise and pitchwise vorticity
magnitudes. The viscous losses in the cascade endwall region were mainly associated to
the spanwise and pitchwise velocity gradients. It was also suggested that these losses can
be reduced by using a rib-like structure or a vortex generator to change the direction
of the tip-leakage jet such that the associated spanwise and pitchwise derivatives of the
mean velocity are reduced. Ventosa-Molina et al. [264] have studied the effects of the
relative motion between the casing and the blade in a linear compressor cascade using
direct numerical simulations. In the presence of a relative motion, the TLV is shifted
toward the middle of the passage, which results in the formation of secondary vortices
behind it. Koch et al. [129] have performed a wall-resolved compressible LES on a linear
compressor cascade to study the aerodynamic and aeroacoustic behavior of the TLV. The
main tip noise mechanisms were identified through an aerodynamic analysis coupled with
the Ffowcs Williams & Hawkings analogy and a dynamic mode decomposition technique.
The main noise sources were identified at around 75% of the chord length at frequencies
between 5 kHz and 6 kHz.

In order to take into account all the complex mechanisms in turbomachinery configura-
tions, such as the effects of the rotation, several studies have been performed on rotating
compressors and fans [281, 58, 138, 64, 213, 121, 123]. A comparison of the tip leakage
flow topology between an axial compressor and a linear cascade configuration has been
performed by Lakshminarayana et al. [138]. It was seen that, in the case of a linear
cascade, the TLV formation due to the roll up of the tip leakage flow occurs in the vicin-
ity of the suction side, which leads to an increase of the static pressure on the pressure
side and induces significant losses. In the case of an axial compressor, the high speed
jet coming from the leakage interacts with the main flow stream and generates a strong
separation region. The TLV may also interact with the adjacent blades at the trailing
edge and generate a significant noise source due to high fluctuation levels in the TLV [64].
Experimental studies have been performed on a fan stage, known as the source diagnostic
test (SDT) configuration of NASA and GE Aviation [101], with a normalized tip gap size
of εs = 0.1 %, to investigate the flow topology [200, 201] and the noise sources [281, 58].
More recently, LES have also been performed on the SDT configuration [213, 121, 123].
Comparisons between the noise levels from the fan/outlet guide vanes (OGV) stage con-
figuration and the fan-only configuration (without OGV), have permitted to separate the
contributions of the main noise sources, the rotor-stator interaction noise and the tip leak-
age noise [174]. The contribution of the tip leakage noise source appears to be dominant
below 6 kHz. Additionally, a comparison of the tip flow topology and the associated noise
between approach and cutback operating conditions has been performed by Kholodov et
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Figure 5.1: Schematic of the flow topology and the associated noise generation mechanisms
in the tip gap region.

al. [123] using LES. A stronger TLV but with a smaller angle with the blades was observed
at cutback condition, compared to approach condition.

5.2 Tip leakage flow noise mechanisms

In this section, the different tip vortices and the mechanisms of noise generation for a
classical tip leakage flow are presented in a simplified way, based on the literature review
from Section 5.1. A schematic view of the different tip vortices in the tip gap region and
the associated noise mechanisms are presented in Figure 5.1. The view is taken from
upstream of the fan. Due to the pressure difference between the pressure and suction
sides at the blade tip, a tip leakage flow is formed. This flow rolls up and forms a tip
leakage vortex. An induced vortex may also be formed alongside the tip leakage vortex,
rotating in the opposite direction. A separation of the flow at tip may occur, leading
to the formation of tip separation vortices. In this complex flow topology, several noise
generation mechanisms can be identified and are listed as follows,

• The interaction of the tip leakage flow with the main flow and with the tip separa-
tion vortices in the interblade region. The sound mechanism related to this source
is quadrupolar and is expected to be mostly significant for large Mach number ap-

165



Chapter 5. Aeroacoustic analysis of the tip leakage flow of an UHBR turbofan

0 0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

Figure 5.2: Averaged isentropic Mach number Mis along the rotor blade for different
spanwise positions H.

plications.

• The interaction of the tip leakage vortex generated on one blade with the trailing
edge of the adjacent blade. The sound mechanism related to this source is dipolar
in nature.

• The interaction of the tip separation vortices generated on each blade with the
trailing edge of the same blade. The sound mechanism related to this source is
dipolar in nature.

5.3 Aerodynamics

5.3.1 Tip flow topology

The distribution of isentropic Mach number, Mis, which is related to the static pressure
distribution on the blade, is presented in Figure 5.2 at three spanwise positions, mid-
span, 80% and 98% of the rotor span. Similar distributions are obtained at mid-span
and H = 80% of the rotor span. A difference between these two positions (H = 50% and
H = 80%) is found close to the leading edge, where a plateau ofMis at H = 80% indicates
the presence of a small recirculation bubble in this region. When comparing these two
spanwise positions (H = 50% and H = 80%), it is also seen that, as the radius increases,
the blade loading is shifted towards the trailing edge. A different behavior is observed at
H = 98%, which corresponds to a spanwise position much closer to the tip gap region.
From the leading edge to a chordwise position of about 50% of the chord length, the
pressure difference is quite small, compared to the other spanwise positions (H = 50%
and H = 80%). Starting at about 60% of the chord length, a significant increase of
the pressure difference between the sides of the blade is observed. This behavior can be
associated to the blade shape at the tip, that was designed to operate at transonic regimes,
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Figure 5.3: Averaged iso-surfaces of Q-criterion (Qc2/U2
0 = 500) in the tip gap region,

colored by the normalized helicity.

and for which the blade loading is expected to be ensured by the shock waves. However,
the operating point in the present simulation corresponds to a fully-subsonic regime at
approach condition. The blade profile at the tip presents a significant camber evolution.
Between the leading edge and the maximum camber position, the airfoil is relatively flat
and thin, and the position of the maximum camber is located at 70% of the chord length,
which is unusual for subsonic airfoils.

The flow structures in the tip gap region are visualized in Figures 5.3 and 5.4 using
averaged and instantaneous iso-surfaces of the Q-criterion (Qc2/U2

0 = 500, where U0 is
the free-stream velocity magnitude), respectively. They are colored by the normalized
helicity, which is defined as,

Hel =

−→
Ωv · ~u

||
−→
Ωv|| · ||~u||

(5.1)

where
−→
Ωv and ~u are the vorticity and the velocity vectors, respectively. The helicity

identifies the direction of rotation of a vortex; positive values means that the vortex
rotates in the clockwise direction with respect to the flow (as seen from upstream), and
negative values means that the vortex rotates in the counter clockwise direction. The
flow direction is from the left to right. Several vortical structures are observed in the
tip leakage region. A first tip leakage vortex (denoted "TLV1" in Figures 5.3 and 5.4) is
formed at about 25% of the chord length due to the roll up of the tip leakage jet coming
from the pressure side in this region.

A horseshoe vortex (denoted "HSV" in Figures 5.3 and 5.4) appears just upstream of
the leading edge. The HSV generated on each blade interacts with the adjacent blade
at about 25% of the chord length (region "A" in Figure 5.4) and seems to feed the tip
leakage jet that forms the TLV1.

Downstream of the tip leakage vortex TLV1, tip separation vortices (denoted "TSV"
in Figures 5.3 and 5.4) develop on the blade tip. These vortices separate from the blade
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Figure 5.4: Instantaneous snapshot of iso-surfaces of Q-criterion (Qc2/U2
0 = 500) in the

tip gap region, colored by the normalized helicity.

at about 70% of the chord length, in the region where the pressure difference is relatively
important (Figure 5.2). The formation and topology of the TLV1 and TSV are classically
observed in previous studies of the literature [286, 18, 121, 140].

Another tip leakage vortex (denoted "TLV2" in Figures 5.3 and 5.4) is generated at
about 75% of the chord length due to the strong pressure difference in this region. Its
root is fed by a part of the TLV1 coming from the adjacent blade. This phenomenon is
known as double leakage. Additionally, an induced vortex (denoted "IV" in Figures 5.3
and 5.4) is observed alongside the TLV2, with an opposite direction of rotation.

After leaving the tip gap region, the first tip leakage vortex, TLV1, is convected in
the interblade passage and interacts with the other tip flow vortices. The first interaction
occurs with the tip vortices TLV2, IV and TSV (region "B" in Figure 5.4). All the
vortices are then convected downstream. Another part of the TLV1 drifts towards the
trailing edge of the adjacent blade. The TLV1 also interacts with the adjacent blade at
about 70% of the chord length, in the region of high pressure gradient.

This complex flow topology in the tip gap region may be related to (i) the blade tip
geometry, which was designed to operate at transsonic regimes, and to (ii) the tip gap
size, which is larger than 1% of the chord length and increases towards the trailing edge.

To further analyze the flow topology in the tip gap region, the mean vortical topology
of the tip leakage flow is presented in Figure 5.5, by using several isosurfaces of the mean
Q-criterion colored by the vorticity magnitude. For the smallest value of the Q-criterion
(Qc2/U2

0 = 500 in Figure 5.5 (a)), the different tip flow vortices observed in Figures 5.3
and 5.4 can be identified. When increasing the value of the Q-criterion, less vortices
can be observed. As the value of Q-criterion increases, the rotational effect of a vortex
becomes more and more important compared to its strain effect. For Qc2/U2

0 = 750 in
Figure 5.5 (b), the tip vortices TLV1, TLV2, IV and TSV can still be identified, whereas
the HSV is not well observed. Because of the relatively thin leading edge of the fan blade,
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Figure 5.5: Averaged Q-criterion in the tip gap region, colored by the vorticity magnitude
for different iso-surface value, (a) Qc2/U2

0 = 500, (b) Qc2/U2
0 = 750, (c) Qc2/U2

0 = 1000,
and (d) Qc2/U2

0 = 1250.
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Figure 5.6: Contours of the averaged velocity components around the rotor blade for two
spanwise positions, (a,b,c) 80%, (d,e,f) 99%.

particularly at the tip, the horseshoe vortex formed at the leading edge is weak and can
only be properly observed at low isosurface values of the Q-criterion. For Qc2/U2

0 = 1000
in Figure 5.5 (c), the TLV1 disappears and the onset of the flow separation that yields
the formation of the TSV can be clearly observed. Only the TLV2 and the TSV can
be observed for Qc2/U2

0 = 1250 in Figure 5.5 (d). Furthermore, as the value of the
isosurface of the Q-criterion is increased, the turbulent structures are characterized by
larger vorticity magnitudes. Consequently, the rotational effect and the vorticity levels of
the tip vortices TLV2 and TSV (which appear at about 70% of the chord length in the
high pressure difference region as shown in Figure 5.2), are larger than that of the first
tip leakage vortex TLV1. Indeed, the tip vortices TLV2 and TSV are fed by a much more
turbulent boundary layer and a stronger tip flow leakage, due to the significant pressure
difference.

5.3.2 Mean quantities

Figure 5.6 presents contour plots of the averaged velocity components around the rotor
blade for two spanwise positions, 80% and 99%. For the latter position, which corresponds
to the tip leakage region, a region of large axial velocity deficit, which leads to a flow
blockage region, develops along the line joining the trailing edges of the blades. Upstream
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Figure 5.7: Contours of the components of the RMS velocity fluctuations around the rotor
blade for two spanwise positions, (a,b,c) 80%, (d,e,f) 99%.

of the blockage region, a strong increase of the axial velocity component close to the
suction surface at about 70% of the chord length appears, showing the onset of the tip
vortices TLV2, IV and TSV. Large values of the axial velocity component can also be
observed in the blade passage upstream of the flow blockage, which highlight the presence
of the TLV1. The flow blockage due to the tip leakage and tip separation vortices is
also seen through a deficit of the relative tangential velocity (Vθ,rel) in the interstage
region downstream of the rotor blades. Vθ,rel reaches large values at about 70% of the
chord length in the region where the tip vortices TLV2, IV and TSV appear. The radial
velocity component (Vr) exhibits a steep variation in the region where the tip vortices
TLV2, IV and TSV appear. Upward and downward flow motions are observed in this
region, indicating a circulating tip leakage vortex. A similar behavior is observed for the
TLV1 with smaller Vr values. At 80% of the rotor span, the tip leakage vortices do not
show any influence on the flow topology. At this spanwise position, large values of Vx are
observed from about 60% to 80% of the chord length, indicating the region of the blade
loading.

Figure 5.7 presents the three components of the rms velocity fluctuations at two span-
wise positions, 80% and 99%. At a spanwise position of 80%, the tip vortices do not have
any influence. At 99% of the rotor span, a region of large RMS velocity fluctuations is
observed in the interstage region, starting at about 80% of the rotor chord length. It
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Figure 5.8: Contours of the components of the RMS velocity fluctuations at an axial plane
directly downstream of the rotor trailing edge.

corresponds to the region of streamwise and tangential velocity deficits in Figures 5.6
(d) and (e). This region can be associated to the velocity fluctuations generated by the
interaction of the vortices TLV1, TLV2, IV and TSV with the main flow. The vortices
generated from one blade seem to interact with the trailing edge and the wake of the
adjacent blade. The levels of the velocity fluctuations due to the tip vortices are much
larger than the levels in the rotor blade boundary layers and wakes.

The three components of the RMS velocity fluctuations are also presented at an axial
cut directly downstream of the rotor trailing edge in Figure 5.8. Significant levels of RMS
velocity fluctuations are observed in the tip leakage region (representing roughly 10% of
the channel height). It can also be noted that the velocity fluctuations in this region are
more important than those in the wakes and in the corner separation region close to the
hub. The tip leakage flow is the dominant contributor to the velocity fluctuations related
to secondary flows.

Figure 5.9 presents the contours of the turbulent kinetic energy, kt, the loss in turbulent
kinetic energy, LIKE, and the RMS pressure fluctuations, Prms, around the rotor blade
at two spanwise positions, 80% and 99%. The parameter LIKE was first introduced by
Daviller et al. [49], and is defined as the sum of the dissipation produced by resolved and
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Figure 5.9: Contours of (a,d) turbulent kinetic energy, (b,e) loss in turbulent kinetic
energy [49] and (c,f) RMS pressure fluctuations around the rotor blade for two spanwise
positions, (a,b,c) 80%, (d,e,f) 99%.
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modeled fluctuations and is given as,

LIKE = (µ+ µt)

(
∂ũi
∂xj

+
∂ũj
∂xi

)2

(5.2)

where ũi correspond to each velocity component. The term µ
(
∂ui
∂xj

+
∂uj
∂xi

)2

is present in
the transport equations of both the turbulent kinetic energy [271] and the entropy [12, 132,
155]. This term corresponds to the viscous dissipation in the equation of the turbulent
kinetic energy and to the losses induced by the fluid friction irreversibilities in the entropy
equation. Since LES does not resolve all spatial scales, LIKE is computed using the filtered
velocity components, and both the contributions of the fluctuations resolved by the LES

(µ
(
∂ũi
∂xj

+
∂ũj
∂xi

)2

) and those modeled (µt
(
∂ũi
∂xj

+
∂ũj
∂xi

)2

) are added.

At the tip, the second tip leakage vortex, TLV2, the induced vortex, IV, and the tip
separation vortices, TSV, are responsible for the major part of kt and LIKE. The loss
in turbulent kinetic energy is localized at the core of the TLV2 and TSV and quickly
decreases downstream of the rotor.

The fan noise sources can be partly related to the RMS pressure fluctuations. At 80%
of the rotor span, two regions of significant Prms values are identified. The first region
(region "1" in Figure 5.9 (c)) corresponds to the fluctuations in the recirculation bubble
that appears at the suction side of the rotor blade, close to the leading edge, between
60% to 90% of the rotor span, as shown in Chapter 6. The second region (region "2" in
Figure 5.9 (c)) corresponds to a small flow separation produced on the suction side of the
blade, downstream of the maximum camber position. The influence of the tip vortices
can be observed in Figure 5.9 (f). The first tip leakage vortex TLV1 and the tip vortices
TLV2, TSV and IV can be identified (regions "3" and "4" in Figure 5.9 (f), respectively).
The interaction between the TLV1 and the tip vortices TLV2, TSV and IV is observed
at position "5" in Figure 5.9 (f). Important levels of Prms are observed on the suction
side from 70% of the chord length down to the trailing edge (position "6" in Figure 5.9
(f)), which are generated due to the interaction of the TLV2, TSV and IV with the blade
surface. Additionally, a part of the TLV1 of each blade interacts with the trailing edge
of the adjacent blade (position "7" in Figure 5.9 (f)), which generates large Prms levels
at the trailing edge on the pressure side. Thus, the main noise source is expected to be
located at the trailing edge, due to these two interaction mechanisms. Finally, when the
two spanwise positions are compared, it can be noticed that the size of the region of strong
turbulent activity and pressure fluctuations is more important in the tip gap region than
in the rotor wakes and in the recirculation bubble.

The tip leakage vortex is often identified by a region of high vorticity magnitude.
Figure 5.10 shows contour plots of the averaged vorticity magnitude at different spanwise
positions, from 94% to 99% of the rotor span. At 99% of the rotor span, large vorticity
values are obtained close the blade surface at about 75% of the chord length (position
"1" in Figure 5.10 (f)), which corresponds to the onset region of the tip flow vortices
TLV2, TSV and IV. The main core of these vortices is convected downstream with two
direction changes. From position 1 to position 2, the TSV under the influence of the
pressure gradient starts to shift from the suction side. In this region, the TLV2 is not
yet well formed and the TSV remains parallel to the blade chord. Between positions 2
and 3, the TLV2 now fully formed interacts with the TSV. Consequently, the tip vortices
TSV and TLV2 are shifted and form an angle of about 30° with the blade chord. Finally,
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Figure 5.10: Contours of the averaged vorticity magnitude around the rotor blade for
different spanwise positions, (a) 94% (b) 95% (c) 96% (d) 97% (e) 98% and (f) 99%.
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Figure 5.11: Contours of averaged (a) vorticity magnitude, (b) axial vorticity component,
(c) turbulent kinetic energy and (d) RMS pressure fluctuations at four different axial cuts
in the blade passage.

at position 3, these tip vortices are deviated after interacting with the main flow and
with TLV1 and are convected in a direction parallel to the blade’s wake. As the radius
decreases, the maximum vorticity in the tip vortices is reduced and the position of the
tip vortices core is shifted downstream.

The trajectory of the different tip vortices is further analyzed in Figure 5.11 through
averaged contours of the vorticity magnitude, the axial vorticity component, the turbulent
kinetic energy, kt, and the RMS pressure fluctuations, Prms, on four different axial cuts.
The cuts are at 20%, 70%, 90% and 120% of the chord length starting from the leading
edge. The different tip flow vortical structures can be identified. At 20% of the chord
length, the region of large kt and Prms values close to the blade suction side (position "1"
in Figure 5.11) corresponds to the apparition of the TLV1. When convected downstream,
the TLV1 can still be observed at 70% of the chord length in the middle of the passage
with lower vorticity magnitude, kt and Prms values. Close to the pressure side (position
"2" in Figure 5.11), a small region of large vorticity magnitude highlights the interaction
of the horseshoe vortex HSV coming from the suction side of the adjacent blade with the
pressure side of the current blade. At 70% of the chord length, the tip vortices TSV, TLV2
and IV start to appear close to the blade suction side (position "3" in Figure 5.11). The
region of negative axial vorticity component at this location shows the apparition of the
induced vortex IV. These vortices are convected downstream; the tip vortices TSV and
TLV2 can be identified through large positive values of Ωvx , whereas IV can be detected
by large negative values of Ωvx .

The vorticity magnitude and vorticity components at an axial cut directly downstream
of the rotor trailing edge are presented in Figure 5.12. As discussed in Figure 5.10, the tip
gap region is characterized by high vorticity magnitudes. The influence of the tip vortices
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Figure 5.12: Contours of the averaged vorticity magnitude and vorticity components on
an axial cut directly downstream of the trailing edge of the rotor.
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Figure 5.13: Average friction coefficient Cf along the rotor blade for different spanwise
positions. (a) suction side. (b) pressure side.

is limited to the last 10% of the channel height towards the rotor casing. The vorticity
field is dominated by the streamwise (Ωvx) and tangential (Ωvθ) components, associated
to the direction of the vortices. The negative region of the axial vorticity component can
be associated to the induced vortex IV. Finally, the radial vorticity component seems to
be dominant in the boundary layers on the pressure and suction surfaces of the blade,
compared to its values in the tip gap region.

