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Leading-edge or trailing-edge serrations have been used with some success as a noise-reduction technique applied to xed airfoils in wind-tunnels. More recently, this method has also been used on axial fans. This thesis extends the application of serrations to a plenum fan.

Using previous results from airfoils, several prototypes of impellers with trailing-edge or leadingedge serrations on the blades were designed and manufactured. Experimental results for the impellers with leading-edge serrations showed a pressure drop for most of the operating points with respect to the baseline unserrated conguration, with a pressure increase for the highest values of owrate. Serrations yielded a noise reduction at mid frequencies but increased the noise at high frequencies. Overall, a slight increase for most of the operating points and geometries has been observed. Trailing-edge serrations have reduced noise for most operating points. The broadband reduction has been measured over the whole spectrum, with no noise increase at high frequencies. Furthermore, the suppression of a nearlytonal high-frequency peak has also been reported at low owrate.

An analytical model to predict the noise of the baseline unserrated impeller has also been developed.

It is based on Amiet's model and accounts for sources on the trailing edge and the leading edge of the blades, as well as the edges of the front and back plates. The results of the prediction show that trailing-edge noise dominates over leading-edge noise. Furthermore, the edges of the impeller plates or the fan support do not contribute to the fan noise. The comparison of the analytical prediction with experimental results shows a reasonably good prediction, with a tendency to underpredict the results.

There are several possible reasons behind this. First, other noise sources apart from trailing-edge and leading-edge noise could be present. Furthermore, the use of analytical and empirical models to predict the input data for the acoustic model also adds uncertainty to the prediction.

Résumé

Des dentelures au bord d'attaque ou au bord de fuite ont été utilisées avec un certain succès comme méthode de réduction de bruit sur des prols aérodynamiques. Plus récemment, cette technique a aussi été utilisée pour des ventilateurs hélicoïdes. Cette thèse étend l'application des dentelures sur un ventilateur centrifuge á roue libre.

Des résultats précédents sur des prols ont servi á concevoir et fabriquer plusieurs prototypes avec dentelures au bord d'attaque ou au bord de fuite des pales. Des résultats expérimentaux pour les roues avec dentelures au bord d'attaque montrent à débit donné une chute de pression pour la plupart des points de fonctionnement en comparaison du ventilateur de base sans dentelures, et inversement une augmentation de la pression aux grands débits. Les dentelures entrainent une réduction du bruit aux moyennes fréquences, mais une augmentation du bruit en haute fréquence. Sur le niveau de bruit global, ceci se traduit par une légère augmentation du bruit pour la plupart des géométries et points de fonctionnement. Les dentelures au bord de fuite réduisent le bruit pour la plupart des points de fonctionnement. Cette réduction se produit sur tout le spectre, sans augmentation du bruit à haute fréquence. De plus, on a constaté également la suppression d'un bruit quasi-tonal de très forte amplitude à haute fréquence et petit débit.

Un modèle analytique de prévision du bruit du ventilateur de base, sans dentelures, a aussi été développé. Celui-ci est basé sur le modèle d'Amiet, en prenant en compte les bruits de bord d'attaque et de bord de fuite des pales, mais aussi le bruit de l'extrémité des asques. Les résultats montrent que le bruit de bord de fuite est dominant par rapport au bruit de bord d'attaque. En outre, les asques In recent years, leading-edge or trailing-edge serrations have been used with some success as a noise reduction method applied to xed airfoils in wind-tunnels [START_REF] Narayanan | Airfoil noise reductions through leading edge serrations[END_REF][START_REF] Moreau | On the noise reduction mechanism of a at plate serrated trailing edge at low-to-moderate Reynolds number[END_REF]. More recently, this technique has also been used on axial fans [START_REF] Zenger | Experimental Investigation of Sound Reduction by Leading Edge Serrations in Axial Fans[END_REF][START_REF] Biedermann | On the Transfer of Leading Edge Serrations from Isolated Aerofoil to Ducted Low-Pressure Fan Application[END_REF]. There are even some commercial axial fans manufactured with serrations on the blade leading edge or the trailing edge [START_REF]FE2owlet[END_REF]. However, their eects are not yet well understood and for this reason not fully eective. Furthermore, there is a lack of research on leadingedge and trailing-edge serrations applied to centrifugal fans. This thesis aims at investigating and assessing the eectiveness of trailing-edge and leading-edge serrations on a plenum fan (i.e. centrifugal fan without volute), both from an air performance and an acoustic point of view.

