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Figure 1: Instantaneous pressure fluctuation field (color levels) for a harmonic point source located
at (x, y) = (0, −7.5δ) and radiating through a layer of turbulence (black lines) convected by a
uniform mean flow in the x-direction at M = 0.176.

Context
Computational aero-acoustic (CAA) aims to simulate sound propagation and generation by unsteady flows. It finds numerous real-world applications, particularly in the transport industries
(aircraft noise, high-speed trains) and the energy industry (wind turbine noise). This project aims
to develop efficient computational methods to predict the propagation of sound in unsteady flows.
For this purpose the Discontinuous Galerkin Method (DGM) will be used and validated. It is a
fast, high-order numerical scheme for aero-acoustics, strongly scalable for parallel calculations.
The target application for these simulations will be to predict the spectral broadening caused
by the interaction between sound and turbulence. When acoustic waves propagate through a
layer of turbulence, a scattering phenomenon occurs which leads to a spatial redistribution of the
acoustic energy, as depicted in figure 1. If the turbulence is evolving in time, due to convection
and/or time decorrelation, a spectral redistribution of the acoustic energy is also observed. This
latter phenomenon is referred to as spectral broadening or haystacking. It has been observed
experimentally in the 1970’s by Candel et al. [1, 2] and more recently within the framework of a
European research collaboration [3,4]. A schematic of one of the configurations studied, illustrating
spectral broadening, is presented in figure 2 (left). For a harmonic source radiating through a
turbulent shear layer, the effects of spectral broadening on the spectra of the sound pressure
levels result in a reduced amplitude of the peak at the source frequency and in the appearance of
broadband sidebands surrounding this peak (see figure 2, right). In some instances, depending on
the parameters of the source and the turbulent flow, the peak at the source frequency may even
completely disappear within a single broadband hump.

Figure 2: Schematic of the spectral broadening of a harmonic acoustic source by a jet shear layer
(left), and an example of sound pressure levels measured by Candel et al. [1] (right).
The understanding of acoustic scattering, and of spectral broadening in particular, is of interest for the prediction of the noise radiated by turbofan engines as well as for the analysis of
experimental data from open-jet wind tunnels (see figure 3). When experiments are performed
in an open jet wind tunnel, the model under study is placed in the core of the jet while acoustic
measurements are done in the far-field, outside of the jet. Modelling the effects of the scattering
occurring during the propagation through the turbulent shear layer will lead to a better analysis
of the noise sources of the model.
This is particularly important for the use of acoustic arrays and source localisation techniques
since the presence of the jet shear layer between the array and the noise sources strongly affects the
effective spectrum and directivity of the sound field. The final aim for this project will be to assess
the impact of spectral broadening on source localisation techniques, in particular acoustic arrays.
The sound scattering by the turbulence introduces a change in the directivity and the spectrum,
as well as a loss of coherence for the different microphones that form the array. All these effects
will modify the effective noise sources identified by a localisation method. Ultimately the objective
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Figure 3: Scattering of turbofan tonal components (left), and in an open jet wind tunnel (right).
will be to investigate ways to reverse these effects and recover the true source location.
Aside from experimental studies, theoretical models of spectral broadening have been developed
[5–8]. These models often rely on a number of assumptions regarding the acoustic source, the
turbulent flow or the scattering process itself (single scattering, weak scattering...) to deduce
expressions of the sound radiated in the far field. The use of numerical methods can remove these
restrictions and can also provide a lot of information in the space and time domains to allow
a detailed investigation of the physical mechanisms responsible for the scattering and spectral
broadening. To date, only a limited number of numerical work have been carried out [9–14] on
this topic. These studies have shown the capabilities of numerical methods to observe spectral
broadening as well as the benefits of pursuing their development further.
This PhD work will be carried out within the Laboratoire de Mécanique des Fluides et d’Acoustique (LMFA) at École Centrale de Lyon (ECL). It will be supervised by members of the Acoustics
Group at LMFA in collaboration with members of the Laboratoire d’Acoustique de l’Université
du Mans (LAUM). This thesis will be linked to the CALM-AA project which is aiming to improve
the performance of source localisation methods for aero-acoustics applications. This thesis will be
funded by a CIFRE PhD scholarship supported by Siemens.

Objectives and Methodology
The objectives of this PhD are
• Develop and validate a DGM model for sound propagation in unsteady flows.
• Investigate the mechanisms of acoustic scattering and spectral broadening by turbulent flows
in order to improve their understanding and prediction.
• Study the impact of spectral broadening on source localisation techniques.
The work will mainly involve the use of numerical methods dedicated to acoustic propagation.
Two methods of interest have been identified:
• The full or linearised Euler equations describing the acoustic propagation. This method is
more costly computationally, but provides the complete acoustic field at every point of the
mesh at every time step. For this, we will use the high-order, time-domain code developed by
Siemens for the linearized Euler equation and based on the discontinuous Galerkin method.
• The ray tracing method, allowing to follow the evolution of wavefronts propagating through
an inhomogeneous medium. This method has a relatively low computational cost but is
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constrained by a high frequency approximation and provides a limited amount of information
on the acoustic field.
The turbulent flows under consideration for the study of scattering will either be synthesised
using a stochastic method, or come from an existing database of numerical simulations of free jets.
The stochastic method allows to generate turbulent velocity fields with prescribed statistical properties, thus allowing to perform an analysis of the effects of different parameters of the turbulence.
Siemens is currently developing an implementation of the RPM method to synthesise turbulent
fields and this tool will be used for this project and interfaced with the DGM code. The numerical
database provides a set of three-dimensional realistic jet flows under various nozzle exit conditions.
A significant part of the work will also be dedicated to the analysis of the data gathered from
the numerical simulations. The student will have to review and select the appropriate signal
processing and acoustic imaging techniques to investigate the scattering and spectral broadening
phenomena. The aim is to study the effective sources of sound ‘seen’ by a source localisation
technique behind a jet shear layer.

Profile
The candidate should hold a Master’s degree, or equivalent, related to acoustics and/or fluid
mechanics. The proposed work involves the use and development of numerical methods, thus
technical skills in computational programming and numerical simulation for acoustics or fluid
mechanics are expected from the applicant. A marked interest for modelling, applied mathematics
and physical analysis will be an asset, as well as good writing and presenting abilities.

Contacts
• Vincent Clair (vincent.clair@ec-lyon.fr) is assistant professor at École Centrale de Lyon
and a member of the acoustics group within the Laboratoire de Mécanique des Fluides
et d’Acoustique.
• Gwénaël Gabard (gwenael.gabard@univ-lemans.fr) is a senior researcher at the Laboratoire
d’Acoustique de l’Université du Mans.
• Philippe Barabinot (philippe.barabinot@siemens.com) is Research Manager at Siemens Digital Industries Software.
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