A comparison of the friction coefficient, Cf , over the suction side and the pressure
side of the rotor blade is presented in Figure 5.13 at different spanwise positions. For all
the spanwise positions, positive values of Cf are obtained at the pressure side, where the
boundary layers remain attached. At 50% of the rotor span, Cf remains positive over the
suction side. A region of negative friction coefficient is observed close to the leading edge
of the blade at 80% of the rotor span, related to the presence of a recirculation bubble.
Downstream of this region, Cf remains positive along the suction side down to the TE.
At 98% of the rotor span, a slight increase of Cf is observed at about 20% of the chord
length, followed by a region of large Cf between 50% and 85% of the chord length. This
corresponds to the formation of the tip vortices TSV, TLV2 and IV at about 65% of the
chord length due to the high pressure difference observed in Figure 5.2.

Tip leakage flow: aerodynamic analysis Summary

• The maximum blade loading and pressure difference at the blade tip are ob-
tained between 50% and 90% of the chord length.

• Several vortical structures are identified in the tip region:

– A horse shoe vortex (HSV) is identified at the leading edge of the blades.

– A first tip leakage vortex (TLV1) forms at about 20% of the chord length
due to a leakage flow from the pressure to the suction side.

– A tip separation vortex (TSV) and a second tip leakage vortex (TLV2)
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form at about 70% of the chord length in the region of large pressure
difference.

– An induced vortex (IV) forms alongside the second tip leakage vortex
(TLV2) and rotates in the opposite direction.

• The tip vortices are characterized by streamwise and pitchwise velocity deficits
and significant variations of the radial velocity component.

• The tip gap region is characterized by large velocity fluctuations and strong
turbulent kinetic energy levels.

• Important levels of RMS pressure fluctuations are observed at the blade suc-
tion side beyond 70% of the chord length, at the trailing edge and in the
interblade region due to three interaction mechanisms:

– The interaction of the tip vortices TLV2, TSV and IV with the first tip
leakage vortex TLV1.

– The interaction of the tip leakage vortex TLV1 generated at one blade
with the trailing edge of the adjacent blade.

– The interaction of the tip vortices TLV2, TSV and IV generated at one
blade with the trailing edge of the same blade.

• The trajectory of the tip vortices TLV2, IV and TSV is characterized by three
distinct orientations:

– Between 60% and 70% of the chord length, the tip vortices are parallel
to the blade chord.

– Between 70% and 110% of the chord length, the angle between the tip
vortices and the profile is approximately 30°.

– Beyond 110% of the chord length, the tip vortices are convected parallel
to the blade wakes.

• The influence of the tip leakage flow is limited to 10% of the span in the
shroud region.

5.4 Aeroacoustics

5.4.1 Noise sources

Contours of instantaneous dilatation rate (∇ · u) on an azimuthal cut crossing the rotor
blade are shown in Figure 5.14, along with iso-surfaces of Q-criterion (Qc2/U2

0 = 100)
colored by the vorticity magnitude in the tip gap region. The flow is coming from left to
right and the view is taken by an observer downstream of the fan looking at the suction
side of the blades. The flow topology in the tip gap region and the different tip vortices,
described in Section 6.3, can be identified. Based on the wave-fronts that appear in the
contours of the instantaneous dilatation rate, an important noise source is present in the
tip gap region. These wave-fronts propagate in the upstream and downstream directions
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Figure 5.14: Instantaneous contours of dilatation rate on an azimuthal cut, and iso-
surfaces of Q-criterion (Qc2/U2

0 = 100) colored by the vorticity magnitude in the tip gap
region.
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and the corresponding tip gap noise source seems to be the dominant fan noise source in
this configuration at approach conditions.

In order to further investigate (i) the turbulent structures in the tip gap region and
(ii) the associated noise sources and to compare them to other fan noise sources, contours
of the instantaneous dilatation rate (∇ · u) at two spanwise positions around the rotor
blades are shown in Figure 5.15, along with iso-surfaces of Q-criterion (Qc2/U2

0 = 100)
colored by the vorticity magnitude. The flow is coming from left to right and the view is
taken from the shroud. The development of turbulent structures around the blades and
in the wakes can be observed.

At 80% of the rotor span, a small recirculation bubble appears near to the leading edge
and triggers the transition of the boundary layer to turbulence. Small turbulent structures
are thus formed on the suction side of the blade. These structures are diffracted at the
trailing edge, which generates trailing edge noise. The contours of instantaneous dilatation
rate show wave-fronts generated at the trailing edge associated with this noise source.

At 98% of the rotor span, the different tip vortices (HSV, TLV1, TSV, TLV2 and
IV) discussed in Section 6.3 are observed. After the interaction between TLV1 and the
other tip vortices IV, TLV2 and TSV (position "1" in Figure 5.15 (b)), a part of TLV1
interacts with the trailing edge of the adjacent blade. Additionally, the highly turbulent
structures related to the tip vortices IV, TLV2 and TSV interact with the suction side of
the rotor blade they come from. Some of these structures are diffracted at the trailing
edge of the blade. The wave-fronts identified using contours of instantaneous dilatation
rate show that the main noise sources are located at the trailing edge, generated by two
mechanisms, (i) the interaction of a part of the TLV1 from one blade with the trailing
edge of the adjacent blade, and (ii) the interaction of the tip vortices IV, TLV2 and TSV
from each blade with the trailing edge of the same blade. It should also be noted that
the noise contribution due to the interaction between the different tip vortices at position
"1" in Figure 5.15 (b) is negligible when compared to the interaction of the tip vortices
with the trailing edges.

Comparing the two spanwise positions, larger values of the dilatation rate are observed
in the tip gap region, which are associated to turbulent structures with larger vorticity
magnitudes when diffracted at the trailing edges.

Due to the relatively low Mach number in the current study and to the absence of
shock waves, dipolar noise sources, which are related to force fluctuations at the blade
surface, are expected to dominate [90, 135]. Consequently, the location of the noise sources
from the fan blade can be roughly estimated from the RMS pressure fluctuations, Prms,
along the rotor suction and pressure sides at three different spanwise positions, as shown
in Figure 5.16. At 50% of the rotor span, on the suction side, the small increase of Prms

at about 16% of the chord length indicates the position of the boundary layer transition
to turbulence. The bubble region, which appears at 80% of the rotor span close to the
leading edge, also exhibits high Prms values. In the tip region, a strong increase of Prms is
observed on the suction side starting from 60% of the chord length down to the trailing
edge. This corresponds to the development of the tip vortices TLV2 and IV and the
detachment of the tip separation vortex TSV in the region of high pressure difference.
At the pressure side, large values of Prms are observed close to the trailing edge, due to
the impact of the TLV1 from the adjacent blade. Since the tip vortices IV, TLV2 and
TSV are characterized by larger vorticity magnitudes and turbulent intensities than TLV1
(see Figures 5.9 and 5.10), the suction side exhibits larger Prms levels than the pressure
side at the trailing edge. Even though the levels of Prms are not directly related to the
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(a)

(b)

Figure 5.15: Instantaneous contours of dilatation rate and iso-surfaces of Q-criterion
(Qc2/U2

0 = 100) colored by the vorticity magnitude around the rotor blades at two span-
wise positions, (a) 80% and (b) 98%.
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Figure 5.16: RMS pressure fluctuations Prms along the rotor blade for different spanwise
positions. (a) suction side. (b) pressure side.

Figure 5.17: Position of unsteady monitor points used to compute the wall pressure
spectra on the blade suction side at four different positions.

intensity of the noise sources, they can give an idea on the contribution of each noise
source. Consequently, the dominant noise mechanism in the tip gap region for the present
configuration seems to be the interaction of the tip vortices IV, TLV2 and TSV generated
at about 70% of the chord length with the trailing edge of the same blade.

Finally, a small hump in the Prms distribution can be observed on the pressure side
from 50% to 70% of the chord length, which may be due to the interaction of some
turbulent structures from the TLV1 of the adjacent blade. This region also corresponds
to the apparition of the tip vortices IV, TLV2 and TSV, that are fed by these turbulent
structures originating from the adjacent TLV1.

5.4.2 Wall pressure spectra

The wall pressure spectrum (WPS) is a key parameter to describe the state of the bound-
ary layers and to characterize the different noise sources. The positions of the monitor
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Figure 5.18: Wall pressure spectra (WPS) on the suction surface of the blade at four
different positions. (a) 80% and (b) 98% of the rotor span.

points on the suction side used for the unsteady recordings to compute the WPS, are
presented in Figure 5.17. For the nomenclature, the value after "X" corresponds to the
chordwise position of the monitor point as a percentage of the chord length from the
leading edge, and the value after "H" to the spanwise position as a percentage of the
rotor span.

The WPS obtained using these four monitor points are presented in Figure 5.18. At
80% of the rotor span, similar WPS levels are obtained up to 10 kHz, with a slope of
about f−1, which corresponds to the large turbulent structures in the boundary layer.
In the frequency range corresponding to this slope, universal spectra can be obtained
for the WPS using internal and external variables of the boundary layer, as discussed
in Chapter 3. This region is known as the overlap region and is related to turbulent
activity in the inertial logarithmic zone of the boundary layer. The size of this region
increases with the Reynolds number of the flow in the boundary layer. This slope has
been observed experimentally [156, 230, 228, 227] and numerically [179, 129] and has been
justified analytically by Bradshaw [20].

The monitor point at 20%c is located in the recirculation bubble region, where large
levels of RMS pressure fluctuations are observed (Figure 5.16). This may explain the
comparable levels of the WPS at this monitor point with that at the trailing edge, for
which a more turbulent boundary layer is expected.
The overlap region of the spectrum extends for the WPS close to the trailing edge up to
about 16 kHz, whereas this region is limited to 10 kHz at 20%c. This is due to a larger
Reynolds number at 98%c compared to the Reynolds number at 20%c.

At 98% of the rotor span, larger WPS levels are obtained close to the trailing edge
compared to the levels obtained at 20%c, over the whole frequency range. These differ-
ences are more pronounced at high frequencies (f > 10 kHz). The overlap region extends
from about 1.5 kHz up to 7 kHz for the WPS at 20% of the chord length, whereas it
extends from 1.5 kHz to 15 kHz at 98% of the chord length. After the overlap region, a
significant hump is observed in the spectrum close to the trailing edge. This must be an
effect of the tip flow, as it will be pointed out in the following.

In order to further investigate the pressure fluctuations in the tip leakage region, several
monitor points are located on the blade tip surface for different chordwise positions, X30,
X50, X70 and X90, the value after "X" being the chordwise position of the monitor point
as a percentage of the chord length from the leading edge. The wall pressure spectra at
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Figure 5.19: Wall pressure spectra (WPS) on the surface of the blade tip, at four different
chordwise positions.

these positions are presented in Figure 5.19.
Similar spectra are obtained at 30% and 50% of the chord length, up to 12 kHz. For

higher frequencies, the spectrum at X30 exhibits a plateau up to 30 kHz, whereas at X50
a significant hump is observed from 12 kHz to 25 kHz. Indeed, at 50% of the chord length,
the TSV starts to separate from the blade and small turbulent structures are identified
(Figures 5.3 and 5.4). This hump is more pronounced at X70 and is identified from 9 kHz
to 30 kHz. At this position, the pressure difference between pressure and suction side
reaches important values (Figure 5.2) and several tip vortices appear, TLV2, IV and TSV
(Figures 5.3 and 5.4).

At X90, a hump in the WPS appears on a large range of frequency, from 2 kHz up to
25 kHz. At this position, two interaction mechanisms are identified; (i) the interaction of
the TLV1 generated on the adjacent blade with the blade tip, and (ii) the interaction of
the tip vortices TLV2, IV and TSV with the blade tip. By observing the spectra at X50
and X70, where only the interaction mechanism between the tip vortices TLV2, IV and
TSV with the blade tip occurs, the hump observed at X90 between 9 kHz to 25 kHz can
be attributed to this last mechanism, as it will be further investigated in the following.
From 2 kHz to 9 kHz, the hump in the spectrum may be associated to the interaction
between the TLV1 generated close to the leading edge of the adjacent blade and the blade
tip, as pointed out in the following. This hump is also observed in the literature in more
classical configurations where the tip leakage vortex TLV1 is the dominant tip leakage
structure [18, 128, 140].
Since the TLV1 travels through all the blade passage before interacting with the trailing
edge of the adjacent blade, the TLV1 is more diffused and widened than the tip vortices
TLV2, TSV and IV, when interacting with the blade’s surface. This may explain the
lower frequency range induced by the interaction of the TLV1 with the adjacent blade
compared to the range induced by the interaction of the tip vortices TLV2, TSV and IV
with the blade surface, they originate from.
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Figure 5.20: Contours of RMS pressure fluctuations around the rotor blade at 98% of the
rotor span. The stars show the position of the monitor points used for the computation
of the coherence in the tip gap region.

Due to the large range of turbulent coherent scales in the tip leakage vortices (particularly
at the position X90), the frequency range of the hump is relatively large and this range
is larger at X90 than at X50 and X70 (due to the contribution of the adjacent TLV1 at
X90).

In order to further analyze the origin of these humps, the coherence between different
points in the tip gap region is computed. Figure 5.20 presents the position of the monitor
points used for the computation of the coherence. The coherence between monitor points
1 and 4 and between monitor points 2 and 3 are presented in Figure 5.21 (a) and (b)
respectively. The monitor point 1 corresponds to the onset of the TLV1 and the monitor
point 4 is located near the trailing edge on the pressure side. The coherence between
these two positions (1 and 4) corresponds to the mechanism of interaction of the TLV1
generated at one blade with the trailing edge of the adjacent blade on the pressure side.
This coherence presents large values between 2 kHz and 9 kHz, which support the analysis
made in Figure 5.19 relating the hump at X90 from 2 kHz to 9 kHz to the impact of the
adjacent TLV1 with the pressure side.

The monitor point 2 corresponds to the onset of the tip vortices TLV2 and IV and
the detachment of the TSV from the blade surface, and the monitor point 3 is located
near the trailing edge on the suction side. The coherence between these two positions
(2 and 3) corresponds to the mechanism of interaction of the tip vortices TLV2, IV and
TSV with the trailing edge of the blade on the suction side, and presents large values
between 10 kHz and 25 kHz. This coherence study is consistent with the analysis made
in Figure 5.19 regarding the origin of the high frequency hump from 9 kHz to 25 kHz,
attributed to the interaction of the tip vortices TLV2, TSV and IV with the suction side.
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Figure 5.21: Coherence between the pressure fluctuations at the monitor points 1 and 4
(a) and the monitor points 2 and 3 (b).

5.4.3 Dynamic mode tracking

The humps observed in Figure 5.19 can be further investigated using a mode tracking
technique, which is known as Dynamic Mode Tracking (DMT) [214].

Figure 5.22 shows DMT results calculated from the density in the LES around three
different frequencies, f1 = 4000 Hz, f2 = 6620 Hz and f3 = 16000 Hz, with a frequency
window width of 2000 Hz. Two axial cuts upstream of the rotor blade, two spanwise
positions (50% and 80% of the rotor span) and two longitudinal cuts are shown. The first
longitudinal cut passes close to the leading edge of the rotor and the second cut crosses
the rotor blade at about 70% of the chord length. The frequencies f1 and f2 are located
in the frequency range of the first hump in the WPS spectrum, whereas f3 is located in
the range of the second hump. The frequency f2 corresponds to the second harmonic of
the vane passing frequency (these analyzes are performed in the rotor frame).

The dominant acoustic mode at f1 = 4000 Hz exhibits large amplitudes close to the tip
gap region in the longitudinal cut that crosses the blade close to the leading edge (region
"A" in Figure 5.22 (a)). The amplitude of this mode increases from 50% of the rotor
blade to the blade tip. This mode propagates in the upstream direction with decaying
amplitude and with an inclination angle of about -50° with respect to the rotation axis
(as shown by the dashed lines in Figure 5.22 (a)).

At the second frequency (f2 = 6620 Hz), a dominant acoustic mode seems to be
generated downstream of the rotor blade and to propagate in the upstream direction,
through the blade passage. This mode can be associated with the harmonic of the rotor-
stator interaction noise, which is related to the interaction between the periodic rotor
wakes and the stator vanes. Similar behavior is observed at both longitudinal cuts.

The third DMT mode, at a frequency of f3 = 16000 Hz, exhibits a more complex
pattern. Two acoustic modes seem to be dominant at the longitudinal cut crossing the
blade at 70% of the chord length (Figure 5.22 (f)). The first mode is generated from the
lower part of the blade close to the hub and propagates in the upstream direction (dashed
lines "2" in Figure 5.22 (f)). The second mode is generated at the blade tip where large
amplitudes are observed. Two lobes ("B" and "C" in Figure 5.22 (f)) are noticed. This
mode is also propagating in the upstream direction (dashed lines "1" in Figure 5.22) with
a larger angle than the inclination angle of the dominant mode at f1 = 4000 Hz.

Consequently, when the DMT results are combined with the tip leakage flow topology
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Figure 5.22: Spatial distribution of the density modes using the DMT technique. (a) &
(b) Mode f1. (c) & (d) Mode f2. (e) & (f) Mode f3.
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Figure 5.23: Sound power level spectra from the Ffowcs Williams and Hawkings (FWH)
analogy for the full blade, the tip gap region, the low part of the blade and the cross-
correlation part between them. (a) Upstream propagation direction. (b) Downstream
propagation direction.

in Figures 5.3 and 5.4 and with the wall pressure and acoustic spectra in Figures 5.19 and
5.23, the first mode at f1 can be related to the first tip leakage vortex formed at about
20% of the chord length, whereas one of the dominant modes at f3 can be related to the
tip vortices TLV2, IV and TSV, generated at about 70% of the chord length.

The amplitude of the different modes increases close to the hub in the region where
the annular duct changes to a cylindrical duct (region "D" in Figure 5.22), which may be
due to the mode matching between these two duct shapes.

Finally, it should be noted that the mesh size and the numerical setup are able to
properly resolve the acoustic waves up to three chord lengths upstream of the rotor blades,
even at high frequency.

5.4.4 Far field acoustic prediction

The far-field noise is predicted using the Ffowcs Williams and Hawkings (FWH) analogy,
based on the unsteady pressure field, recorded on the solid surface of the fan blade.
The sampling frequency is 80 kHz and the unsteady recording is made over four rotor
revolutions. The advanced time approach of the formulation of Casalino [29] and Najafi-
Yazd et al. [180] is adopted. Only the blade surface is used for the computation of the
loading noise sources, since the noise sources are localized at the surfaces (Figure 5.15).
This is justified by the low Mach numbers, especially in the tip gap region. The acoustic
propagation is computed using the free-field Green’s function with uniform flow. The far-
field sound power level spectrum is obtained using Welch’s method and Hann windows
with 50% overlap.

In order to estimate the influence of the tip leakage flow on the far-field acoustic
predictions, the blade is split into two parts. The upper 15% of the blade surface is
considered to compute the tip flow contribution to the far-field noise. The size of this
region is chosen to be large enough to contain all the contribution of the blade tip vortices
(see Figure 5.11 for instance). The second part corresponds to the remaining part of the
blade surface, where the influence of the tip flow is negligible. The full power spectral
density of the far-field acoustic pressure from the full blade can be represented as the sum
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of power spectral densities of the corresponding parts ((Spp)tip and (Spp)low) and their
cross-spectral density ((Spp)cross) as follows,

(Spp)blade = (Spp)tip + (Spp)low + 2(Spp)cross (5.3)

Figure 5.23 presents the sound power spectra at the intake and exhaust sections obtained
from the different parts of the blade, the full blade (denoted "Full Blade"), the blade tip
region (the upper 15% of the blade surface denoted "Blade tip"), the remaining part of
the blade (denoted "Blade lower part") and the cross-correlation term (denoted "corr").
For both intake and exhaust sections, the cross-correlation spectrum is relatively small
compared to the other contributions, particularly at mid to high frequencies.