The work has been carried out at CETIAT (Centre Technique des Industries Aérauliques et Thermiques), which is an industrial R&D and technology transfer center based in Villeurbanne (France).

Part of its activity is funded by HVAC manufacturers. One of these industrial members, Ziehl-Abegg, contributed to the study with the selection of the fan (see a rendering in Figure 1). The research has been developed under demanding industrial constraints, for both the experimental and the numerical approaches. Firstly, a full-size commercial fan has been used throughout the study. Secondly, experiments were performed in an industrial test rig, where ow measurement techniques typically present in wind tunnels (such as hot wire anemometry or laser Doppler velocimetry) were not available. Thirdly, simulations were cost-eective (RANS) and representative of the average resources available in industry. Fourthly, analytical models were used to predict the fan noise, which can be run on a desktop computer. The study is believed representative of the applicative eorts and strategies that can be developed in the context of technical centers, intermediate between advanced methodologies of research laboratories and industrial approaches. 

Summary of noise sources of a fan

A fan is a turbomachine which provides an air owrate at some pressure rise, required to overcome the pressure losses of the circuit where it is installed. Regarding the aerodynamic noise sources of fans, these can be classied on dierent components after the classic works of Lighthill [START_REF] Lighthill | On sound generated aerodynamically I. General theory[END_REF][START_REF] Lighthill | On sound generated aerodynamically II. Turbulence as a source of sound[END_REF] and Ffowcs Williams and Hawkings [START_REF] Williams | Sound generation by turbulence and surfaces in arbitrary motion[END_REF]:

Monopoles: directly linked to the movement of the surfaces. The noise with this origin is usually referred to as thickness noise because it originates from the volume of uid displaced during the motion of the surfaces.

Dipoles: originated by the interaction of solid surfaces with the ow. Mainly attributed to aerodynamic force uctuations, it is also referred to as loading noise.

Quadrupoles: due to the ow in the outer region of the surfaces, it characterizes the ow self-turbulence. For jet ows, it can also be referred to as shear noise.

Depending on the Mach number at which the fan is operating, some of the aforementioned sources will become dominant over others. For low-speed fans, as the focus of the current thesis, the quadrupole term becomes negligible. Furthermore, the monopole term is shown to be less ecient than the dipole, specially for thin blades. Therefore, only the dipole component is typically considered for low-speed fan applications.

A complementary classication of the noise sources accounts for their impact on the noise spectrum [START_REF] Guédel | Les ventilateurs: Bruit et techniques de réduction[END_REF]:

Tonal noise: non-uniformity of the average velocity eld at the inlet and across the fan. Note that the distortion can come from downstream.

interaction of the outlet ow of the impeller with nearby obstacles (e.g. volute cut-o of centrifugal fans).

Narrowband noise:

TollmienSchlichting instability waves (it happens when the blade boundary layer is laminar) vortex shedding noise (on blunt trailing edge). 

Tools

In the present works, serrated prototypes are designed by modifying the blade geometry of the baseline impeller with carved serrations. This has been done with the CAD software Autodesk Inventor [START_REF][END_REF]. The prototypes have been manufactured by the company Ziehl-Abegg SE. Then, they have been tested at CETIAT in a double reverberant room, which allows measuring the air performance and the sound power levels simultaneously. RANS simulations have been performed with the commercial software STAR-CCM+ [102]. These simulations have given an insight into the ow features inside the baseline impeller and have also allowed to obtain the input data of an analytical model of fan noise prediction. The analytical model has been implemented with the commercial software MATLAB [72].

Structure of the thesis

This thesis has four chapters.

Chapter 1 shows a comprehensive literature review of the use of serrations as a noise-reduction technique. Results from the bibliography have been used to design several impeller prototypes with leading-edge or trailing-edge serrations. This chapter also shows experimental results for both the baseline and the serrated impellers.

Chapter 2 develops an analytical model to predict the noise of the baseline impeller. It is based on Amiet's model and accounts for sources on the blade trailing edge and leading edge, as well as the edge of the front and back plates. The required geometrical transformations to account for the rotation and the geometry of the fan are also detailed. The input data of the analytical model are obtained from dierent analytical and empirical models using CFD results.

Chapter 3 shows the results of CFD RANS simulations of the baseline fan. This has three objectives.

First, they are used to describe and analyse the ow through the impeller and around the fan assembly.