At the intake section, the lower part of the blade dominates the spectrum below 2 kHz.
The difference between the lower and the tip parts is about 10 dB in this frequency range.
From 2 kHz to 10 kHz, comparable levels are observed between the tip and the lower
parts, whereas larger SWL values for the blade tip spectrum are obtained at frequencies
beyond 10 kHz. In this frequency range, the difference between the tip and the lower part
is about 5 dB. Based on the coherence analysis made in Figure 5.21, the increase of the
noise contribution of the tip region from 2 kHz to 10 kHz is associated to the noise source
due to the interaction of the TLV1 generated at one blade with the trailing edge of the
adjacent blade. Also, the increase in the SWL levels for frequencies beyond 10 kHz is
related to the noise source due to the interaction of the tip vortices TLV2, IV and TSV
with the trailing edge of the blade.

At the exhaust section, the contribution of the lower part dominates the noise spectrum
over the frequency range from 0.6 kHz to 14 kHz. Up to 2 kHz, the difference of the noise
levels between the lower and the tip parts is about 10 dB. This difference is reduced at
higher frequencies, and reaches about 5 dB between 2 kHz and 10 kHz and about 2 dB
from 10 kHz to 14 kHz. Similar levels between the two parts are obtained at frequencies
beyond 14 kHz. As noted for the intake section, this behavior can also be explained by
the two noise mechanisms at the tip region due to interactions between the tip vortices
and the blade trailing edges.

Finally, it should be noted that even though (i) the pressure and velocity fluctuations
exhibit larger levels in the tip gap region than in the lower part of the blade (Section 6.3)
and that (ii) the instantaneous contours of the dilatation rate show a dominant noise
source in the tip gap region (Figure 5.14), the tip gap noise mainly contributes to the
upstream direction at high frequencies.

Tip leakage flow: aeroacoustic analysis Summary

• Instantaneous contours of the dilatation rate show a dominant noise source
in the tip gap region. This noise source propagates in the upstream and
downstream directions.

• The tip gap noise source is located at the trailing edge of the rotor due to two
mechanisms:

– The interaction of a part of the TLV1 generated at one blade with the
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trailing edge of the adjacent blade.

– The interaction of the tip vortices TLV2, TSV and IV generated at one
blade with the trailing edge of the same blade.

• Larger Prms values are observed at the trailing edge over the suction side than
over the pressure side, which suggests that the noise emissions due to the
interaction of the tip vortices TLV2, TSV and IV with the trailing edge at
the suction side may be more efficient than the interaction of the TLV1 with
the trailing edge of the adjacent blade on the pressure side.

• The wall pressure spectra in the tip gap region exhibit two main humps; the
first hump extends from 2 kHz to 9 kHz and the second one extends from
10 kHz to 25 kHz.

• The coherence between several monitor points in the tip gap region shows
that the first hump can be associated to the interaction of the TLV1 with the
trailing edge of the adjacent blade and the second hump to the interaction of
the tip vortices TLV2, TSV and IV with the trailing edge.

• A dynamic mode tracking technique, performed around frequencies in the
range of the first and the second humps, shows modes generated in the tip
gap region and propagating in the upstream direction.

• The contribution of the tip gap noise to the far-field noise is seen mainly at
high frequencies in the upstream direction.

5.5 Conclusion

In this chapter, a wall-modeled LES was performed over a scale model UHBR fan stage
at approach conditions, with an emphasis on analyzing the tip leakage flow topology and
the associated tip gap noise. In order to reduce the computational cost, a periodic sector
with a single blade and two OGVs is considered. The mesh is designed to ensure that the
acoustic waves can be propagated to all monitor points in the frequency range of interest.

A complex flow is observed in the tip gap region. The vortical structures are identified
using iso-surfaces of the instantaneous and time averaged Q-criterion. Several tip vortices
appear; (i) a horse-shoe vortex (HSV) is present close to the leading edge of the blade, (ii)
a first tip leakage vortex (TLV1) is generated at about 20% to 30% of the chord length
from the leading edge, (iii) a tip separation vortex (TSV) and a second tip leakage vortex
(TLV2), alongside with an induced vortex (IV) are formed at approximately 70% of the
chord length. This position corresponds to the region of large pressure difference between
the blade sides, which is observed on the isentropic Mach number. The helicity, which is
the normalized dot product of the vorticity and velocity vectors, shows that the induced
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vortex rotates in the opposite direction of the other tip vortices. The complex tip flow
topology can be explained by the blade profile at the tip, which was designed to operate
at transsonic regime but is investigated here in subsonic conditions.

The tip vortices are characterized by reduced streamwise and pitchwise velocities and
by a significant sign change in the radial velocity component. These vortices are also
identified by large values of the streamwise and pitchwise vorticity components, which
suggests that the tip vortical structures evolve in a helical way. The velocity fluctuations
and the turbulent kinetic energy, as well as the loss in turbulent kinetic energy, which
measures the viscous dissipation rate in the turbulent kinetic energy equation and the
losses due to friction irreversibilities in the entropy equation, also exhibit large values in
the tip gap region.

The trajectory of the tip vortices TLV2, IV and TSV is analyzed by means of the
vorticity magnitude. Three main directions are observed; (i) the first direction between
60% to 70% of the chord length is parallel to the blade tip and corresponds to the evolution
of the TSV, (ii) the second direction between 70% to 110% of the chord length forms an
angle of about 30° with the blade tip chord and corresponds to the interaction of the
TSV with the TLV2 and IV, and (iii) the third direction beyond 110%c is parallel to the
blade’s wakes and corresponds to the interaction of the tip vortices TLV2, TSV and IV
with the first tip leakage vortex TLV1 and with the main flow. The vorticity magnitudes
rapidly decay further downstream and in the radial direction.

Instantaneous contours of the dilatation rate and RMS pressure fluctuations are used
to identify the location of the main noise sources. Since the Mach number in the present
study is relatively low and due to the absence of shock waves, the main noise sources are
located at the blade surface. A significant noise source is observed in the tip gap region at
the trailing edge, which is associated with two mechanisms; (i) the interaction of a part
of the TLV1 generated at one blade with the trailing edge of the adjacent blade and (ii)
the interaction of the tip vortices TLV2, TSV and IV generated at one blade with the
trailing edge of the same blade. The latter mechanism generates a more efficient noise
source on the blade surface. The wall pressure spectra in the tip gap region exhibit two
main humps; the first hump extends from 2 kHz to 9 kHz and the second one extends
from 10 kHz to 25 kHz. Using a coherence study between several monitor points in the
tip gap region, these humps are associated to the interaction mechanisms between the tip
vortices and the blade surface. The first hump is related to the interaction of the TLV1
with the trailing edge of the adjacent blade and the second hump to the interaction of
the tip vortices TLV2, TSV and IV with the trailing edge.

Additionally, a dynamic mode tracking (DMT) technique is performed to follow the
spatial evolution of the dominant modes at three different frequencies. The DMT results at
the first and third considered frequencies, which are in the frequency ranges of the first and
second humps of the wall pressure spectra, respectively, show dominant modes generated
from the blade tip region. The second frequency used for the DMT corresponds to the
second harmonic of the vane passing frequency and shows a dominant mode generated
downstream of the rotor blade, which can be related to the rotor-stator interaction noise
and propagating in the upstream direction.

Finally, the acoustic far-field is computed using the Ffowcs Williams and Hawkings’
analogy. To compare the contributions of the different noise sources to the far-field noise,
the blade is split into two regions; the outer 15% of the blade, which corresponds to the
blade tip, and the remaining part. This decomposition shows that the main contributions
of the tip gap noise are visible in the frequency ranges of the humps in the wall pressure
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spectra. It also shows that the tip gap noise becomes a significant noise source in the
present configuration at high frequencies (beyond 2 kHz) and in the upstream direction.
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Chapter 6
Aeroacoustic analysis of the ECL5 fan stage

Introduction

In this chapter, the aeroacoustic results of the (full-span) sector LES and the (full-
span) 360° LES configurations are presented. Wall-modeled large eddy simulations
(LES) of the fan/OGV stage are performed at approach conditions on an unstruc-
tured grid that is refined for direct noise propagation.
To justify the use of the wall-model assumption for the full-span configurations,
comparisons between wall-resolved (WR) and wall-modeled (WM) computations
are performed on the radial-slice sector LES configuration.
On the (full-span) sector configuration, a good agreement is found between LES and
RANS aerodynamic results. However, some differences can be found in the blade
tip region and near the hub, where large coherent structures appear. Additionally,
a small recirculation bubble can be observed from approximately 60% of the fan
blade span in the LES.
In this chapter, the broadband noise from the (full-span) sector LES configuration
is directly computed from the fully-compressible LES solver and compared with
predictions from available analytical models [276]. The input data for the ana-
lytical models, such as mean and turbulent flow statistics, are obtained from the
LES computation. A good agreement is found for the predicted sound power lev-
els between direct LES noise predictions and the LES-informed analytical models.
However, some discrepancies can be observed at low and high frequencies. These
might be attributed to the additional noise sources that are present in the LES,
which are not considered by the analytical models. To characterize the origins of
these differences, the contribution of different noise mechanisms, particularly noise
sources associated with the fan blades, is investigated. The blade surface is split
into two parts and the Ffowcs Williams and Hawkings (FWH) acoustic analogy,
based on the pressure fluctuations on the solid surfaces of each part, is used.
The impact of the periodic boundary conditions is finally assessed by comparing
results from the (full-span) sector and 360° LES configurations. The acoustic az-
imuthal decomposition, which can only be estimated using the (full-span) 360° LES
configuration is presented. The evolution of the coherence function in the azimuthal
direction is also studied, particularly between points located in separate blade chan-
nels.
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The chapter is organized as follows. Section 6.1 presents a literature review of
previous studies on the rotor-stator interaction noise and trailing edge noise mech-
anisms in a fan stage. Section 6.2 presents the assessment of the wall-model (WM)
assumption for the prediction of the aerodynamic results. The flow topology and
the aerodynamic results are presented in Section 6.3. Noise predictions from the
two methodologies, i.e. the direct LES noise computation and the LES-informed
analytical models, are discussed in Section 6.4. Finally, the impact of the peri-
odic boundary conditions on the flow parameters and noise emission, assessed by
performing a (full-span) 360° LES, are presented in Section 6.5.

6.1 State of the art

Several mechanisms can produce broadband noise, such as the interaction of the inlet
turbulence with the rotor blades, vortex noise in the tip region of the rotor, self noise
and rotor-stator interaction noise. The tip vortex noise is studied in details in Chapter 5.
If a laminar recirculation bubble appears on the fan blades, it can be considered as a
source of self noise and is addressed in Chapter 4. Another self noise mechanism is the
trailing edge noise, which is generated by the turbulence in boundary layers diffracted
by trailing edges of the blades and vanes. Rotor-stator interaction noise results from
the interaction of turbulence in the rotor wakes with the leading edges of the stator,
which generates an unsteady loading on the vanes. The rotor-stator interaction noise
mechanism is often considered to be the dominant noise source of the fan stage at approach
condition [193, 144]. The two main noise mechanisms studied in this chapter are the rotor-
stator interaction (RSI) noise and the trailing edge (TE) noise.

Over the past few decades, several techniques have been developed to model and
predict both trailing edge and rotor-stator interaction noise [176, 175]. Recent progress
in computing resources has allowed for a detailed description of the turbulent flow in
turbomachinery applications using high-fidelity simulations, such as large eddy simulation
(LES) and direct numerical simulation (DNS). These numerical simulations can describe
the turbulent structures in the flow that produce broadband noise. The DNS is still
limited to applications at low Reynolds numbers and to academic configurations due to
its expensive computational cost. LES is preferred for the current study to model complex
flows in a fan stage, with sufficient accuracy, at an acceptable computational cost. Using
LES, several methodologies can be used to predict the noise sources and acoustic emissions
in the fan stage. The present study focuses on three different methodologies, (i) LES-
informed analytical models, (ii) LES coupled with an acoustic analogy and (iii) LES direct
noise computations.

Several analytical models are available for the prediction of fan broadband noise [176,
144]. Initial analytical models considered either the turbulent flow impinging on the
leading edge of an isolated airfoil or the diffraction of a turbulent boundary layer at the
airfoil TE [8, 7, 223]. The use of such models to predict fan broadband noise requires the
assumption that the contributions of each blade and vane are incoherent and can thus
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simply be summed up. This may be appropriate for low solidity rotors and stators, such
as in open-rotor engines. However, cascade effects due to the high solidity of blades and
vanes in ducted fan stages may have to be accounted for.

The rotor-stator interaction noise models used in this study, which account for the
cascade effects, were developed by Hanson [93] and Posson et al. [209, 207]. These models
are based on the previous work of Glegg [70] and have been developed to predict the
rotor-stator interaction noise from cascade configurations and non-uniform flows in the
spanwise direction through the use of the strip theory. In Hanson’s model, the acoustic
waves from each strip of the vanes are propagated into the free-field by assuming a uniform
mean flow. In Posson’s model, the unsteady loading from the vanes is used as a dipole
source term in an in-duct acoustic analogy [213, 207, 153]. Thus, duct wall effects are
accounted for when using Posson’s model, whereas these are neglected in Hanson’s model.

The trailing edge noise model adopted in this study is based on Amiet’s work, which
describes the scattering of pressure fluctuations from a turbulent boundary layer at the
trailing edge [9, 223]. An in-duct acoustic analogy is used for the noise propagation.

For comparison purposes, LES mean and turbulent flow parameters from the rotor
wakes and the boundary layers are used as inputs for these analytical models in the
present study.

Noise predictions from analytical models are compared to direct noise computations
from LES. The latter do not rely on assumptions that are made in analytical models,
such as flat plate airfoils, uniform mean flows and isotropic turbulence. The direct noise
computation from the LES requires a specific mesh refinement and numerical setup, which
increases the computational cost when compared to analytical models or hybrid methods
using an acoustic analogy for the noise propagation. However, an increased accuracy in
noise predictions can be expected from direct noise predictions.

The third approach used in this Chapter is usually referred to as a hybrid approach.
It couples an unsteady flow simulation, an LES in the present study, with an acoustic
analogy, such as the Ffowcs Williams and Hawkings (FWH) [276] analogy, to predict the
acoustic far-field. The unsteady loading on the surfaces of the blades and vanes is obtained
from the unsteady flow simulation and is used in the acoustic analogy. The noise is
propagated using a Green’s function, which is only known for canonical cases, such as free-
field, uniform flow and annular cylindrical ducts. This can induce some uncertainties in the
noise propagation. Such a hybrid approach has been successfully applied for the prediction
of fan noise operating at low Mach numbers in previous studies [213, 146, 167]. The
Ffowcs Williams and Hawkings (FWH) [276] analogy based on the pressure fluctuations
on the surfaces of the blades and vanes, and using the free-field Green’s function for a
uniform flow, is adopted in the present Chapter. This approach is used to separate the
contributions of different noise mechanisms by splitting the blade surface into different
parts and analyzing the contributions of each part to the total noise.

6.2 Numerical assessment of the WM-LES
WR- and WM-LES are performed on the radial-slice sector LES configuration to assess
the validity of the WM assumption for the prediction of the aerodynamic results. The
properties of the two meshes used for this study are given in Table 6.1 (RaSlice-WM and
RaSlice-WR).

In Chapter 4, WR- and WM-LES are compared at a mass flow rate of 20 kg/s, and
several discrepancies are particularly observed close to the leading edge of the rotor blade,
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Table 6.1: Mesh properties for different LES grids. x+, y+ and z+ are the maximum di-
mensionless cell-distances in the streamwise, normal and spanwise directions respectively.
"RaSlice" corresponds to the radial slice cases, and "FullSpan" to the full-span case.

RaSlice-WM RaSlice-WR FullSpan-WM
Number of cells [106] 40 80 95

x+/z+ 250 35 150
y+ 30 1.0 25

Number of prism layers 10 16 10
expansion ratio 1.1 1.06 1.1
Time step [10−8s] 2.8 0.8 2.8

CPUh/blade passage [103] 50 280 105
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Figure 6.1: Chordwise distribution of (a) isentropic Mach number Mis and (b) RMS
pressure fluctuations Prms, along the rotor blade at mid-span.

in the recirculation bubble region. In the present chapter, a larger mass flow rate is
adopted in order to minimize the influence of the recirculation bubble on the noise emission
and to study in details the other noise sources (RSI and TE noise sources). The operating
point is at approach condition (55%Nn) and corresponds to a mass flow rate of 21.8 kg/s.

Figure 6.1 shows numerical results from WM and WR cases for the isentropic Mach
number, Mis, and the root-mean-square of the pressure fluctuations, Prms, along the rotor
blade surface. The distributions ofMis and Prms on the pressure side, where the boundary
layer remains laminar, are very similar for both WR- and WM-LES. On the suction side,
a flow separation zone can be identified by a flat region of isentropic Mach number near
the leading edge. It should be noted that high levels of pressure fluctuations are also
observed in that region. Some discrepancies between WM and WR results can be found
for both Mis and Prms in this region. A slightly longer bubble, identified by a larger flat
region of Mis close to the leading edge, with lower peak of Prms, is predicted by the WM
case in comparison with the WR case. These differences remain small and localized in
the Prms peak region. Moreover, it can be noted that for the full-span configurations at
the considered operating point, a separation of the flow is only observed over a limited
spanwise extent (between 60% and 85% of the rotor span), and not along the whole span.
Overall, this justifies the use of the WM assumption, for the full-span LES configurations.

198



6.3. Aerodynamic results

Table 6.2: Mass flow rates and total pressure ratios, obtained from the different simula-
tions at approach condition.

ṁ [kg/s] Π
(full-span) sector RANS 21.86 1.091
(full-span) sector LES 21.82 1.099
(full-span) 360° LES 21.80 1.101

6.3 Aerodynamic results

In this section, the aerodynamic results for the (full-span) sector LES are presented. Some
comparisons with RANS results are also shown.

6.3.1 Global performance parameters

Table C.1 presents the global performance parameters (mass flow rate ṁ and total pressure
ratio Π) at approach condition, obtained from the RANS and the different LES. the rotor
span. Similar values are obtained for the different cases, which allows the comparison of
the results. It should be recalled that the (full-span) 360° LES configuration corresponds
to the original configuration composed of 16 rotor blades and 31 stator vanes, whereas the
(full-span) sector RANS and LES configurations correspond to the modified configuration
composed of 16 rotor blades and 32 stator vanes. The good agreement of ṁ and Π between
the (full-span) sector and 360° LES shows the validity of the method used to modify the
vanes count, as described in Chapter 2.

6.3.2 Instantaneous results

The two broadband noise mechanisms that are studied in this chapter, i.e. the rotor-
stator interaction noise and the trailing edge noise, are directly related to the turbulent
flows in the fan/OGV inter-stage, and close to the fan and OGV surfaces. Figure 6.2
shows an isosurface of the instantaneous Q-criterion (Qc2/U2 = 10). The iso-surface
is colored by the vorticity magnitude. This provides a qualitative description of the
turbulent structures developing in the boundary layers and the wakes. Boundary layer
transition can be observed near the leading edges of the blade and vanes along the whole
span. Small turbulent structures can be seen downstream of the transition regions. Such
structures are diffracted at the trailing edges of the blades and vanes and generate trailing
edge noise. The turbulent structures in the rotor wakes impinge on the leading edges of
the stator, which generates rotor-stator interaction noise. On the rotor blade surface,
a small recirculation bubble can be found at approximately 60% of the span, which is
characterized by a high vorticity magnitude and leads to the boundary-layer transition in
this region. It is observed in Chapter 4 that such a recirculation bubble is generated due
to a relatively high angle of attack upstream of the rotor blade. Finally, a small corner-
separation and a tip-leakage vortex can be observed where large turbulent structures are
found.
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Figure 6.2: Iso-surface of Q-criterion (Qc2/U2 = 10), colored by the vorticity magnitude,
for the full-span sector LES.

6.3.3 Mean quantities

Figure 6.3 presents contours of the averaged streamwise velocity component, u, and the
turbulent kinetic energy, kt, at different spanwise positions. In the rotor domain, the
averaging is performed in the rotating reference frame, whereas it is performed in the
fixed reference frame in the stator domain. This explains the discontinuity observed at
the interface between both domains. For the different spanwise positions, the region of
high streamwise velocity component on the suction side of the fan can be associated with
the blade loading. Moving from hub to tip, this region is shifted towards the trailing edge
and its extent decreases. This is mainly due to the geometry of the fan blade profiles near
the tip, which are designed to operate in a transsonic regime at large radii for the nominal
fan speed (100%Nn). Indeed, the camber is reduced from hub to tip, and the maximum
camber position is shifted over the suction side of the blade towards the trailing edge. At
nominal speed, the flow is transsonic near the fan tip, and the pressure difference between
the pressure and the suction sides is dominated by shock waves. In the present LES, at
55Nn, the flow remains subsonic and the blade loading depends on the angle of attack
and the camber.

The transition of the boundary layers to turbulence can be seen from the contours of
kt. For all the spanwise positions, the boundary layer remains laminar over the pressure
side of the blade. At 80% of the blade span, a small recirculation bubble can be observed
close to the leading edge on the suction side of the rotor blade. This corresponds to a
small region of negative streamwise velocity in Figure 6.3 (c) and to the high vorticity
magnitudes in Figure 6.2. The recirculation bubble leads to an earlier transition of the
boundary layer to turbulence, compared to the transition at 30% and 50% of the blade
span. Additionally, the rotor and stator wake widths seem to remain nearly constant
along the span, despite the presence of a small separation region and the increase of the
relative speed in the upper half of the span. This may be explained by the decrease of
the blade thickness as the radial position increases, which aims at reducing the blade
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Figure 6.3: Contours of the averaged streamwise velocity (left) and the turbulent kinetic
energy (right) from WM-LES, for various spanwise positions: (a,e) 30%, (b,f) 50%, (c,g)
80% and (d,h) 99%.
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Figure 6.4: Comparison between the RANS and LES predictions of the average isentropic
Mach number around the fan blade at (a) 50%, (b) 80% and (c) 95% of the rotor span.

deformation due to centrifugal forces at nominal speed and limit the flow acceleration at
the tip.

At 99% of the span (Figures 6.3 (d) and 6.3 (h)), the flow topology can be observed in
the blade tip region. The tip flow topology is extensively studied in Chapter 5. A complex
flow can be seen in this region, which is produced by the formation of a tip-leakage vortex
(TLV). The TLV can be identified by the low streamwise velocity and is characterized by
large levels of turbulent kinetic energy. Unlike previous studies on the tip leakage flow in a
fan stage at approach condition [121, 140], the TLV appears relatively close to the trailing
edge. This may be related to the blade tip geometry and the tip clearance, which is larger
than 1% of the chord length and increases towards the trailing edge. Furthermore, the
blade profile at the tip presents a significant change in the slope between the leading edge
and the maximum camber position, the profile is relatively flat and thin, and the position
of the maximum camber is located at 70% of the chord length.

Figure 6.4 shows a comparison of the distributions of isentropic Mach number, Mis,
from LES and RANS, over the rotor blade surface, for various spanwise positions. Similar
results are obtained between LES and RANS at the radial positions of 50% and 80% of
the rotor span, except in the region close to the leading edge on the suction side at 80%
of the rotor span. In this region, a plateau can be seen for the LES, which shows the
apparition of a small recirculation bubble, as discussed in Figures 6.2 and 6.3. When
comparing these two spanwise positions, a small hump is observed between x/c = 0.4 and
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Figure 6.5: Comparison between the RANS and LES predictions of the average isentropic
Mach number around the OGV, at (a) 50%, (b) 80% and (c) 95% of the stator span.

x/c = 0.6 on the suction side of the blade at 80% of the span, which confirms that as the
radius increases the blade loading is shifted towards the trailing edge (see Figure 6.3).

Significant differences can be observed at 95% of the rotor span between RANS and
LES, particularly on the blade suction side. This spanwise position is much closer to
the tip gap region and is affected by the tip leakage flow, as pointed out in Chapter 5.
The RANS computation predicts a slightly larger pressure difference between the leading
edge and 40% of the chord length, than the LES. An important increase of the pressure
difference between the two sides of the blade is only observed for the LES between 60%
of the chord length and the trailing edge.

The distribution of Mis obtained by the LES can be associated to the blade shape
at the tip, that was designed to operate at transsonic regimes and presents a significant
camber evolution. As previously mentioned, between the leading edge and the maximum
camber position, the blade profile is relatively flat and thin, and the position of the
maximum camber is located at 70% of the chord length, which is unusual for subsonic
profiles.

As shown in Chapter 5, a complex flow topology in the blade tip region is observed,
where different tip vortices appear. The RANS computation does not properly capture
this complex behavior of the flow, which may explain the differences between RANS and
LES at this spanwise position.

The distributions of the isentropic Mach number around the stator vane at different
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Figure 6.6: Comparison between the RANS and LES predictions of the radial profiles of
the velocity components in the rotor wake.

spanwise positions are compared between RANS and LES in Figure 6.5. For both cases,
the distributions of Mis from the suction and pressure sides intersect close to the leading
edge. This suggests that the incidence angle of the stator is negative, which may be a
result of the operating conditions (55%Nn) of the present simulation. Similar results are
obtained between RANS and LES at 50% and 80% of the stator span, whereas some
discrepancies can be found at 95%. This may be due to differences in the tip-leakage flow
topology and casing boundary layers between RANS and LES.

The radial distributions of the mean flow velocity components in the rotor wake, Vx,
Vθ and Vr, from LES and RANS simulations, are presented in Figure 6.6. These velocity
profiles are obtained from the circumferential average of the mean velocity field at 0.5c
downstream of the rotor trailing edge. A good agreement can be observed between the
LES and RANS results for the three velocity components. In both LES and RANS
approaches, a sudden increase in Vx can be seen close to the hub, below 10% of the span,
which may correspond to the corner separation in Figure 6.2. When compared to the LES
results, Vx is slightly overpredicted by RANS below 20% of the rotor span, whereas it is
underpredicted above 40% of the span. The blade tip region is characterized by a deficit
of Vx near the shroud. The radial extent of this region is larger with RANS, which may
be explained by the limitations of RANS turbulence modeling in this highly vortical flow
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Figure 6.7: Radial profiles of the RMS velocity fluctuations, downstream of the rotor,
obtained from the LES.

region. Some differences can also be observed for Vr above 50% of the span, which may
be caused by the presence of the recirculation bubble in the LES in this region and the
misprediction of the TLV region by RANS.

The radial distributions of the RMS velocity fluctuations in the rotor wake, Vx,rms,
Vθ,rms and Vr,rms, from the LES, are presented in Figure 6.7. These RMS profiles are
obtained from the circumferential average of the RMS velocity fluctuations field at 0.5c
downstream of the rotor trailing edge. Up to 85% of the rotor span, comparable levels of
the azimuthal and radial components of the velocity fluctuations are observed, whereas
larger values are obtained for the axial component. For the three components, the effects
of the corner separation and the tip flow vortices are identified by an increase of velocity
fluctuations close to hub and shroud, respectively. In the recirculation bubble region,
between 60% and 85% of the rotor span, the tangential component exhibits larger values.

The azimuthal profiles of the time-averaged velocity components, their RMS values,
and the turbulent kinetic energy, are plotted at 0.5c downstream of the rotor trailing
edge, for different spanwise positions in Figures 6.8 to 6.13. The profiles of the velocity
components and the turbulent kinetic energy obtained from the LES are compared to
RANS results.

At 30% of the rotor span (Figure 6.8), a good agreement is observed between RANS
and LES results. For the RANS results, a slightly larger wake width with a smaller
velocity deficit can be observed, compared to the LES results. Similar turbulent kinetic
energy profiles are also obtained at this spanwise position (Figure 6.9 (b)). Regarding
the RMS velocity fluctuations, the axial component, Vx,rms, exhibits larger levels than the
radial and tangential components, Vr,rms and Vθ,rms, in both the wake and the background
turbulence region (Figure 6.9 (a)).

As the radius increases, larger discrepancies are observed between RANS and LES
results. At 50% of the rotor span (Figure 6.10), the RANS predicts a larger wake width
and velocity deficit. The turbulent kinetic energy (Figure 6.11 (b)) exhibits larger values
in the LES compared to the RANS in the wake region and smaller values in the background
turbulence region. This may be explained by the turbulence injection at the inlet used only
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Figure 6.8: Comparison between the RANS and LES predictions of the azimuthal profiles
of the averaged velocity components, at 30% of the rotor span. (a) Axial velocity. (b)
Tangential velocity. (c) Radial velocity.
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Figure 6.9: Azimuthal profiles of the (a) RMS velocity fluctuations obtained from the LES
and (b) the turbulent kinetic energy, obtained from the LES and RANS, downstream of
the rotor, at 30% of the rotor span.
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Figure 6.10: Comparison between the RANS and LES predictions of the azimuthal profiles
of the averaged velocity components, at 50% of the rotor span. (a) Axial velocity. (b)
Tangential velocity. (c) Radial velocity.
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Figure 6.11: Azimuthal profiles of the (a) RMS velocity fluctuations obtained from the
LES and (b) the turbulent kinetic energy, obtained from the LES and RANS, downstream
of the rotor, at 50% of the rotor span.
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Figure 6.12: Comparison between the RANS and LES predictions of the azimuthal profiles
of the averaged velocity components, at 80% of the rotor span. (a) Axial velocity. (b)
Tangential velocity. (c) Radial velocity.
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Figure 6.13: Azimuthal profiles of the (a) RMS velocity fluctuations obtained from the
LES and (b) the turbulent kinetic energy, obtained from the LES and RANS, downstream
of the rotor, at 80% of the rotor span.
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for the RANS simulation. No turbulence is injected in the LES cases, due to the limited
turbulence intensity expected in the experimental campaign (less than 1%). Similar levels
of the tangential and radial RMS velocity fluctuations are observed in both the wake and
background turbulence regions, whereas the axial RMS velocity component is still larger
at this radial position.

At 80% of the rotor span (Figure 6.12), both RANS and LES predict a similar velocity
deficit, but the wake width is larger in the RANS. At this spanwise position, the LES
predicts larger values of the turbulent kinetic energy in the wake region (Figure 6.13 (b)),
which may be explained by the apparition of a recirculation bubble close to the leading
edge of the blade only in the LES. At this spanwise position, the RMS fluctuations of the
tangential velocity component are larger than those of the radial component.

When comparing the different spanwise positions, the wake width seems to be rela-
tively unchanged in the LES, which is consistent with the observations in Figure 6.3. At
80% of the rotor span, the levels of the turbulent kinetic energy are significantly larger
than the levels at 30% and 50% in the LES, which may be due to the presence of a re-
circulation bubble at this spanwise position. The recirculation bubble seems to mainly
generate axial and tangential RMS velocity fluctuations.

Aerodynamic analysis Summary

Turbulent structures.

• A good transition of the boundary layers is observed close to the leading edges
of the rotor blade and stator vanes all along the whole span. Downstream of
the transition, the fine turbulent structures are diffracted at the trailing edges,
which will generate trailing edge noise.

• The turbulent structures in the rotor wakes impinge on the leading edges of
the stator vanes, which will be responsible for rotor-stator interaction noise.

• Several secondary flows appear on the rotor blade: a recirculation bubble
studied in details in Chapter 4, a tip-leakage vortex, extensively studied in
Chapter 5, and a corner separation at the hub.

Mean quantities.

• When moving from hub to shroud, the blade loading is shifted towards the
trailing edge of the fan blades. This is mainly due to the geometry of the
blade profiles, designed to operate at transsonic regime, which is unusual for
subsonic flow conditions.

• The boundary layer remains laminar on the pressure side of the blade.

• At 60% of the rotor span, a recirculation bubble appears close to the leading
edge of the rotor blade.

• At 99% of the rotor span, the tip-leakage vortex can be identified by a region
of low streamwise velocity, and is characterized by large levels of turbulent
kinetic energy.
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Pressure distribution.

• Overall, similar distributions of the isentropic Mach number are obtained from
the LES and RANS computations for different spanwise positions on the blade
and vane surfaces.

• On the rotor blade, some discrepancies are found close to the leading edge of
the rotor in the recirculation bubble region, because RANS does not predict
the apparition of this bubble.

• At 99% of the rotor span, significant differences are found between the RANS
and LES results. For the LES, the isentropic Mach distribution shows a small
pressure difference between the two sides of the blade close to the leading edge
and a much larger one between 60% and 90% of the chord length.

• On the stator vanes, the isentropic Mach distributions show that the incidence
angle of the stator is negative.

Radial profiles in the interstage region.

• Overall good agreement of the velocity profiles in the interstage region is
obtained between LES and RANS.

• Differences are mainly observed in the corner separation, recirculation bubble,
and blade tip regions.

• The RMS azimuthal velocity fluctuations show a small increase in the corner
separation and the recirculation bubble regions, and a strong increase in the
blade tip region.

Azimuthal profiles in the interstage region.

• Overall good agreement of the velocity profiles in the rotor wake region at dif-
ferent spanwise positions is obtained between LES and RANS, with a slightly
smaller wake width in the LES.

• LES predicts larger levels of the turbulent kinetic energy in the wake region
than RANS, whereas lower levels are obtained in the background turbulence
region.

6.4 Aeroacoustic results

6.4.1 Noise sources

In the present study, the Mach number is relatively low and the flow remains subsonic all
along the span of the blades and vanes. Dipolar noise sources, which are related to force
fluctuations on the blade and vane surfaces, are thus expected to be dominant [90, 135].
Consequently, the RMS pressure fluctuations, presented in Figure 6.14, can be seen as an
indicator of the presence of noise sources from the fan and OGVs. Large values of Prms

are observed in the recirculation bubble and the rotor tip regions, which is consistent with
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Figure 6.14: RMS pressure fluctuations on (a) the fan and (b) OGVs.

the location of intense turbulent structures, as shown in Figure 6.2. High Prms values can
also be found along the leading edge of the OGVs, which is related to the rotor-stator
interaction noise. It should be noted that no boundary layer separation is visible on the
OGVs. However, the highest levels of Prms are located on the pressure side of the OGVs.
This suggests that the effective angle of attack of the stator is below 0◦, which is consistent
with the distributions of isentropic Mach number on the stator vane in Figure 6.5.

The instantaneous dilatation rate contours, ∇.u, are shown in Figure 6.15 at 80% of
the rotor span. The dilatation rate is useful to identify the flow perturbations that may be
considered as noise mechanisms. Hydrodynamic perturbations are shown in the boundary
layers and in the wakes. When observing the wave-fronts outside of these regions, two
main noise sources can be identified: the trailing edge noise generated at the trailing edges
of the rotor blades and stator vanes, and the rotor-stator interaction noise generated at
the leading edges of the stator vanes. It is expected that, because of the relatively low
Mach number and the absence of shock waves, quadrupole noise sources associated with
the turbulent wakes are negligible when compared to the dipole sources at the trailing
edges and the leading edges.

6.4.2 Input data for the rotor-stator interaction noise analytical
models

The rotor-stator interaction noise is computed using the flow statistics upstream of the
stator leading edge extracted from the LES. The input parameters are: (i) the axial
velocity and the velocity magnitude, (ii) the turbulent kinetic energy and turbulence
integral length scale, and (iii) the wake half-width. These parameters are extracted at
a distance of 0.03c upstream of the stator leading edge, which is sufficient to avoid a
significant distortion of the turbulence near the stator [242, 65].

The radial distributions of absolute velocity magnitude, Vabs, and turbulent kinetic
energy, kt, from LES and RANS simulations, are compared in Figure 6.16. Both pa-
rameters show similar trends between LES and RANS simulations, except in the corner
separation region, where larger values are obtained from the RANS simulation, and in
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Figure 6.15: Instantaneous contours of the dilatation rate in a blade-to-blade view at 80%
of the rotor span. (LES).

the recirculation bubble and tip regions, where the RANS simulation predicts lower val-
ues. Additionally, when compared to the LES, a slight over-prediction of kt is observed
between 20% and 60% of the span for the RANS simulation, which may be due to the
difference in the turbulence intensity injected at the inlet plane between the LES and the
RANS simulations (a turbulence intensity of 0.5% is injected in the RANS simulation,
whereas no turbulence is prescribed in the LES).

In order to calculate the axial integral length scale, three different approaches are
used in this work. The first approach, which is adopted for the RANS simulation, was
proposed by Pope [204] and gives an estimate of the turbulence length scale, λp, based on
the turbulent variables kt and ωt as follows,

λp = CRe

√
kt

Cµωt
, (6.1)

where ωt is the dissipation rate of the turbulent kinetic energy, CRe = 0.43, and Cµ = 0.09.
The second approach is based on the empirical law of Jurdic et al. [114] and requires

the estimation of the wake width Lw, from the numerical simulation. In order to extract
the wake width, a Gaussian shape is usually assumed for the wake, based either on
the absolute velocity deficit or on the turbulence kinetic energy. In the present work a
Gaussian fit is performed on the turbulence kinetic energy, as shown in Figure 6.17 at 50%
of the rotor span. Lw corresponds then to the full width at half maximum of the Gaussian
function used for the fitting process. Lw is computed using the standard deviation σG of
the Gaussian function as: Lw = 2

√
2ln(2)σ.

The turbulence length scale in this case, λj, is given as,

λj = 0.21Lw. (6.2)
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Figure 6.16: Comparison of (a) the absolute velocity magnitude Vabs, and (b) the turbulent
kinetic energy kt, extracted from RANS and LES, at 0.03c upstream of the stator leading
edge.
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Figure 6.17: Wake extraction using a Gaussian fit.
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Figure 6.18: Comparison of different turbulence length scale estimates, extracted from
LES and RANS simulations.

The third approach is based on Taylor’s frozen turbulence assumption [204, 114],
which assumes that the turbulent structures are convected unchanged by the mean flow.
Temporal recordings collected on an axial cut upstream of the stator are used to calculate
the autocorrelation function, RVxVx , from LES as follows,

RVxVx(x, τ) =
V ′x(x, t)V

′
x(x, t+ τ)

Vx,rms(x)2
, (6.3)

where V ′x(x, t) is the axial velocity fluctuation at position x and time t, and Vx,rms(x)
corresponds to the RMS of the axial velocity fluctuation. The temporal integral scale λt
can then be computed as,

λt =

∫ ∞
τ=0

RVxVx(x, τ)dτ, (6.4)

and using Taylor’s frozen turbulence assumption, the turbulence length scale λc can finally
be computed as,

λc = Vxλt, (6.5)

where Vx is the circumferentially-averaged axial velocity component at a distance of 0.03c
upstream of the stator leading edge.

The radial distributions of the different turbulence length scale estimates, λp, λj, λc,
are presented in Figure 6.18. The levels are consistent between the different approaches
but some discrepancies can be observed. Overall, similar trends are obtained for λc and
λj, showing an increase in the length scale above 50% of the span, which can be explained
by the recirculation bubble on the fan blade and the tip-leakage flow. The absence of the
recirculation bubble for the RANS can partially explain the uniform behavior of λp from
50% to 90% of the rotor span and the differences with λc and λj.

In Figure 6.19, the turbulence velocity spectrum in the streamwise direction, Φuu, is
extracted upstream of the stator leading edge at mid-span from the LES, and compared
to the model of Liepmann as detailed in [205], given as:

Φuu =
2λc
π2

k2
x + k2

z

(1 + λ2
ck

2
s)

3
, (6.6)
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Figure 6.19: Comparison of the turbulence velocity spectrum of the streamwise velocity
component, upstream of the stator leading edge, at 50% stator span, between the LES
and Liepmann’s model.

where k2
s = k2

x+k2
y +k2

z . It should be noted that Φuu is an input for the analytical models
of rotor-stator interaction noise. The tones that appear in the turbulence spectrum from
LES correspond to the BPF and its harmonics. From 2 kHz to 8 kHz, a good agreement
can be found with the model of Liepmann. Larger values for the LES at high frequencies
(8-20 kHz) are observed. Φuu is also overpredicted at low frequencies (below 2 kHz) in
the LES results, which may be due to the computational domain size in the azimuthal
direction and the simulation time.