Second, some results are used to design the geometry of the serrations presented in Chapter 2. And third, ow parameters are extracted to be used as input data of the analytical model described in Chapter 3.

Chapter 4 discusses the noise prediction of the analytical model of Chapter 4. A study is performed to assess the convergence of the model based on several numerical parameters. The results allow assessing the contribution of each part of the blade, as well as the hierarchy of the noise sources.

Finally, the prediction is compared with the experimental results of Chapter 2.

Author's contributions

Regarding the experimental tests described in Chapter 2, several technicians from CETIAT ensured their set up and execution. The author of the thesis carried out the post-treatment of the data and their subsequent analysis. The author also designed the fan prototypes modied with serrations, which were manufactured by the company Ziehl-Abegg SE in Künzelsau (Germany).

The works described in Chapter 2 were started during the secondment in École Centrale de Lyon. 

Publications

The content of this thesis has been partially published at the international conferences mentioned below. The author's contribution to the publications involves the design of the prototypes, the monitoring of the tests, the analysis of the experimental results, the post-processing of the CFD simulations, the implementation of the analytical models, and the drafting. Some results of the thesis are a work in progress and will be submitted to a journal in the near future.

Conference papers

Zurbano-Fernández, I., Guédel Experimental study of serrations on a plenum fan

The objective of this chapter is to show the design and present test results on impeller prototypes with leading-edge and trailing-edge serrations. Before that, the baseline fan without modications has been extensively tested in order to determine its aerodynamic and acoustic performance.

RANS simulations on a non-serrated baseline impeller, described in Chapter 3, have been performed

to dene an assumed optimum geometry of leading-edge serrations to reduce the noise, in view of the predicted turbulent areas. This geometry has been used as a reference to manufacture three impeller prototypes with various geometries of sinusoidal leading-edge serrations, dened by their amplitude and wavelength. Three impellers with trailing-edge serrations were also designed, based on design criteria for xed airfoils. These three latter impellers had an iron-shaped geometry, deemed to be better than the more prevalent sawtooth or sinusoidal shapes.

All seven impellers (the baseline and the six prototypes) have been tested in a reverberant room, where noise and air performances were measured simultaneously. For each impeller, six fan operating points were tested, and for each point, the sound levels in narrowband and one-third octave band were measured at the fan inlet and outlet, for two rotating speeds (three for the baseline conguration). This allowed assessing the eectiveness of serrations at dierent operating points while checking their impact on the performance curve and fan eciency. The results were then compared with the reference fan without serrations. In order to combine aerodynamic and acoustic eects, specic noise levels, dened later in this document, have been used.

Bibliographical review

Among the noise reduction techniques studied in recent years, serrations have gained widespread attention. Inspired by the special wing characteristics which enable the silent ight of the owl [START_REF] Graham | The silent ight of owls[END_REF],

serrations are a geometry which can be inserted in both trailing and leading edges of an airfoil. In the simplest form their shape is sinusoidal or sawtooth, but more complex shapes have also been studied.

As shown in Figure 1.1, the two main parameters that dene them are the root-to-tip amplitude 2h

and the spanwise wavelength λ. Besides, the angle ϕ can also be considered. This angle is constant for sawtooth cuts but variable for other shapes. Serrations can be carved on the edge of the airfoil, inserted as a at add-on and even combined with porous materials, either as brushes or add-ons which ll the serration gap. A comprehensive bibliographic review is presented in [START_REF] Wang | Bio-inspired aerodynamic noise control: A bibliographic review[END_REF].

1.1.1 Leading-edge serrations

Eects on acoustics

Inspired by the ippers of humpback whales, leading-edge serrations have been shown to improve hydrodynamic performance, especially at high angles of attack. Since [START_REF] Hersh | Investigation of acoustic eects of leading-edge serrations on airfoils[END_REF], where it was justied by vortices breaking the periodic structure of the wake, the noise reduction eect has also been studied. Recent experimental works have shown an eect on the generation and control of turbulence interaction noise over a wide range of frequencies [START_REF] Hansen | Reduction of ow induced airfoil tonal noise using leading edge sinusoidal modications[END_REF][START_REF] Narayanan | Airfoil noise reductions through leading edge serrations[END_REF]. Lyu et al. [START_REF] Lyu | Noise Prediction for Serrated Leading-edges[END_REF] attributed the noise reduction to destructive interference of the scattered surface pressure induced by the serrations.