6.4.3 Input data for the trailing edge noise analytical model

The trailing edge noise is computed using the flow properties in the boundary layers close
to the trailing edges of the rotor blade and stator vanes. The two parameters for the
trailing edge noise analytical model are (i) the wall pressure spectrum, Φpp, and (ii) the
spanwise correlation length, lz. These parameters can also be estimated using empirical
laws, for which the input data, such as the boundary-layer thickness, are extracted from
the LES. Figures 6.20 and 6.21 present the radial distributions of several boundary-layer
parameters, which are extracted on the suction side at 0.02c upstream of the rotor and
stator trailing edges, respectively. The displacement thickness is defined as,

δ1 =

∫ ∞
0

(1− ρub
ρ0U0

)dn. (6.7)

The momentum thickness is defined as,

δ2 =

∫ ∞
0

ρub
ρ0U0

(1− ub
U0

)dn, (6.8)

and the shape factor H12 = δ1/δ2, where n is the distance to the suction side surface of
the blade, ρ0 is the free-stream density, U0 is the velocity magnitude outside the boundary
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Figure 6.20: Radial distributions of the boundary-layer parameters on the rotor suction
side, 0.02c upstream of the trailing edge. (a) Boundary layer displacement and momentum
thicknesses δ1 and δ2, respectively, and (b) shape factor H12.
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Figure 6.21: Radial distributions of the boundary-layer parameters on the stator suction
side, 0.02c upstream of the trailing edge. (a) Boundary layer displacement and momentum
thicknesses δ1 and δ2, respectively, and (b) shape factor H12.
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Figure 6.22: Input parameters for Amiet’s trailing-edge noise model at mid-span of the
rotor blade, from the direct LES approach and empirical models. (a) Wall pressure
spectrum. (b) Spanwise correlation length.

100 101

-10

-5

0

5

10

15

20 LES-direct

Rozenberg

(a)

10
3

10
4

0

1

2

3

4

5

LES-direct

Salze model, 2014

(b)

Figure 6.23: Input parameters for Amiet’s trailing edge noise model at mid-span of a stator
vane, from the direct LES approach and empirical models. (a) Wall pressure spectrum.
(b) Spanwise correlation length.

layer, and ρ and ub are the density and the velocity magnitude within the boundary layer,
respectively.

On both the rotor blade and the stator vane, the boundary-layer displacement and
momentum thicknesses show a similar behavior, and both indicate that there is a signif-
icant increase in the boundary layer thicknesses above 70% of the span. In this region
on the rotor blade, the shape factor shows an important reduction, from 1.67 at 60% of
the rotor span to 1.3 close to the tip region. This behavior can be explained by the high
levels of turbulence intensity in the boundary layers at rotor spans higher than 60%, due
to the recirculation bubble and the tip leakage flow. This may also explain the increase in
the boundary layer thicknesses on the stator vanes directly downstream. A more uniform
distribution of the shape factor on the stator vane is observed between 30% to 80% of the
stator span, which corresponds to fully turbulent boundary layer.

The wall pressure spectra use the empirical model of Rozenberg et al. [229], which
is based on the model of Goody [73], and includes the effects of the Reynolds number
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and the adverse pressure gradient (as described in Chapter 3). Figures 6.22 (a) and
6.23 (a) show the comparison of the wall pressure spectra at mid-span of the rotor blade
and stator vane, respectively, from the LES (LES-direct) and Rozenberg’s model [229].
On the rotor blade, a similar trend is observed for both predictions. The LES results
retrieve the main slopes of the wall pressure spectrum described in Chapter 3 over the
whole frequency range, with a slope of 1.8 at low frequencies (ωδ1/Uc < 0.5), −1.1 in the
overlap region (0.6 < ωδ1/Uc < 6) and −5.2 at high frequencies (ωδ1/Uc > 8). On the
stator vane, the LES predicts larger levels of the wall pressure spectrum over the whole
frequency range. Similar trends are obtained between the two approaches in the overlap
region (0.6 < ωδ1/Uc < 6). At larger frequency, a small hump is observed in the LES
results from ωδ1/Uc = 6 to ωδ1/Uc = 11.

The spanwise correlation length uses the empirical model of Salze et al. [234], which
is based on the model of Efimtsov et al. [57]. In the direct LES approach, lz is estimated
from the coherence function γ between two points at the same axial position and separated
by a spanwise distance ∆z as follows,

lz(ω) =

∫ +∞

0

√
γ2(∆z, ω)d∆z. (6.9)

In order to use Amiet’s trailing edge noise model [9, 223], the blade and the vane are
discretized by 20 radial strips. Then, Amiet’s model is applied to each strip and the
contributions of the strips are added incoherently. The value of lz used for each strip
is calculated using unsteady data collected from the LES, and the integral in Eq.6.9 is
performed over the span of each strip.

Figures 6.22 (b) and 6.23 (b) present the comparison of the spanwise correlation length,
lz, at mid-span of the rotor blade and stator vane, respectively, from the LES (LES-direct)
and the model of Salze et al. [234]. On the rotor blade, peaks can be observed for the
direct LES approach at approximately 3200 Hz, 6400 Hz and 9600 Hz. The frequencies
of these peaks correspond to the first three harmonics of the vane passing frequency
VPF = V Ω/60, where Ω is the fan rotation speed in RPM, and V = 32 corresponds to the
number of vanes in the full stage of the modified configuration corresponding to the (full-
span) sector LES. Since the monitor points collect data in the rotating frame, the presence
of these peaks can be associated with the periodic interaction of the rotor wakes with
the stator vanes. Overall, a good agreement is observed between the predictions directly
obtained from the LES (LES-direct) and the model of Salze et al. [234] at high frequencies
(f > 4 kHz). An over-prediction of the LES results at low frequencies compared to Salze’s
model [234] can be observed. This may be explained by the limited computational time
used for the computation of the correlation length.

As for the wall pressure spectrum, on the stator vane (Figure 6.23 (a)), the spanwise
correlation length exhibits larger values in the LES when compared to the model of Salze
et al. [234], even at high frequencies. Several peaks appear in the LES approach at the
blade passing frequency (BPF = 1655 Hz) and harmonics. Salze’s model [234] considers
the diffraction of a turbulent boundary layer by a sharp trailing edge. In the LES, other
mechanisms generating disturbances in the boundary layers, such as the impact on the
stator vanes of the rotor wakes and tip vortices, can be found. This may partly explain the
differences between the two approaches and the larger values of lz obtained in the LES,
when compared to Salze’s model [234]. Additionally, the limited computational time can
also partly explain the larger values obtained in the LES, particularly at low frequencies.
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Figure 6.24: Sound power levels from the direct LES approach and the analytical models
at (a) the intake and (b) the exhaust sections.

6.4.4 Noise prediction

The direct noise computation of the sound power levels from the LES is compared to the
predictions of the analytical models. For the analytical modeling, the code Optibrui is
used and the contributions of both the rotor-stator interaction noise, which is analytically
predicted by Hanson’s [93] and Posson’s [209, 207] models, and the trailing edge noise from
the rotor blades and stator vanes, which is modeled by Amiet’s trailing edge model [9, 223],
are added. The rotor blades and stator vanes are discretized by 20 radial strips. For the
rotor-stator interaction noise, the input data described in Section 6.4.2 are extracted from
the LES at a distance of 0.03c upstream of the stator leading edge for each strip. For the
trailing edge noise, the input data described in Section 6.4.3 are extracted at 98 % of the
chord length on the suction side of the rotor blades and the stator vanes for each strip.

For the direct LES predictions, the acoustic power is computed by integrating the
acoustic intensity Ia over a duct section and can be written as:

SWL =

∫ 2π

0

∫ Rs

Rh

Iardrdθ. (6.10)

For homentropic fluid, the acoustic intensity can expressed as:

Ia =

(
p′

ρ0

+ U0V
′±
x

)(
ρ0V

′±
x + U0ρ

′±) . (6.11)

Unsteady probes are located in the duct upstream of the rotor (intake section at two
chord lengths upstream of the rotor) and downstream of the stator (exhaust section at
two chord lengths downstream of the stator), where the mesh remains sufficiently refined
to properly propagate the acoustic waves. The locations of the extraction planes are
chosen such that the hub radius remains nearly constant upstream and downstream of
the intake and exhaust sections, respectively. V ′−x is considered at the inlet section and
V ′+x at the exhaust section.

A comparison of the sound power levels (SWL) from the two approaches is shown in
Figure 6.24. A fairly good agreement is obtained between the approaches. An under-
prediction of the sound levels from the analytical models can be observed over the whole
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Figure 6.25: Power spectral density at 80% of the stator span at the exhaust section.

frequency range. This may be partially explained by additional noise sources that are
present in the LES and are not modeled by the analytical models, such as the tip gap
noise (due to the tip leakage vortex shown in Figures 6.2 and 6.14). At the exhaust
section, the stator wakes may also contribute the pressure and velocity fluctuations used
to compute the acoustic power. Figure 6.25 shows the PSD of the pressure fluctuations
at 80% of the stator span at the exhaust section. Large PSD values are observed at the
BPF and its harmonics. Additionally, at two azimuthal positions (shown by the dashed
lines), relatively large PSD levels are also observed over a wide range of frequencies. These
positions correspond the stator wakes.

Finally, comparing the rotor-stator interaction noise analytical models in Figure 6.24,
the predictions from Posson’s model [209, 207] are lower, especially at low frequencies,
which may be due to duct cut-off effects that are included in Posson’s model and are
neglected in Hanson’s model.

6.4.5 Noise contributions

The contributions of the two noise mechanisms, the rotor-stator interaction noise and the
trailing edge noise, are compared in Figure 6.26 using the analytical models. The trailing
edge noise from the rotor blades and the stator vanes is computed using Amiet’s trailing
edge noise model [9, 223]. The rotor-stator interaction noise is predicted by Hanson’s [93]
and Posson’s [209, 207] models. At mid-to-high frequencies (beyond 2 kHz), the sound
power levels due to the rotor-stator interaction noise are significantly larger than the levels
due to the trailing edge noise (a difference of about 16 dB/Hz). Comparable sound power
levels are obtained for the two mechanisms below 1.8 kHz.

In order to further compare the noise emissions due to the different noise sources on
the rotor blade, the blade is split in two different parts and the far-field noise is predicted
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Figure 6.26: Sound power levels from the different analytical models at (a) the intake and
(b) the exhaust sections.
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Figure 6.27: Sound power level spectra from the Ffowcs Williams and Hawkings (FWH)
analogy for the full blade, the upper 50% of the blade, the lower 50% and the cross-
correlation part between them at (a) the intake and (b) the exhaust sections.
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using the Ffowcs Williams and Hawkings (FWH) analogy [276]. This may help us to
understand the differences in the noise levels between the noise predictions from the
direct LES approach and the analytical models in Figure 6.24.

The FWH analogy is based on the unsteady pressure field, recorded on the solid surface
of the fan blade for the computation of the loading noise source, since the noise sources
are localized at the surfaces. This is justified by the low Mach numbers and the absence
of shock waves. The sampling frequency is 80 kHz and the unsteady recording is made
over four rotor revolutions. The advanced time approach of Casalino [29] and Najafi-Yazd
et al. [180] is adopted. The acoustic propagation is computed using the free-field Green’s
function. The far-field sound power level spectrum is obtained with a periodogram using
Welch’s method and a Hann window with 50% overlap between the segments.

The blade is split into two parts. For both parts, the contribution of the trailing edge
noise is computed. The lower 50% of the blade surface also includes the contribution of
the corner separation noise to the far-field noise. In the remaining part (the upper 50% of
the blade surface), two main secondary flows are observed, the recirculation bubble and
the tip-leakage vortex (see Figure 6.2). These are expected to dominate the far-field noise
emissions from the upper part of the blade.

The power spectral density of the far-field acoustic pressure from the full blade can
be calculated as the sum of the power spectral densities of the parts ((Spp)i) and their
cross-spectral density ((Spp)cross) as follows,

(Spp)blade =
∑

(Spp)i + 2(Spp)cross (6.12)

Figure 6.27 presents the sound power spectra at the intake and exhaust sections ob-
tained from the different parts of the blade, the full blade (denoted "Full Blade"), the
blade upper region (the upper 50% of the blade surface denoted "Upper 50%"), the re-
maining part of the blade (denoted "Lower 50%"), and the cross-correlation term (denoted
"corr"). For both intake and exhaust sections, the cross-correlation spectrum is relatively
small compared to the other contributions, particularly at mid to high frequencies.

The noise contributions from the blade upper part dominate the noise spectra beyond
2 kHz at the inlet section and 1.5 kHz at the exhaust section. On the upper part of the
blade surface, two secondary flows particularly generate pressure fluctuations: the tip-
leakage flow and the recirculation bubble. At lower frequencies, comparable sound power
levels are observed from the upper and lower parts. Consequently, the differences at low
frequencies (below 2 kHz) observed in Figure 6.24, between the direct noise prediction
and the predictions using the analytical models, may be explained by the noise emis-
sions related to the corner separation vortex, which is the dominant source of pressure
fluctuations in the lower part of the blade.

To obtain the contribution of the tip-leakage noise, the blade is also split into two
parts in Chapter 5: the upper 15% of the blade surface, to compute the tip-gap noise
contribution to the far-field, and the remaining lower part of the blade. It is seen that
the contribution of the tip-gap noise to the total noise emissions is significant at mid to
high frequencies, particularly at the intake section. Consequently, the differences at high
frequencies (particularly beyond 10 kHz) observed in Figure 6.24 between the direct noise
prediction and the predictions using the analytical models, may be explained by the noise
emissions related to the tip flow vortices. More specifically these noise emissions may be
related to the interaction of the tip vortices TLV2, TSV and IV generated on each blade
with the trailing edge of the same blade, as explained in Chapter 5.
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Aeroacoustic results Summary

Noise sources
The main noise sources, identified using the RMS pressure fluctuations on the sur-
faces of the blades and the vanes and the dilatation rate on a blade-to-blade view,
are:

• the trailing edge noise,

• the rotor-stator interaction noise,

• the separation noise (due to the recirculation bubble),

• and the tip-gap noise.

Input parameters for the rotor-stator interaction noise models

• The input parameters are extracted as close as possible to the stator leading
edge.

• The turbulence length-scale is estimated using three approaches:

– Jurdic’s approach, based on the wake width, estimated from the LES.

– The temporal autocorrelation of the axial velocity fluctuations with Tay-
lor’s frozen turbulence hypothesis, estimated from the LES.

– Pope’s approach, based on the turbulent variables, kt and ωt, estimated
from the RANS.

Similar trends are obtained for Jurdic’s and the autocorrelation approaches,
with an increase of the turbulence length scale close to the hub, the tip and
in the recirculation bubble region. Pope’s approach, using RANS data, shows
a more uniform radial profile all along the span.

Input parameters for the trailing edge noise model

• The input parameters are extracted close to the trailing edges of the rotor
blades and stator vanes, at 0.98c from the leading edge.

• The wall pressure spectra are extracted from the LES and compared to the
model of Rozenberg [229], which includes the effects of the Reynolds number
and the adverse pressure gradient.

• The spanwise correlation length is computed from the coherence function
obtained from unsteady fluctuations in the LES, and compared to the model
of Salze [234].
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All the input data for the model, such as the boundary layer thicknesses and the
wall friction coefficient, are extracted from the LES. Similar trends are observed
for the two main inputs on the rotor blades and the stator vanes. On the vanes,
the LES predicts larger levels of wall pressure fluctuations and larger values of the
spanwise correlation length over the whole frequency range.

Comparison between direct LES and analytical models for noise predic-
tion

• The sound power levels are computed from the LES and compared to LES-
informed analytical models: Amiet’s model [9, 223] for the trailing edge noise
coupled with either Hanson’s [93] or Posson’s [209, 207] models for the rotor-
stator interaction noise.

• Good overall agreement is obtained between the LES and the analytical mod-
els over the whole frequency range.

• The analytical models predict lower sound power levels over the whole fre-
quency range, when compared to the LES, which suggests the presence of
additional noise sources in the LES.

• Lower sound power levels are obtained with Posson’s model [209, 207] com-
pared to Hanson’s model [93], which may be due to cut-off duct modes that
are only considered by Posson’s model [209, 207].

Noise contributions
The contribution from the different noise sources to the total far-field noise emissions
are compared using the analytical models and the Ffowcs Williams and Hawkings
(FWH) acoustic analogy [276].

• The contributions of the trailing edge noise obtained from Amiet’s model [9,
223] for the rotor and the stator are compared to the rotor-stator interaction
noise obtained from Posson’s [209, 207] and Hanson’s [93] models. The influ-
ence of the trailing edge noise to the far-field noise is only significant at low
frequencies (below 1.8 kHz).

• The blade is split into its lower and upper 50% of the span. The noise contri-
butions from each part are compared using the Ffowcs Williams and Hawk-
ings (FWH) acoustic analogy [276], based on the surface pressure fluctuations
obtained from the LES. The lower part of the blade, which seems to be dom-
inated by the corner separation noise, has only a significant influence at low
frequencies (below 2 kHz).
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6.5 Comparison between the sector and 360° LES: ef-
fects of imposed periodicity

In this section, the impact of the periodic boundary conditions on the flow field and the
far-field noise emissions is assessed by comparing the results from the (full-span) sector
LES and (full-span) 360° LES. The azimuthal coherence function between monitor points
in several sectors and the noise modal content at the intake and exhaust sections, which
can only be obtained in the (full-span) 360° LES configuration, are also presented. The
(full-span) 360° LES is still in progress and the computational time used for the presented
results corresponds to one fan rotation. Thus, only preliminary results are discussed. The
mean and turbulent results, and the coherence functions in the (full-span) 360° LES are
obtained from the circumferential average of these quantities.

6.5.1 Instantaneous results

Figures 6.28 to 6.30 show an isosurface of the Q-criterion (Qc2/U2 = 10) for the (full-
span) 360° LES configuration. In these figures, the iso-surface is colored by the vorticity
magnitude. A qualitative description of the turbulent structures developing in the bound-
ary layers and the wakes can be obtained. A similar flow topology as for the (full-span)
sector LES (Figure 6.2) is observed. The transition of the boundary layers can be ob-
served near the leading edges of the blades and vanes all along the span. Small turbulent
structures can be seen downstream of the transition regions. In addition to the turbulent
structures, Figure 6.31 shows contours of the instantaneous dilatation rate (∇ · u) at a
radial cut of 99% of the rotor span. The wave-fronts propagating in the upstream and
downstream directions shows the capability of 360° LES to capture the noise propagation
in the refined-mesh region around the fan stage. It should be noted that there is no
acoustic reflection from the upstream and downstream boundaries of the domain.

An iso-surface with a larger value of the Q-criterion is presented in Figure 6.32 for
the (full-span) 360° LES configuration. The Q-criterion represents the difference between
the rotational and the strain effects. When increasing the value of the Q-criterion, only
the most intense vortices can be observed. For Qc2/U2

0 = 1000 in Figure 6.32, only the
turbulent structures in the tip gap and in the boundary layers on the blades, vanes and
in the interstage region can be identified. Furthermore, as the value of the iso-surface of
the Q-criterion is increased, the visible turbulent structures are characterized by larger
vorticity magnitudes.

6.5.2 Mean quantities

Figure 6.33 shows a comparison of the distributions of isentropic Mach number,Mis, from
the periodic sector LES and the 360° LES, along the rotor blade surface, for various span-
wise positions. Similar results are obtained between the two configurations at the radial
positions of 50% and 80% of the rotor span. The small recirculation bubble, observed by
a flat region close to the leading edge on the suction side at 80% of the rotor span, is
similarly captured for both configurations.