For example, Narayanan et al. [START_REF] Narayanan | Airfoil noise reductions through leading edge serrations[END_REF] showed that using sinusoidal leading-edge serrations for a at plate and NACA-65 type airfoil leads to signicant noise reduction between lower and upper frequency limits. It was also shown that the sound power level reduction is more sensitive to the serration amplitude and less sensitive to the serration wavelength. In a more recent study, Chaitanya et al. [START_REF] Chaitanya | Leading edge serration geometries for signicantly enhanced leading edge noise reductions[END_REF] pointed out that the use of complex leading-edge serrations, with double wavelength, chopped-peak, slitted-root and slitted-V, can produce larger noise reductions than single wavelength serrations. Slits can be manufactured as a long and narrow shape carved into the edge of the airfoil, or as a solid strip of material added to the valleys of a sawtooth or sinusoidal serration (see 1.2 for the latter).

Clair et al. [START_REF] Clair | Experimental and Numerical Investigation of Turbulence-Airfoil Noise Reduction Using Wavy Edges[END_REF] achieved a noise reduction of 3 dB beyond 1 kHz with serrations on a NACA 65 airfoil. This value is reduced with increased ow speed or angle of attack. It was proposed that half the serration wavelength λ/2 should equal the spanwise correlation length of the incoming turbulence and that the amplitude 2h should be as big as possible without hindering the aerodynamics.

CFD simulations performed by Kim et al. [START_REF] Kim | On the reduction of aerofoil-turbulence interaction noise associated with wavy leading edges[END_REF] showed that surface pressure uctuations along the leading edge exhibit a cuto eect due to the oblique edge, and that some phaseinterference eect between the peaks and valleys of the serrations is one of the reasons behind noise reduction. Destructive interference of scattered surface pressure induced by serrations was also observed by Narayanan et al. [START_REF] Narayanan | Airfoil noise reductions through leading edge serrations[END_REF]. CFD simulations by Lau et al. [START_REF] Lau | The eect of wavy leading edges on aerofoilgust interaction noise[END_REF] evidenced a signicant noise reduction when the condition 2h/λ gust was respected, where λ gust is the streamwise wavelength of the incoming turbulence gust.

Chaitanya et al. [START_REF] Chaitanya | Broadband noise reduction through leading edge serrations on realistic aerofoils[END_REF] also shown the existence of an optimum serration angle at low frequency, Θ O = tan -1 (2h/L t ), function of the turbulence integral length scale L t . Chaitanya et al. [START_REF] Chaitanya | Performance and mechanism of sinusoidal leading edge serrations for the reduction of turbulence-aerofoil interaction noise[END_REF] Bampanis and Roger [START_REF] Bampanis | Three-dimensional eects in the reduction of turbulence-impingement noise of aerofoils by wavy leading edges[END_REF] achieved a maximum reduction of 11 dB at 4300-4500 Hz with sinusoidal leading edge on a at-plate airfoil with the same leading edge cross-section design as a NACA-0003.

Measurements o the midspan plane showed that noise reduction can be larger at 75 • at lower frequencies.

Eects on aerodynamics

The aerodynamic eect of leading-edge serrations has also been analysed. It has been observed by dierent authors [START_REF] Fish | The tubercles on humpback whales' ippers: Application of bio-inspired technology[END_REF][START_REF] Zhang | Aerodynamic Control of Low-Reynolds-Number Airfoil with Leading-Edge Protuberances[END_REF] that stall can be delayed by the generation of streamwise vortices, attributed to enhanced momentum transfer. This results in a signicant reduction of ow separation and therefore improvement in aerodynamics within the wide range of post-stalls. Corsini et al. [START_REF] Corsini | On the Role of Leading-Edge Bumps in the Control of Stall Onset in Axial Fan Blades[END_REF] identied that the main aerodynamic mechanism was the formation of a low-pressure core on the blade-suction surface at the trough of each tooth. Skillen et al. [START_REF] Skillen | Flow over a Wing with Leading-Edge Undulations[END_REF] showed that serrations generate strong spanwise pressure gradients, which results in the formation of secondary ows (additional streamwise ow along serration edge). Rostamzadeh et al. [START_REF] Rostamzadeh | The eect of undulating leading-edge modications on NACA 0021 airfoil characteristics[END_REF] observed a better post-stall behaviour on airfoils with serrations showing the highest amplitude and smallest wavelength. Van Nierop et al. [START_REF] Van Nierop | How bumps on whale ippers delay stall: An aerodynamic model[END_REF] pointed out that the wavelength of the sinusoidal shape has a second order eect on lift and drag, whereas the amplitude directly aects lift, drag and stall angle.