The spanwise position at 98% of the rotor span is much closer to the tip gap region
and is affected by the tip leakage flow, as it is pointed out in Chapter 5. For both
configurations, the pressure difference between the leading edge and 40% of the chord
length is similar. Some differences between the two configurations are observed between
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Figure 6.28: Iso-surface of Q-criterion (Qc2/U2 = 10) around of the rotor and the stator,
colored by the vorticity magnitude, for the (full-span) 360° LES configuration. View from
an observer upstream of the fan looking at the suction side of the rotor blades.
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Figure 6.29: Iso-surface of Q-criterion (Qc2/U2 = 10) around of the rotor and the stator,
colored by the vorticity magnitude, for the (full-span) 360° LES configuration. View from
an observer downstream of the OGV looking at the pressure side of the stator vanes.
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Figure 6.30: Iso-surface of Q-criterion (Qc2/U2 = 10), colored by the vorticity magnitude,
for the (full-span) 360° LES. View from an observer upstream of the fan (a) and the OGV
(b).

60% of the chord length and the trailing edge. For the periodic sector LES, a larger
pressure difference is observed in this region, compared to the 360° LES configuration.
This suggests a difference in the tip flow topology, but may also be due to an insufficient
statistical convergence of the 360° LES.

Figure 6.34 shows a comparison of the distributions of isentropic Mach number, Mis,
from the periodic sector LES and the 360° LES, along the stator vane surface, for various
spanwise positions. Similar results are obtained from both configurations, except at 98%
of the stator span close to the leading edge, where small differences can be noticed. A
small plateau of Mis is observed in the 360° LES, on the pressure side between 0.05c and
0.1c, probably associated to a small recirculation bubble. For the periodic sector LES, a
direct transition of the boundary layer at the leading edge is observed.

The radial distributions of the mean velocity components in the interstage, Vx, Vθ and
Vr, from the (full-span) sector and 360° LES configurations, are presented in Figure 6.35.
These time-averaged velocity profiles are also calculated from the circumferential average
of the velocity field at 0.5c downstream of the rotor trailing edge. The two configurations
present similar results for the velocity components all along the span. A slight difference
in Vr is observed from 60% to 90% of the rotor span.

The radial distributions of the RMS velocity fluctuations in the interstage, Vx,rms,
Vθ,rel,rms and Vr,rms, from the (full-span) sector and 360° LES configurations, are presented
in Figure 6.36. These RMS profiles are obtained from the circumferential average of
the RMS velocity fluctuations at 0.5c downstream of the rotor trailing edge. Significant
differences are observed between the two configurations. The periodic sector predicts
larger RMS velocity fluctuations, particularly from the hub to 85% of the rotor span.
Moreover, the increase of Vθ,rel,rms from 50% to 85% is more pronounced for the periodic
sector compared to the 360° configuration. In the blade tip region (from 85% to the
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Figure 6.31: Instantaneous contours of dilatation rate at 99% of the rotor span and iso-
surface of Q-criterion (Qc2/U2 = 10) around of the rotor and the stator, colored by the
vorticity magnitude, for the (full-span) 360° LES configuration. View from an observer
upstream of the fan looking at the suction side of the rotor blades.
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Figure 6.32: Iso-surface of Q-criterion (Qc2/U2 = 1000), colored by the vorticity magni-
tude, for the (full-span) 360° LES. View from an observer upstream of the fan (a) and the
OGV (b).

shroud), similar velocity fluctuations are observed for the two configurations.

6.5.3 Azimuthal coherence

One of the main limitations of a periodic sector computation consists in the perfect corre-
lation between the periodic sectors. However, the 360° LES configuration allows to obtain
a full description of the correlations in the azimuthal direction, since no artificial period-
icity is applied. Figure 6.38 presents the two-point coherence functions of the pressure
fluctuations between monitor points at different azimuthal positions γθ. The positions of
the monitor points are shown in Figure 6.37, on an axial cut at 0.5c downstream of the
rotor trailing edge.

Figure 6.38 (a) presents a comparison between the coherences from the periodic sector
and 360° LES, using the monitor points Ptθ1 and Ptθ2, which are within the same sector.
For the 360° results, the coherence is averaged over 16 azimuthal positions. At low and
mid frequencies, smaller coherence levels are obtained in the 360° LES configuration. This
results from the artificial correlation induced between the lateral planes by the periodic
condition in the sector LES, affecting the largest scales and lowest frequencies. At high
frequencies (above 10 kHz), the coherence does not reach zero due to the lack of the
computational time, particularly for the 360° LES.

Figure 6.38 (b) presents the coherences between the monitor points (in the rotating
frame) Ptθ1, Ptθ4, Ptθ5 and Ptθ6, shown in Figure 6.37. The monitor point Ptθ1 is
considered as a reference for the coherence, and the points Ptθ4, Ptθ5 and Ptθ6 are at
∆θ, 2∆θ and 3∆θ, respectively, from Ptθ1, where ∆θ = 2π/16 corresponds to the angular
extent of a sector.

The VPF and its harmonics are visible. Over a large frequency range, the coherence
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Figure 6.33: Comparison between the periodic sector LES and the 360° LES, for the
prediction of the average isentropic Mach number around the fan blade, at (a) 50%, (b)
80% and (c) 98% of the rotor span.
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Figure 6.34: Comparison between the periodic sector LES and the 360° LES, for the
prediction of the average isentropic Mach number around the stator vane, at (a) 50%, (b)
80% and (c) 98% of the stator span.
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Figure 6.35: Comparison between the periodic sector LES and the 360° LES of the radial
profiles of the velocity components in the interstage.
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Figure 6.36: Comparison between the periodic sector LES and the 360° LES of the radial
profiles of the RMS velocity fluctuations in the interstage.
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Figure 6.37: Contours of the axial component of the averaged velocity field in the in-
terstage region, obtained from the 360° LES configuration. The star symbols indicate
the monitor points used to compute the two-point coherences function in the azimuthal
direction.
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Figure 6.38: Coherence functions between two points at different azimuthal positions in
the interstage. (a) Comparison between results from the periodic sector and the 360° LES
configurations. (b) Comparison between different azimuthal distances, from the 360° LES
configuration.
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Figure 6.39: Comparison between the periodic sector LES and the 360° LES predictions
of the coherence function, between two points at different radial positions downstream of
the rotor.

decreases with the angular distance between the monitor points. At low frequency (below
1.5kHz), large coherence levels are obtained. The coherence quickly decreases with the
frequency and reaches about 0.2. This means that the mid and high frequencies are
not correlated. The coherence does not reach 0 at high frequencies due to the limited
computational time used to compute the coherence.

6.5.4 Radial coherence

The two-point coherence functions of the pressure fluctuations between monitor points
(in the stator domain) at different radial positions γR (PtR1, PtR2 and PtR3, at 20%,
40% and 60% of the stator span, respectively), from the (full-span) sector and the 360°
LES configurations, are compared in Figure 6.39 at one chord length downstream of the
rotor. The coherence from the 360° LES is obtained by averaging the pressure signal over
16 azimuthal positions. For both configurations, tones at the BPF and its harmonics
are observed. For the 360° LES configuration, smaller coherence levels are obtained,
compared to the periodic sector LES, particularly at low to mid frequencies. This can be
explained by the suppression of the artificial correlation induced by the periodic boundary
conditions in the azimuthal direction, and converted in the radial direction by the flow
structures.

6.5.5 Modal decomposition - Preliminary results

One of the main advantages of the (full-span) 360° LES, compared to the (full-span)
sector LES, is the ability to perform a complete azimuthal decomposition of the acoustic
field radiated by the fan stage. However, at the time of redaction of this thesis, only one
rotor rotation has been performed for the modal decomposition. Preliminary results are
shown here and the analysis will only be qualitative. Quantitative results are expected
subsequently to the thesis

The azimuthal modal contents at the intake and exhaust sections are presented in
Figure 6.40, at 95% of the rotor span. 200 azimuthal monitor points at one rotor chord
length upstream of the rotor and one stator chord length downstream of the stator are
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(a)

(b)

Figure 6.40: Azimuthal mode detection plots at the (a) intake and (b) exhaust sections.
The frequency is plotted against the azimuthal mode order m, and the modes are colored
by their amplitude. Preliminary results.
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Figure 6.41: A blade to blade schematic view of the fan/OGV stage illustrating the equiv-
alent dipoles of the rotor-stator interaction noise on the leading edge of the stator vanes.
The picture shows two rotor blades and four stator vanes. The direction of rotation is
represented by the Ω arrow. The direction of co- and counter-rotating modes propagating
upstream or downstream of the stage are also depicted.

used (the different monitor points are presented in Appendix E). The white solid line
corresponds to the theoretical cut-off frequency of each azimuthal mode of order m for
the first radial mode, j = 0, in an annular duct, as detailed in Chapter 1, and given by:

ωc = c0βKmj, (6.13)

where Kmj is the Eigenvalue of the duct mode (m,j) and β =
√

1−M2 is the compress-
ibility parameter. The white dashed lines correspond to the cut-off frequencies of the
radial modes of orders ranging from j = 1 to j = 6.

Over the whole range of azimuthal modes, large modal amplitudes can be observed
at the BPF and its harmonics. Moreover, The modal amplitudes are concentrated in the
mode-frequency cut-on triangle, as expected (inside the V-shape delimited by the solid
white lines). The cut-off modes are thus well attenuated, particularly at the exhaust
section.

At the intake section (Figure 6.40 (a)), the modal content is seen to be slightly dom-
inated by co-rotating modes (m > 0, which rotate in the same direction as the rotor).
This co-rotating mode distribution was also observed experimentally on a fan stage at
approach condition [194] and was related to the rotor-stator interaction noise source at
the stator leading edge. This can be explained by observing the direction of the dipolar
sources corresponding to the rotor-stator interaction noise, as shown in Figure 6.41. It
can be seen that the dipole main lobes of the rotor-stator interaction noise sources at the
leading edges of the stator vanes are aligned with the direction of the mode propagation.

Unlike the intake modal content, no clear trend towards the co-rotating or counter-
rotating modes can be observed at the exhaust section in Figure 6.40 (b). It can be noticed
that the slope of the actual V-shape containing the cut-on modes is slightly steeper than
the theoretical cut-on/cut-off boundary represented by the solid white lines. For some
azimuthal orders m, large amplitudes are visible at frequencies corresponding to the cut-
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Figure 6.42: PSD of the pressure fluctuations at 95% of the span estimated from the
periodic sector LES and the 360° LES at (a) the intake and (b) the exhaust sections.

off frequencies of the different radial modes (dashed lines in Figure 6.40). The azimuthal
modes under the first dashed curve correspond to the first radial mode j = 0. At about
2 kHz, the radial mode j = 1 switch on, where large amplitudes can be observed. This
behavior continues with more and more radial modes switching on.

A more quantitative analysis is expected subsequently, with a better convergence of
the modal decomposition.

6.5.6 Far-field noise predictions

Figure 6.42 presents a comparison of the power spectral density (PSD) of the pressure
fluctuations estimated from the (full-span) periodic sector LES and the 360° LES config-
urations using direct noise propagation in LES at 95% of span. At the intake section, the
PSD is computed in the rotating frame, whereas at the exhaust section it is computed
in the stationary frame. The PSD from the 360° LES are obtained by averaging over 16
azimuthal positions. Since the vane count is different between the two configurations (32
for the periodic case and 31 for the 360° configuration), the vane passing frequency (in
Figure 6.42 (a)) is lower for the 360° LES (3126 Hz) compared to the periodic sector LES
(3226 Hz). Lower PSD values are obtained from the (full-span) 360° LES, compared to
the (full-span) sector LES, over the whole frequency range at both the intake and the
exhaust sections. This noise reduction is related to (i) the reduced RMS velocity fluctu-
ations in the wake region (as seen in Figure 6.36), which would lead to lower amplitudes
of the rotor stator interaction noise, (ii) the reduced coherence levels within each sector
and between the different sectors (as shown in Figures 6.39 and 6.38) and (iii) the smaller
vane count (31 instead of 32). Further convergence of the (full-span) 360° LES will help
to discriminate between those effects.
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Comparison between the sector and 360° LES: effects of imposed peri-
odicity Summary

The (full-span) sector LES and the (full-span) 360° LES have been compared.

Instantaneous and mean quantities

• As for the periodic sector LES, the 360° LES shows a good transition of the
boundary layers all along the span of the blades and vanes. Downstream of
the transition, small turbulent structures are observed.

• The isentropic Mach number shows similar results between the two configu-
rations, except in the rotor blade-tip region, where a slightly smaller pressure
difference is obtained by the 360° LES, from 0.4c down to the trailing edge.

• Similar radial mean velocity distributions are observed from both configura-
tions.

• Smaller RMS velocity fluctuations are observed in the 360° LES.

Coherence

• Smaller azimuthal and radial coherence levels are observed in the 360° LES
at low and mid frequencies.

• The coherences do not vanish at high frequencies, probably due to the limited
computational time used to compute the coherences.

Modal content - Preliminary results

• The modal amplitudes are mostly located in the mode-frequency cut-on tri-
angle.

• At the intake section, the modal content is slightly dominated by co-rotating
modes.

• At the exhaust section, for some azimuthal orders m, large amplitudes are
visible at frequencies corresponding to the cut-off frequencies of the different
radial modes.

Far-field sound power level

• Lower PSD levels are obtained in the 360° LES, both upstream and down-
stream of the fan/OGV stage, compared to the periodic sector LES, over the
whole range of frequencies.
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6.6 Conclusions

In the present study, two broadband noise mechanisms in an UHBR fan/OGV stage
have been investigated at approach conditions, using high-fidelity LES and analytical
models. The mesh is carefully refined to meet both turbulent requirements, especially in
the boundary layers and wakes, and acoustic requirements, away from the walls, which
allow for a direct computation of the noise from the LES in the fan stage.

Several mean and turbulent flow quantities obtained from the LES have been compared
to a RANS simulation of the same configuration. The aerodynamic results show a good
agreement between both numerical approaches, except in highly turbulent regions such as
near the blade tip, the corner separation near the blade hub, and the recirculation bubble
region. The latter extends from 60% to 90% of the rotor span and is only observed in the
LES.

Sound power levels deduced directly from the LES are compared with LES-informed
analytical models. The input data for the models are obtained from the LES. Two an-
alytical models are used for the rotor-stator interaction noise: Hanson’s model [93] and
Posson’s model [209, 207]. Different approaches are used to estimate the turbulence length
scale upstream of the stator leading edge. Similar trends are obtained with the two ap-
proaches relying on the LES data: Jurdic’s model [114] and the autocorrelation function,
associated with Taylor’s frozen turbulence assumption [204, 114]. The turbulence veloc-
ity spectrum of the streamwise velocity component is also extracted from the LES and
compared to Liepmann’s model [205].

The analytical trailing-edge noise model used in this study is based on Amiet’s work [9,
223] and describes the scattering of pressure fluctuations from an incident boundary layer
at a sharp trailing edge. The main input parameters of this model are the wall pressure
spectrum and the spanwise correlation length. Each of these parameters is extracted from
the LES on the suction side of the rotor blades and stator vanes, close to the trailing edges,
and is fitted with empirical models from the literature, for which the input data are also
taken from the LES. The wall pressure spectrum is fitted with Rozenberg’s model [229],
which includes the effects of the Reynolds number and the adverse pressure gradient.
When the direct LES spectrum is compared to the spectrum predicted by Rozenberg’s
model at the rotor mid-span, a good match is found with slightly larger values for the
model at mid to high frequencies. The spanwise correlation length is fitted with the model
of Salze et al. [234] and the results from both the LES and Salze’s model are compared
at the rotor and stator mid-spans. On the rotor surface, a good agreement is obtained at
mid to high frequencies. On the stator surface, both the wall pressure spectrum and the
spanwise correlation length exhibit larger values in the LES compared to the empirical
models.

The predictions using the rotor-stator interaction noise and the trailing-edge noise
analytical models underestimate the total noise when compared to the LES results, over
the whole frequency range. This suggests the presence of additional noise sources in the
LES, such as the tip leakage noise and the corner separation noise, that are not reproduced
by these analytical models. To characterize the contribution of each mechanism in the
LES, the blade is split into two parts and the Ffowcs Williams and Hawkings (FWH) [276]
acoustic analogy is used over each part. The tip leakage noise is seen to particularly
dominate at mid to high frequencies (beyond 2 kHz), whereas the corner separation noise
contributes at low frequencies (below 2 kHz).

Finally, the influence of the periodic boundary conditions on the flow topology and
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noise emissions is investigated by comparing the (full-span) sector and 360° LES con-
figurations. The boundary-layer transition and mean velocity components show similar
results for both configurations. Some differences are found for the RMS velocity fluctu-
ations in the rotor wake region, with lower values in the 360° LES. The 360° LES also
predicts smaller coherence levels, particularly at low to mid frequencies. The well-refined
360° configuration allows us to analyze the acoustic modal content in the fan stage. Due
to the lack of sampling time for the modal decomposition, only preliminary results are
presented. At the inlet section, the modal content is slightly dominated by co-rotating
modes. At the exhaust section, high modal amplitudes are observed at frequencies where
additional radial modes become cut-on. The PSD of the pressure fluctuations are also
compared between the two configurations. The 360° configuration shows lower levels over
a large range of frequencies.

Note

A part of the results of this Chapter were presented at the 28th AIAA/CEAS Aeroa-
coustics Conference in 2022 [2].
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Conclusions

PhD thesis objectives

The main objective of this PhD thesis was the investigation of the dominant noise mech-
anisms of a modern aero-engine fan stage, at approach condition, using large-eddy simu-
lations (LES). The different noise mechanisms studied in this work are the following.

• Rotor-stator interaction noise. This noise mechanism is located at the stator leading
edge. It is generated by the interaction of the rotor wakes with the stator vanes.

• Trailing edge noise. This noise mechanism is generated by the diffraction of the
turbulent boundary layers at the trailing edges of the blades and vanes.

• Laminar separation noise. This noise mechanism is generated by the formation of
a recirculation bubble close to the leading edge of the rotor, at partial operating
conditions.

• Tip gap noise. This noise mechanism is generated by the interaction of the tip
vortices with the rotor blades.

Another objective was the definition of a set of generic guidelines and best-practices
for the numerical setup of LES in order to perform high-fidelity simulations that are able
to model both the turbulent flow and the acoustic propagation in a fan stage. These
guidelines rely on a parametric study that was conducted during the PhD.

PhD thesis methodology

This study was divided into 2 main steps that are presented below.

• The first step focused on a parametric study that included several LES numerical
parameters for a flat plate configuration and a comparison with analytical models.

• The second step used the optimal numerical setup that had been previously validated
to perform a number of LES on a fan/OGV stage. To this end, three configurations
of increasing complexity and computational cost were considered.

– The first configuration corresponds to a radial slice of a periodic sector of the
fan stage, which contains one fan blade and two OGVs.
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– The second configuration corresponds to a (full-span) periodic sector of the fan
stage.

– The third configuration corresponds to the (full-span) 360° configuration with
all the blades and vanes.

Noise prediction techniques

• LES-informed analytical models. The input data for the analytical models have
been extracted from the LES computations. This approach has been used for the
prediction of the rotor-stator interaction noise and the trailing edge noise.

• Hybrid numerical approaches. The computation of the aerodynamic sources and
the noise propagation step are decoupled. This approach is based on the coupling
of a LES with the acoustic analogy of Ffowcs Williams & Hawkings [277]. It has
been mainly used to separate the contributions of the different noise mechanisms in
the fan stage.

• Direct noise computation. LES has been used in the current study to compute both
the flow field and the noise propagation in the fan stage. This method requires a
specific numerical setup, particularly a well refined mesh and a sufficiently precise
numerical scheme. This leads to a relatively high computational cost. Since it relies
on less assumptions than the other noise prediction techniques used in this work,
this method is considered as the most accurate one. This approach has been used
for the prediction of the different noise mechanisms studied in this PhD thesis.

Main results of the parametric study

In this phase, the main noise mechanisms have been investigated separately: trailing edge
noise and turbulence interaction noise. The main results of the parametric study are
summarized in the following.

• Boundary layer’s transition.

– Mesh type. A prismatic mesh leads to a better boundary layer transition than
a tetrahedral one.

– Near wall refinement. For WM-LES, a value of y+ of 25 is seen to be appro-
priate.

– Trip properties. A trip height equal to 4 times the boundary layer displacement
thickness and located at 10% of the chord length shows appropriate transition
of the boundary layers.

• Spanwise correlation length. Periodic boundary conditions in the spanwise direction
and a spanwise extent of 10% of the chord length have shown appropriate results
when compared to empirical models.

• Noise propagation. In order to properly propagate the acoustic waves in the fan
stage, 13 cells per acoustic wavelength are required for the specific numerical setup
adopted in this study (particularly for the third-order numerical scheme TTGC).
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Based on the results of this study, a pre-dimensioning tool called LESCOTT has been
developed. LESCOTT allows the user to determine the mesh size in each region of interest
of the computational domain and provides a quick estimation of the computational time
of LES for fan/OGV stage applications.

Main results of fan/OGV stage LES

In this phase, the different noise mechanisms have been studied separately.

• The laminar separation noise was particularly investigated using the radial slice
sector LES configuration. High-frequency peaks in the noise spectra are associated
with the recirculation bubble. The effects of the mass flow rate and angle of attack
on the characteristics of the recirculation bubble and noise have been extensively
studied. As the mass flow rate decreases, the size of the bubble increases, the bubble
shifts towards downstream locations, and high levels of wall pressure fluctuations can
be found along the suction side of the blade. The frequencies of the tones from the
bubble decrease with the mass flow rate, and the amplitudes of the tones increase.
The noise radiated at these tones is associated to a vortex shedding mechanism.

The development of the boundary layer and the wake is influenced by the presence of
a recirculation bubble and its size. For a low mass flow rate and a large recirculation
bubble, both the boundary layer thickness on the suction side and the wake width
increase. Consequently, the trailing edge noise and the rotor-stator interaction noise
mechanisms are affected by the presence of a recirculation bubble.

• The tip gap noise was particularly investigated using the (full-span) sector configu-
ration. A complex flow is observed in the blade tip region with several tip vortices;
(i) a horse-shoe vortex (HSV) is present close to the leading edge of the blade, (ii) a
first tip leakage vortex (TLV1) is generated at about 25% of the chord length, (iii)
a tip separation vortex (TSV) and a second tip leakage vortex (TLV2), alongside
with an induced vortex (IV), are formed at approximately 70% of the chord length.
These vortices are characterized by reduced streamwise velocities but large values
of the velocity fluctuations, vorticity magnitude, and turbulent kinetic energy.

A significant noise source is observed in the tip gap region at the trailing edge,
associated with two main humps in the wall pressure spectra (WPS) in the blade tip
region. The first hump is related to the interaction of a part of the TLV1 generated
at one blade with the trailing edge of the adjacent blade, and the second hump to
the interaction of the tip vortices TLV2, TSV and IV generated at one blade with
the trailing edge of the same blade. The contribution of the tip gap noise to the
far-field noise is also seen in the frequency range of the two WPS humps.

• The rotor-stator interaction noise and the trailing edge noise mechanisms were par-
ticularly studied using the (full-span) sector LES configuration. Some comparisons
were also made with results from the (full-span) 360° LES. The unstructured grid is
well refined for direct noise propagation. The broadband noise from the (full-span)
sector LES configuration has been directly computed from the fully-compressible
LES solver and compared with predictions from available analytical models. The
input data for the analytical models, such as mean and turbulent flow statistics,
has been obtained from the LES computation. A good agreement is found for the
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predicted sound power levels between direct LES noise predictions and the LES-
informed analytical models. However, some discrepancies can be observed that
might be attributed to the additional noise sources that are present in the LES,
and not considered by the analytical models. The contributions from some noise
mechanisms have been evaluated using the Ffowcs Williams and Hawkings (FWH)
acoustic analogy [276]. The corner separation noise is seen to mostly contributes at
low frequencies, whereas the tip gap noise is revealed at mid and high frequencies.

In order to assess the impact of periodic boundary conditions on the flow field and
noise emissions, a comparison between aeroacoustic results from the (full-span) sec-
tor and 360° LES configurations was finally presented. Furthermore, the azimuthal
modal contents upstream of the rotor and downstream of the stator, which can
only be estimated using the 360° configuration, were qualitatively analyzed using
preliminary results.

Perspectives
The present study has shown the capability of several approaches to investigate noise
mechanisms in a fan stage of future generation. It also made it possible to highlight
some of the limitations of the adopted methods and identify some further analyses to be
conducted in future works.

Prediction tools

• Broadband noise prediction using LES-informed analytical models. A way to in-
crease the reliability of this approach is to use less stringent assumptions. Some of
the possible improvements are listed in the following.

– The classic infinite flat plate assumption could be replaced by a formulation
that takes into account the camber and the thickness of the blades and vanes.

– The free-field and in-duct propagation techniques only consider a mean axial
flow while a swirled flow would be more realistic in the inter-stage region.

– The in-duct propagation technique also considers an infinite duct of constant
section, whereas a duct with a slowly varying cross-section would be more
appropriate.

– Accounting for the rotor shielding effect and the multiple reflections between
the rotor and the stator could also enhance the model accuracy.

The computational costs and the complexity induced by adding these features in
the models must however be balanced with the gain of accuracy they induce so that
this approach remains affordable and fast.

• Hybrid numerical approach. In the present study, the Ffowcs Williams & Hawk-
ings (FWH) acoustic analogy [276] was used. Some improvements of the adopted
approach are listed in the following.

– The acoustic propagation is computed using the free-field Green’s function.
The FWH’s acoustic analogy can be generalized to Green’s functions taking
into account an annular duct geometry.

246



Conclusion

– The noise is propagated in a uniform flow, which may induce some errors in
the case of highly swirled flows. A swirled flow could thus be considered in the
Green’s function instead of a uniform flow.

– Only the blade surface is used for the computation of the noise sources. This
approach is only valid for low Mach number flows. An improvement of this
method relies on the use of a porous closed surface, which encloses all the
acoustic sources. This extends the original FWH analogy to permeable control
surfaces and allows to account for quadrupole sources.

Physical results

• Separation noise. The effects of a separation bubble on the fan noise emissions were
studied in details upstream of the rotor blades using the radial-slice LES configura-
tion. Some further analyses can be performed.

– Some tones are also identified in the acoustic spectra downstream of the stator.
The stator vanes may have important effects on the noise propagation. It is
important to properly relate these tones to the noise emissions due to the
recirculation bubble and to identify the influence of the stator.

– The comparisons between WM- and WR-LES are limited to aerodynamic re-
sults. It may be interesting to investigate the influence of the WM on the noise
signature of the recirculation bubble.

– A WR-LES on the (full-span) sector configuration may be performed at a flow
rate for which a large recirculation bubble is expected, with a significant noise
signature. This would allow to study the contribution of the separation noise
in a fan stage in presence of other more classical fan noise sources, such as tip
gap noise and corner separation noise.

• Tip gap noise. The tip leakage flow topology and the tip gap noise have been studied
in details using the (full-span) periodic sector LES configuration. A complex and
highly turbulent flow is observed. The noise from each blade is partly generated
by the interactions of the tip vortices from adjacent blades with the trailing edge
of the blade. It may be interesting to study the influence of the periodic boundary
conditions on the tip gap noise and particularly on the noise generated by these
interactions, by comparing the results from the (full-span) periodic sector and 360°
LES configurations.

• Impact of the periodic boundary conditions.

– A more detailed comparison of both (i) the turbulent variables, such as the
turbulence length scales in the rotor wakes and downstream of the stator, and
(ii) the contributions of the different noise mechanisms, between the (full-span)
sector and 360° LES configurations could be performed.

– Once the unsteady recordings from the (full-span) 360° LES are sufficient, the
modal content upstream of the rotor and downstream of the stator could be
quantitatively analyzed.
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Appendix A
The basis of Amiet’s theory for flat plates

Introduction

This section presents the basis of Amiet’s leading edge model for a single flat plate
configuration. This model is used in Chapter 3.
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A.1 The basis of Amiet’s theory
In Amiet’s model, the airfoil is assimilated to a flat plate with zero thickness, incidence and
camber. Let’s consider a chord length of c = 2b, and a span of 2d placed in a turbulent flow
with a mean velocity magnitude U . The x axis is in the streamwise/chordwise direction,
aligned with U , y is the crosswise direction and z the spanwise direction. The origin of the
coordinates system is at the center of the airfoil. The turbulence upstream of the plate is
assumed to be frozen and represented in terms of its spectral wavenumber components,
kx and kz, as illustrated in Figure A.1. Only the normal component of the velocity
fluctuations, v′, contributes to the radiated noise generated when the flow interacts with
the plate. This component, which is called the gust, can be written as,

v′(x, z, t) =

∫ +∞

−∞

∫ +∞

−∞

ˆ̂
v′(kx, kz)e

i(kxx+kzz−ωt)dkxdkz (A.1)

where ω is the angular frequency given by ω = kxU (due to the frozen turbulence assump-

tion) and ˆ̂
v′ is the spatial double Fourier transform of v′. Using this spectral description
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z

Figure A.1: Schematic view of a single skewed gust sweeping over an airfoil.

of the incident velocity fluctuations, the instantaneous response of the flat plate can be
evaluated. The instantaneous pressure jump can be written as,

∆p′(x, z, t) = 2πρ∞U

∫ +∞

−∞

∫ +∞

−∞

ˆ̂
v′(kx, kz)g(x, kx, kz)e

i(kxUt−kzz)dkxdkz (A.2)

where g(x, kx, kz) is the transfer function between the impacting gust and the airfoil
pressure jump. This function can be obtained by iteratively solving scattering problems
at the airfoil edges [190]. The main leading edge scattering is obtained by assuming that
the airfoil extends toward infinity in the downstream direction. It is then corrected by
a trailing edge back-scattering contribution, to account for the finite chord length of the
plate. The system of partial differential equations that arise at each iteration in this
multiple scattering problem is solved using Schwarzschild’s solution [220]. As a result,
the transfer function g is obtained as the sum of the two contributions, the diffraction at
the leading-edge g1 and the correction at the trailing-edge g2 , with g = g1 + g2.

The acoustic response of the airfoil subject to incoming turbulence involves the radia-
tion of spanwise and chordwise distributed dipoles on the airfoil surface. Let us consider
the coordinates of the observer defined as x = (x, y, z) and the local coordinates on the
airfoil surface defined as x0 = (x0, y0, z0). The local system of coordinates is located at
the center of the airfoil, with y0 = 0 as the airfoil surface is infinitively thin and aligned
on the (x, z) plane. The sound radiation of a single dipole placed on the airfoil for a
particular angular frequency ω (and wavenumber k = ω/c0, c0 being the speed of sound)
is given by [48],

p(x, v;x0) =
ikxt.F̂ (x0, v)

4πσ2
s

e−ikσt(1 +
1

ikσs
) (A.3)

where σs =
√

(x− x0)2 + β2((z − z0)2 + y2), β =
√

1−M2,M = U/c0 the Mack number,
xt = (((x − x0) −Mσs)/β

2; y; z − z0) the position of the receiver, taking into account
convection effects, σt = (σs − M(x − x0))/β2 the propagation distance and F̂ is the
force vector in the Fourier domain, corresponding to the dipole strength. Note that the
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factor 1/(ikσs corresponds to the acoustical near-field contribution, which only becomes
significant when the distance from the receiver is of the order of magnitude of the acoustic
wavelength. This term is neglected in the far-field Amiet’s formulation. Then, the power
spectral density of the radiated noise from the plate in the far-field will be given by,

Spp = (
kyρ∞c

2σ2
s

)2ULπ

2

∫ +∞

−∞
[
sin2(L/2(kz

σs
− ky))

πL/2(kY
σs
− ky)2

]L(x, kx, kz)
2Φvv(kx, kz)dkz (A.4)

where L(x, kx, kz) is the total aeroacoustic transfer function calculated using the transfer
function g(x, kx, kz) and Φvv(kx, kz) is the turbulence spectrum of the normal velocity
fluctuations. By making the assumption of an infinite span, one can obtain,

[
sin2(L/2(kz

σs
− kz))

πL/2(kz
σs
− kz)2

] = δ(
kz

σs
− kz) (A.5)

The integral will thus be removed. The power spectral density will finally be given (for
an observer situated in the span medium plan z = 0) by,

Spp = (
kyρ∞c

2σ2
s

)2ULπ

2
L(x, kx, 0)2Φww(kx, 0) (A.6)

The same procedure is carried out for Amiet’s trailing edge model [7]. Instead of
considering a vortical velocity field impinging on the leading edge as an input gust, an
incident aerodynamic wall pressure field is convected over the trailing edge. The dis-
turbance pressure then acts as equivalent acoustic sources and the far-field pressure are
calculated by means of a radiation integral. All the details of the derivation of this model
can be found in [223].

A.2 Effects of the plate’s thickness

The effects of the plate’s thickness on the noise prediction by a turbulence interaction
model based on the Amiet’s theory have been addressed by many authors in the litera-
ture [190, 169, 185]. It is shown that the model over-predicts the emitted noise for thick
airfoils. This over-prediction increases with the incoming velocity magnitude decrease and
is more pronounced at high frequencies. Indeed, high frequencies are excited by statis-
tically larger turbulent eddies when the mean flow speed increases, whereas the integral
length scale of the incoming turbulence remains nearly constant with the flow speed.
The thickness effects are expected to occur for eddies of the same order or smaller than
the leading edge thickness. Consequently, the noise reduction due to thickness effects is
delayed to higher frequencies when the flow speed increases.

By considering the difference between Amiet’s theory for thin airfoils and the sound
far-field measurements for various airfoil thicknesses in the same flow taken by different
authors [190, 169, 185], a linear reduction can be noticed up to a certain reduced frequency,
fζ/U ≈ 100, where ζ =

(Λ/e)ref
(Λ/e)

, the index ‘ref’ standing for the NACA 0012 airfoil
in Paterson and Amiet’s [190] experiment taken as reference. The reduction ∆dB is
proportional to the relative thickness and inversely proportional to Λt/e (which is the
ratio between the integral length scale Λt and the thickness e) and the flow speed U , with
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the assumption of flow similarity. ∆dB can be given by [169]

∆dB ≈
(e/c)

(e/c)ref

f

U

(Λt/e)ref
(Λt/e)

(A.7)

In order to reduce the thickness effects in the LES computation in Chapter 3, the flow
speed and the plate’s thickness are taken in a way to delay the effects of the thickness to
frequencies not captured by the considered mesh.
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Appendix B
LESCOTT pre-dimensioning tool

Introduction

LESCOTT stands for "Large Eddy Simulations COnfiguration Tool for Turboma-
chinery". LESCOTT is a pre-dimensioning tool for the LES setup in turbomachin-
ery applications. It is based on the results of the parametric study performed in
Chapter 2. LESCOTT allows the user to:

• determine the mesh size in each region of interest of the computational domain
(boundary layers, wakes, tip gap region, acoustic propagation regions) based
on both turbulent and acoustic criteria, for a given numerical scheme and
mesh topology (including dissipation and dispersion properties).

• obtain a quick estimation of the computational time of LES for fan/OGV
stage applications.

This section presents the assumptions and the general methodology used in LE-
SCOTT. An application on the ECL5 fan/OGV stage is also shown to predict the
mesh size and the computational cost of the (full-span) periodic sector LES and the
(full-span) 360° LES configurations.

Contents
C.1 Performance parameters . . . . . . . . . . . . . . . . . . . . . . 265

C.2 Radial distributions . . . . . . . . . . . . . . . . . . . . . . . . . 265

B.1 Assumptions
In order to obtain a quick estimation tool for the mesh size and the computation cost of
the LES, several assumptions are considered.

• The rotor blades and stator vanes are assimilated to symmetric flat plates.

• Turbulence is considered homogeneous and isotropic.

• The turbulence intensity is considered as a percentage of the mean velocity magni-
tude of the flow in each region of the domain.
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• The integral length scale is considered of the order of an interblade distance.

B.2 Input parameters
The input parameters for LESCOTT, that are related to the rotor blades and stator vanes
and their domains, are listed as follows,

• Flow properties.

– Mach number and temperature of the flow.

– Turbulent intensity in the tip region and in the wakes as a percentage of the
freestream velocity magnitude.

• Geometric properties.

– Chord and span length.

– Interblade distance.

– Position of the rotor and stator cascades.

– Blade tip size.

– Blade’s and vane’s count.

– Domain length and radii of hub and the shroud.

• Mesh properties.

– Desired mean values of the dimensionless wall distances, x+, y+ and z+.

– Number of prismatic layers.

– Stretching ratio.

• Cut-off frequencies

– Desired cut-off frequency of the acoustic spectra.

– A multiplicative constant of the Taylor’s micro-scale.

Some global input parameters are also prescribed:

• Performance of the cluster, defined as the number of iterations per hour per one
calculating processor for a given mesh of 106 cells.

• Numerical scheme: LW [197] or TTGC [43].

• CFL number.

• Cluster: Newton, Occigen or Irene.

• Total number of rotations of the fan.

• Speed of rotation RPM.

• Periodicity angle (360° for a full stage).
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Figure B.1: Near wall mesh structure.

Table B.1: Wall mesh requirements for LES [266, 199, 3].

Parameter WR-LES WM-LES
dx+ 50-150 100-600
dy+ 1 20-30
dz+ 10-40 100-300

nb. layers 16-24 8-12
stretching ratio 1.03-1.06 1.1-1.15

B.3 Mesh generation
The computational domain is composed of different regions, presented below.

• Near wall region. The mesh size in this region is determined by the non-dimensional
wall normal distances in the boundary layers of the rotor blades, the stator vanes,
the hub and the shroud.

• Region away from the walls. This region is also composed of three parts, upstream of
the rotor, in the interstage region between the rotor and the stator and downstream
of the stator. In each region, the mesh should properly propagate the acoustic waves
and correctly describe the turbulent wakes.

• Transition region between the near wall mesh and the volume mesh away from the
walls.

• Rotor tip region.

B.3.1 Near wall mesh refinement

For a given cell count near the walls, Chapter 3 shows that prismatic cells give a higher
accuracy in the prediction of the boundary layer characteristics than tetrahedral cells, in
terms of velocity profiles and wall pressure fluctuating spectra. Consequently, prismatic
cells are used on the walls of the rotor blades, the stotor vanes, the hub and the shroud.

Let NBL be the near wall mesh count. NBL can be estimated as the sum of the
surface cells on the walls NS and the prismatic cells in the vicinity of the walls NP . NS

is determined using the axial and spanwise dimensionless wall distances (x+ and z+) and
NP using the normal wall distance (y+). Using the CentaurSoft to generate the mesh, the
axial and spanwise wall distances should be equal (∆x = ∆z). The values that should
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prescribed for x+ = z+ and y+ depend on the type of the LES computation, whether it is
a Wall-Resolved (WR) LES or a Wall-Modeled (WM) LES and are recalled in Table B.1.
For WM-LES, the accuracy of these values is assessed in Chapter 3. Using these values,
the wall normal distances on the walls can be given as,

∆y =
y+ν

uτ
, (B.1)

where ν is the kinematic viscosity and uτ is the friction velocity, given as,

uτ =

√
τ

ρ
, (B.2)

where ρ is the density of the fluid and τ is the shear stress, given as,

τ = 0.5ρU2
0Cf , (B.3)

where U0 is the mean velocity magnitude of the free-stream flow and Cf is the friction
coefficient. Cf is estimated using the law of Michel cited in [17, 45]. The laws of Michel
are derived from a 1/7th power law velocity profile (see Schlichting [243]) with coefficients
tuned to better match experimental data. Cf is then given as,

Cf = 0.0368Re
1
6
c , (B.4)

where Rec is the chord based Reynolds number.
The normal distance of the prismatic cells progressively increases in the y-direction

(Figure B.1 (b)) with a typical stretching ratio given in Table B.1 for WR- and WM-LES.
The number of prismatic layers in the y-direction (Nprism) is then chosen in a way to
ensure that the boundary layers are contained in the prismatic region. Typical values are
given in Table B.1 for WM- and WR-LES.