Application to fans

Zenger et al. [START_REF] Zenger | Experimental Investigation of Sound Reduction by Leading Edge Serrations in Axial Fans[END_REF] added sinusoidal serrations to the leading edge of the blades of an axial fan. The results showed a reduction in low-frequency broadband components (implying a reduction on unsteady forces), as well as in tonal components.

Biedermann et al. [START_REF] Biedermann | On the Transfer of Leading Edge Serrations from Isolated Aerofoil to Ducted Low-Pressure Fan Application[END_REF], again with leading-edge serrations, achieved a maximum noise reduction of 13 dB for a certain geometry (but the noise was increased by up to 3 dB at other operating points).

It was observed that the noise reduction increases with bigger values of the serration wavelength and amplitude. An interesting parameter is the ratio λ/2h: high values yield the best noise reduction performance but it rapidly degrades when going away from the BEP; low values of the ratio generate more stable noise reductions at various operating points. Double-amplitude serrations were also assessed in the same study, but they only showed small results on air performance and no impact on noise reduction, when compared with simple serrations.

Cardillo et al. [START_REF] Cardillo | The use of serrated leading edge for inow conditioning in centrifugal fan[END_REF] simulated a centrifugal fan without volute with leading-edge serrations, for purely aerodynamic reasons. The numerical results showed an improvement of the air performance for the serrated impeller. This was attributed to the decrease of the losses at the inow and to a more even distribution of velocity at the outlet. Howe attributed the noise attenuation to the reduction in the spanwise correlation associated with sound radiation. Theoretically, it is shown that the noise reduction is more eective for sawtooth serrations. Indeed, near the tips and valleys of sinusoidal serrations, the edge is quasi-perpendicular to the ow, and therefore it concentrates the edge noise sources.

Since then, experiments have conrmed qualitatively parts of Howe's theory, but the measured results have never fully reached the predictions; a noise increase at some frequencies can even be observed. As part of the STENO project, Dassen et al. [START_REF] Dassen | Results of a wind tunnel study on the reduction of airfoil self-noise by the application of serrated blade trailing edges[END_REF] reported reductions of up to 5-10 dB on at plates and airfoils, but only results for certain frequencies were presented (1-6 kHz). To prevent increased noise at high frequencies, it was found to be critical to align the plane of the serrations with the trailing-edge ow. The applications of the same serrations to wind turbines, by Braunn et al [START_REF] Braun | Serrated trailing edge noise (STENO)[END_REF],

only yielded partial results, with a maximum noise reduction of 3.5 dB and noise increase at higher frequencies. A similar trend was observed by [START_REF] Oerlemans | Reduction of Wind Turbine Noise Using Optimized Airfoils and Trailing-Edge Serrations[END_REF], with noise reduction up to 5 dB under 1 kHz, but a noise increase beyond this threshold.

Herr [START_REF] Herr | Experimental Study on Noise Reduction through Trailing Edge Brushes[END_REF] added serrations as brush attachments to the trailing edge of a at plate. This achieved to suppress the vortex shedding noise from the baseline plate, with the greatest reduction being measured for the thickest brush. A noise increase was also observed, following a U 5 power law (U being the ow velocity). Furthermore, the noise appeared to be almost non-dependant of the plate length (the boundary layer thickness does not represent a scaling parameter) and U . Similar tests were performed on a NACA 65 airfoil by Finez et al. [START_REF] Finez | Broadband noise reduction with trailing edge brushes[END_REF], where the noise reduction was attributed to the porous bers, which disorganize the turbulent structures before they radiate sound.

Gruber et al. [START_REF] Gruber | Airfoil trailing edge noise reduction by the introduction of sawtooth and slitted trailing edge geometries[END_REF] applied sawtooth and slitted serrations on a NACA 65 airfoil. Measurements showed a negligible impact on lift and a maximum noise reduction of 5 dB (sawtooth) and 3 dB (slitted). However, for the airfoil with slits, a noise increase of 3 dB over 700 Hz has been observed.