∆x and ∆z can then be obtained as,

∆x = ∆z = ∆y
x+

y+
. (B.5)

The number of points on the surfaces can then be estimated by,

NS = NS,Sh +NS,H +NS,B +NS,V , (B.6)

where
NS,Sh = LSh ∗ 2πRSh/d

2
x,Sh

is the number of cells on the surface of the shroud,

NS,H = LSh ∗ 2πRH/d
2
x,H

is the number of cells on the surface of the hub,

NS,B = 2 ∗ cB ∗ SpB/d2
x,B ∗NB

and
NS,V = 2 ∗ cV ∗ SpV /d2

x,V ∗NV
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are the number of cells on the surfaces of the blades and the vanes. L and R are the
length and the radius of the shroud (subscript Sh) and the hub (subscript H). c, Sp and
N are the chord length, the span and the blade or vane count, and the subscripts B and
V refer to Blade and Vane, respectively. The factor 2 in NS,B and NS,V accounts for the
two sides of the blades and the vanes.

The number of prismatic cells can then be deduced by,

NP = NS ∗Nprism. (B.7)

B.3.2 Mesh refinement away from the walls

The mesh refinement away from the walls is based on both turbulent and acoustic criteria.

• Turbulent criterion. The LES subgrid scale models, presented in Chapter 1, are
developed to properly operate in the inertial zone of the Kolmogorov energetic cas-
cade. This means that the mesh size should ensure a cut-off frequency of the LES
that lies within the inertial region of the turbulent spectrum. This region is usually
characterized by the Taylor micro-scale λTa. The quality of the simulation directly
depends on the cell size with respect to λTa.

The Taylor micro-scale can be estimated using the turbulent integral scale λt as,

λTa = λtRe
−0.5
t (B.8)

where Ret is given as,

Ret =
TIλt
ν

(B.9)

where TI is the turbulent intensity. λt is taken equal to the interblade spacing and
TI equal to 5% of the freestream velocity magnitude.

The mesh size required for this criterion can then be given as,

∆xturb =
AλTa

CShannonNλ,turb

(B.10)

where A is a constant, CShannon is the Shannon coefficient and Nλ,turb accounts
for the dissipation and dispersion properties of the numerical scheme. For Lax-
Wandroff [197] second order numerical scheme, Nλ,turb is taken equal to 26 and for
TTGC [43] third order numerical scheme Nλ,turb is taken equal to 15. According
to Chapter 2, a value of A = 30 is adopted. This means that the mesh size is
limited to 30 times the Taylor micro-scale λTa to reduce the computational cost
while providing a sufficiently good resolution for the turbulent structures. CShannon

is taken equal to 2 in order to ensure that the Shannon’s criterion is respected.

• Acoustic criterion. In order to properly propagate the acoustic waves over a certain
distance in the fan stage, the mesh size should be correctly refined in the regions of
interest.

The acoustic propagation also depends on the numerical scheme, the mesh type and
the artificial viscosity rate. In Chapter 3 a parametric study is performed using the
TTGC [43] third order numerical scheme and for a given numerical setup and mesh
type to identify the required mesh refinement. It is shown that Nλac = 13 points
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Figure B.2: Mesh structure in the blade tip.

per acoustic wavelength are required to accurately capture acoustic waves over a
distance of 8c from the leading edge of the plate, and up to a frequency of 20 kHz.
This corresponds to a distance of 47 acoustic wavelengths.

The acoustic wavelength λc also depends on the direction of propagation of the
acoustic wave. The mesh size required for this criterion is then different whether
upstream (∆xac,up) or downstream (∆xac,dw) propagating waves are considered and
can be given as,

∆xac,up =
c0(1−M)

CShannonNλacftarget

, ∆xac,up =
c0

CShannonNλacftarget

(B.11)

where c0 is the speed of sound, M is a characteristic Mach number of flow in the
region of interest and ftarget is the desired cut-off frequency of the acoustic waves due
to the mesh size. CShannon is taken equal to 2 in order to ensure that the Shannon’s
criterion is respected.

Tetrahedral elements are used in the regions away from the wall. Equilateral tetrahe-
dral cells are considered and the volume of tetrahedron Vtetra can be given as,

Vtetra =

√
12

3
L3

tetra, (B.12)

where Ltetra is the length of a side of the triangle. Ltetra is taken as the minimum between
∆xturb and ∆xac.

The number of elements in a region of volume Vregion is determined by,

Ntetra =
Vregion

Vtetra

. (B.13)
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Table B.2: Performance of different clusters given in number of iterations per hour for a
mesh of 106 cells.

Cluster LW TTGC
Newton 580 230
Occigen 585 235
Irene 600 250

B.3.3 Mesh refinement in the blade tip

In turbimachiney applications, the blade tip exhibits a highly turbulent complex flow. The
mesh in this region should be sufficiently refined to properly resolve the small turbulent
structures that may appear. As shown in Figure B.2, the mesh in this region is formed
of two prismatic and one tetrahedral regions. The mesh size in the prismatic regions
is determined by the near wall mesh refinement method described in Section B.3.1 and
the tetrahedral region by the mesh refinement away from the wall method described in
Section B.3.2.

In the blade tip region, the friction coefficient in Eq.B.3 is multiplied by 1.5 (as seen
in Chapter 5) and the turbulent intensity is taken as 20% of the freestream velocity
magnitude.

B.4 Computational cost

A quick estimation of the computational cost for LES in complex turbomachiney appli-
cations is an important task in the pre-processing step. The computational cost cost
depends on the total number of cells in the computational domain Ntot, the total number
of iterations to reach statistical and mean convergence Nite, and the performance of the
cluster perfo,

cost = Ntot ·Nite · perfo (B.14)

Ntot is the sum of the mesh cells on the surfaces on the blades, vanes, shroud and hub,
and away from the walls, as determined in Section B.3.

Nite is determined in a way to reach a certain number of rotations of the fan nrot,

Nite =
60 · nrot

RPM ·∆t

(B.15)

where ∆t is the time step of the LES computation that is determined by the acoustic time
and can be estimated using the CFL criterion as follows,

CFL =
|U0 + c0|max∆t

∆xmin

= 0.7. (B.16)

The performance of the cluster is an approximation of the mean efficiency of the
cluster for one million mesh cells (in other terms, perfo is the number of iterations per
hour per one calculating processor for a given mesh of 106 cells). For a given mesh type
using TurboAVBP, the performance mainly depends on the cluster used and the numerical
scheme. It is given in Table B.2 for two numerical schemes (LW [197] and TTGC [43])
and three clusters (Newton, Occigen and Irene).

259



Chapter B. LESCOTT pre-dimensioning tool

Table B.3: Geometric parameters of the ECL5 configuration.

Parameter Rotor Stator
Mean chord

[mm] 92 70

span [mm] 177.8 138
Mean interblade
distance [mm] 64.8 38.2

Tip size [mm] 1.5 0.0
Blade/vane

count 16 31

B.5 Application on the ECL5 fan stage
LESCOTT is used to determine the mesh size in each region of the computational domain
and to estimate the computational cost of the (full-span) periodic sector LES and the
(full-span) 360° LES configurations.

The input parameters and the output estimations are given in Tables B.3 and B.4.
The optimal number of processors mainly depends on the mesh size. For TurboAVBP
and for the specific mesh type, a ratio of 106 can be used between the total number of
cells in the mesh and the optimal number of processors. The ratio between the required
number of processors and the number of processors per node (28 for Occigen and 128 for
Irene) should be an integer.
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Table B.4: Input and output parameters.

Parameter (full-span)
sector LES

(full-span)
360° LES

Flow
parameters

Mach number 0.3 0.3
Temperature [K] 300 300

TI in the wakes [%] 5 5
TI in the tip [%] 15 15

Mesh
parameters

x+ 100 100
y+ 25 25
z+ 100 100

Number of prismatic layers 12 12
Stretching ratio 1.1 1.1

Cut-off
frequencies

Constant A 30 30
Acoustic cut-off frequency

[kHz] 20 20

Global
parameters

Performance 235 250
Numerical scheme TTGC TTGC

CFL 0.7 0.7
Cluster Occigen Irene

Number of rotation 10 10
Rotation speed [RPM] 6050 6050

Periodicity [°] 360 22.5
Vane count 32 31

Output
estimations

Ntot [106] 90 1400
∆t [s] 2.5 · 108 2.5 · 108

Nite [106] 3.2 3.2
cost [106] CPUh 1.2 20

Number of processors 1036 15360
Real time [months] 5.5 6.5
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Appendix C
Assessment of the impact of the OGV
rescaling

Introduction

For the radial slice and (full-span) periodic sector LES configurations, the original
16 blades and 31 vanes configuration of the ECL5 fan stage is modified to 32 vanes
in order to be able to simulate one rotor blade and 2 stator vanes configuration
and use periodic boundary conditions. This yields a significant reduction of the
computational cost with respect to a full-stage LES.
This section is dedicated to the assessment of the impact of the OGV rescaling
on the performance parameters and some radial distributions in the fan stage by
comparing between 31 and 32 vanes configurations using RANS computations.

Contents
D.1 Estimation methods . . . . . . . . . . . . . . . . . . . . . . . . . 267

D.1.1 Velocity gradient based method . . . . . . . . . . . . . . . . . . 267

D.1.2 Stock-Haase method . . . . . . . . . . . . . . . . . . . . . . . . 268

D.1.3 Method based on the relative difference between the isentropic
velocity and the velocity magnitude . . . . . . . . . . . . . . . 268

D.1.4 Method based the on relative difference between the isentropic
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Table C.1: Fan-OGV stage pressure ratio obtained from the RANS simulations at ap-
proach condition.

Pressure ratio Isentropic
efficiency [%]

Original 1.082 85.8
Rescaled 1.082 85.9
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Figure C.1: Comparison between the original (16-31) and the modified (16-32) config-
urations of the radial distributions of averaged (a) absolute streamwise velocity u, (b)
relative flow angle β and (c) relative total pressure Pt,rel, for ṁ = 19 kg/s, over an axial
cut at one mid-span rotor chord length upstream of the rotor blades.
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Figure C.2: Comparison between the original (16-31) and the modified (16-32) config-
urations of the radial distributions of averaged (a) absolute streamwise velocity u, (b)
relative flow angle β and (c) relative total pressure Pt,rel, for ṁ = 19 kg/s, over an axial
cut at 0.5 mid-span rotor chord length downstream of the rotor blades.

264



C.1. Performance parameters

50 60 70 80 90 100 110

0

20

40

60

80

100

RANS 16-32

RANS 16-31

25 26 27 28 29 30 31

0

20

40

60

80

100

0.95 1 1.05 1.1 1.15

105

0

20

40

60

80

100

(a) (b) (c)

Figure C.3: Comparison between the original (16-31) and the modified (16-32) config-
urations of the radial distributions of averaged (a) absolute streamwise velocity u, (b)
absolute flow angle α and (c) absolute total pressure Pt, for ṁ = 19 kg/s, over an axial
cut at one mid-span stator chord length downstream of the stator vanes.

C.1 Performance parameters
For both the rescaled and the original configurations, the mass flow rate is prescribed at
the outlet section. The fan/OGV stage pressure ratio and isentropic efficiency at approach
condition (at 55Nn) for the original and rescaled configurations are presented in Table C.1.
A relatively small mass flow rate (ṁ = 19 kg/s) is used for this comparison, where the
highest discrepancies are expected to occur. As it can be noticed, the OGV rescaling has
a negligible impact on the performance parameters.

C.2 Radial distributions
A comparison between the original configuration (16-31) and the modified one (16-32)
for the radial distributions of the streamwise velocity, relative and absolute flow angles,
and total pressure is presented in Figures C.1, C.2 and C.3 at a number of axial planes
upstream of the rotor, between the rotor and the stator, and downstream of the stator,
respectively. An averaging is performed in the azimuthal direction. A good agreement
can be found for the different parameters, with slight discrepancies mainly downstream
of the stator vanes.
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Appendix D
Boundary layer thickness

Introduction

The prediction of the boundary layer thicknesses is seen to be an important step
for the study of the effects of the recirculation bubble on the flow topology in the
fan stage in Chapter 4 and for the modeling of the trailing edge noise using Amiet’s
trailing edge model [7] in Chapters 3 and 6.
Several techniques are available to predict the boundary layer thicknesses. This
section presents the most relevant ones, with the emphasis on those used in this
work.

D.1 Estimation methods

For external flows over airfoils, the boundary layer thickness can be determined using
techniques that start in the inviscid and undisturbed flow, and progressively approach the
viscous layer based on a suitable criterion. Such methods are limited for turbomachinery
applications since even the flow outside of the boundary layers is usually significantly
disturbed and can exhibit velocity profile inversions. Consequently, several estimation
processes of the boundary layer thickness based on criteria starting from the wall have
been developed. The following sections present the most relevant ones.

The flow variables of interest are interpolated on the wall normal lines originating from
each point of the considered surface. The different methods presented in the following are
applied to estimate the boundary layer thickness and to obtain a mean thickness value
that corresponds to an averaged value of the different estimates.

D.1.1 Velocity gradient based method

Boundary layers can be limited to the region where the flow encounters strong variation
in the streamwise velocity component close to the walls. The streamwise velocity remains
almost constant far from the walls. The boundary layer thickness can thus be estimated
using methods based on the variations of the velocity profile in the direction normal to the
walls. A profile point N is considered as the edge of the boundary layer if the following
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relation is fulfilled.

|
[

du

dy

]
N

| < α, |
[

du

dy

]
N

−
[

du

dy

]
N−1

| < β (D.1)

where u is the streamwise velocity component, y is the wall normal direction, N and
N − 1 are consecutive profile points, N − 1 being closer to the wall, and α and β are
user-defined constants. For the boundary layer estimations in the present work, α = 0.01
and β = 0.0001.

D.1.2 Stock-Haase method

To estimate the boundary layer thickness, Stock and Haase [256] defined a diagnostic
function F defined as,

F = ya
[
∂u

∂y

]b
, (D.2)

where a and b are constants.
The boundary layer thickness δ can be given as,

δ = ε1ymax, (D.3)

where ε1 is a constant and ymax is the wall distance for which F = Fmax. The constants,
a, b and ε1 are evaluated by Colas [42] for a turbulent boundary layer and can be given
as,

a = b = 1, ε1 = 1.936. (D.4)

D.1.3 Method based on the relative difference between the isen-
tropic velocity and the velocity magnitude

The velocity magnitude is computed as,

U =
√
V 2
x + V 2

y + V 2
z , (D.5)

where Vx, Vy and Vz are the velocity components in the three directions x, y and z.
The isentropic velocity is the velocity that would be obtained without any losses in

the flow, including those induced by the frictions on the walls and can be computed as,

Vi = U0

√
2

(γ − 1)M2
0

· (1− (0.5
2(P − P0)

ρ0U2
0

γM2
0 + 1)(γ−1)/γ) + 1 (D.6)

where P is the static pressure, P0, ρ0 and M0 are the freestream pressure, density and
Mach number, respectively.

The edge of the boundary layer is then defined as the first point from the wall that
satisfies the following relation,

|U − Vi|
U

< εVi , εVi = 2.510−3 (D.7)
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D.1.4 Method based the on relative difference between the isen-
tropic Mach number and the actual Mach number

The isentropic Mach numberMis corresponds to the Mach number that would be observed
without any losses in the flow, including those induced by the frictions on the walls, and
is defined as follows,

Mis =

√√√√((P0

P

) γ−1
γ

− 1

)
2

γ − 1
(D.8)

The edge of the boundary layer should verify the following relation,

|Mis −M |
Mis

< εMis
, εMis

= 0.01. (D.9)

D.2 Boundary layer thicknesses
Several boundary layer thicknesses can be computed.

• The displacement thickness δ1 is the wall normal distance representing the lower
edge of a hypothetical inviscid fluid of uniform velocity U0 that has the same flow
rate as occurs in the real fluid with the boundary layer. δ1 is defined as,

δ1 =

∫ δ

0

(1− ρU

ρ0U0

)dn. (D.10)

• The momentum thickness δ2 is the wall normal distance representing the lower edge
of a hypothetical inviscid fluid of uniform velocity U0 that has the same momentum
flow rate as occurs in the real fluid with the boundary layer. δ2 is defined as,

δ2 =

∫ δ

0

ρU

ρ0U0

(1− U

U0

)dn, (D.11)

where n is the wall normal distance to the suction side surface of the blade, and ρ and U
are the density and the velocity magnitude in the boundary layer, respectively.

A shape factor H12 = δ1/δ2 can also be defined, which allows to easily differentiate
laminar and turbulent flow.
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Appendix E
Unsteady monitor points

Introduction

The location of the different monitor points used for the unsteady recordings in the
LES configurations are presented in this section.

Monitor points location

The monitor points are located in specific regions of the domain. Figures E.1 and E.2
show some of these points, representative of each region in the (full-span) 360° and the
the (full-span) sector configurations. For all the figures, the monitor points are presented
by pink bullets. All the monitor points are placed in the refined regions of the mesh. The
different regions where the monitor points are placed are the following.

• Upstream of the rotor and downstream of the stator. Several monitor points are
located upstream of the rotor and downstream of the stator. At the axial positions
(x1 and x2) where the monitor points are presented in Figure E.1, 20 radial points
and 200 azimuthal points at each radial position are used (only 8 azimuthal positions
are presented). From the inlet section up to position x1, the radii of the spinner
and the hub remain constant, and from position x2 down to the outlet section, the
radii of the hub and the shroud remain constant.

These monitor points are used to compute the sound power levels upstream of
the rotor and downstream of the stator, respectively, and to perform a radial and
azimuthal modal decomposition by projecting the pressure signal on the analytical
duct modes described in Chapter 1.

• Rotor blades and stator vanes. Several monitor points are located on both sides of
the rotor blades and stator vanes. On each blade and vane, 20 spanwise positions
and 10 axial points at each spanwise position are used (only two spanwise positions
on the suction side of the rotor and the pressure side of the stator are presented in
Figure E.2, respectively).

These monitor points are used to evaluate the state of the boundary layers on the
rotor blades and the stator vanes by computing the wall pressure spectra and the
turbulence correlation lengths. These parameters obtained at the trailing edge are
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Rotor blades

Inlet

(a)

Stator vanes

Outlet

(b)

Figure E.1: Location of some monitor points in the (full-span) 360° configuration of the
ECL5 fan/OGV stage. (a) Rotor domain. (b) Stator domain.
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Figure E.2: Location of some monitor points in a periodic sector of the computational
domain of the ECL5 fan/OGV stage. (a) Rotor domain. (b) Stator domain.
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the main input data for Amiet’s trailing edge model [9]. These monitor points also
allow to characterize the frequency content of the recirculation bubble at 80% of the
rotor span, the tip leakage flow and the corner separation close to the hub.

• Blade tip. A complex flow topology, know as a double leakage flow, is observed in
the blade tip region in Chapter 5. The trajectory of the different tip vortices is not
predictable before preforming the computation. Thus, several monitor points are
located in the tip region. Some of these points are represented in Figure E.3 (a).

These monitor points are used to evaluate the state of the flow in the blade tip
region by computing the wall pressure spectra at the blade tip surface for different
axial positions and the coherence between several points in this region. This helps
to identify the frequency content of the different vortices in the blade tip region and
to clarify the dominant noise source mechanisms.

• wakes regions. Several monitor points are located in the rotor and stator wakes
regions. In the rotor’s wake region, 20 axial points are located for 3 azimuthal and
two spanwise locations, as shown in Figure E.3 (b). In the stator’s wake region, 10
axial points for 3 azimuthal and two spanwise locations. A radial distribution of
monitor points is also placed directly downstream of the rotor blades and upstream
of the stator vanes.

These monitor points allow to characterize the state of the wakes by computing the
velocity fluctuating spectra and the turbulence correlation lengths. Upstream of
the stator, these two parameters are the most important inputs for Amiet’s leading
edge model [8].
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Figure E.3: Location of some monitor points in a periodic sector of the computational
domain of the ECL5 fan/OGV stage. (a) Blade tip region. (b) Rotor and stator wake
regions.
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