Howe's model was also extended to slitted trailing edges. Nevertheless, the results contradict some of Howe's predictions: the optimal noise reduction geometry (smallest 2h) does not match the theory and a noise increase is detected at high frequencies for slits (after a critical frequency that seems to be linked to a Strouhal number based on the boundary layer thickness of around 1.18). Other noise generation mechanisms apart from the scattering process should be involved. Avallone et al. [START_REF] Avallone | Noise reduction mechanisms of sawtooth and combed-sawtooth trailingedge serrations[END_REF] attributed the dierence between Howe's prediction and experimental results to the dierent decay rate of the spanwise correlation length with respect to a straight trailing edge.

Gruber et al. [START_REF] Gruber | An experimental investigation of novel trailing edge geometries on airfoil trailing edge noise reduction[END_REF] performed a parametric study with dierent serration geometries on the trailing edge of a NACA 65 airfoil, aimed at increasing ow permeability. Firstly, rectangular slits achieved noise reduction when their amplitude was greater than the boundary layer thickness; best results were obtained with smaller distance between slits. Secondly, sawtooth serrations with holes exhibited a poor noise reduction and a noise increase at high frequencies; a ne tuning would be required. Thirdly, slitted sawtooth serrations work better than simple sawtooth serrations (especially at high frequencies); the longer the slits, the better. Fourthly, slits with a random geometry showed results independent of the angle of attack and good results at high frequencies.

Moreau et al. [START_REF] Moreau | On the noise reduction mechanism of a at plate serrated trailing edge at low-to-moderate Reynolds number[END_REF] inserted a serrated add-on on the trailing edge of a at plate. Some of the results disagree with Howe's predictions, because larger serration angles appear to be more eective.

The vortex shedding noise was also diminished at high frequencies, and it was proposed that the noise reduction capability of the serrations is related to their inuence on hydrodynamic eld at source location. Chong et al. [START_REF] Chong | Self-Noise Produced by an Airfoil with Nonat Plate Trailing-Edge Serrations[END_REF] directly cut serrations in the airfoil, achieving reductions of up to 30 dB in laminar regime and 6.5 dB with a turbulent ow (but generating vortex shedding noise at high frequencies). The spectacular reduction of the laminar regime is due to the extinction of the feedback loop on laminar instabilities. Catalano et al. [START_REF] Catalano | Airfoil self noise reduction by application of dierent types of trailing edge serrations[END_REF] compared three dierent serration shapes: triangular, trapezoidal and wishbone. Reductions of up to 10 dB were achieved below 5000 Hz (being the wishbone the most ecient), with a noise increase on higher frequencies.

Other shapes have also been investigated. Arce León et al. [START_REF] Leon | PIV Investigation of the Flow Past Solid and Slitted Sawtooth Serrated Trailing Edges[END_REF] cut streamwise slits sawtooth serrations on an airfoil, but they are less eective than simple sawtooth serrations at reducing noise.

This contradicts the results from [START_REF] Gruber | An experimental investigation of novel trailing edge geometries on airfoil trailing edge noise reduction[END_REF], but in the latter study serrations were added in the form of a supplementary at plate instead of being carved into the airfoil. Hasheminejad et al [START_REF] Hasheminejad | Airfoil Self-Noise Reduction Using Fractal-Serrated Trailing Edge[END_REF] added a fractal pattern to sawtooth serrations on a NACA 12 airfoil. This suppressed the vortex shedding noise generated by some simple sawtooth serrations. Lyu et al. [START_REF] Lyu | Leading-and trailing-edge noise reduction using serrations of new geometry[END_REF] showed that an ogee-shaped geometry can lead to reductions up to 8 dB with respect to sawtooth serrations. This had been studied before for leading-edge serrations [START_REF] Lyu | On the acoustic optimality of leading-edge serration proles[END_REF], where an asymptotic analysis outlined that noise reduction is more ecient if a shape without stationary points (in a mathematical sense) is used.

Application to turbomachinery

Trailing-edge serrations have also been applied to rotating machines, especially to wind turbines.

Braun et al. [START_REF] Braun | Serrated trailing edge noise (STENO)[END_REF] applied them to a test wind turbine, achieving a maximum noise reduction of 3.5 dB but inducing also a noise increase at high frequencies. Oerlemans et al. [START_REF] Oerlemans | Reduction of Wind Turbine Noise Using Optimized Airfoils and Trailing-Edge Serrations[END_REF] also added serrations to the trailing edge of the blade of a 2.3 MW prototype test wind turbine, yielding an average noise reduction of 3.2 dB, with a slight noise increase (1-2 dB) over 1 KHz.

Weckmuller et al [START_REF] Weckmüller | On the inuence of trailing-edge serrations on open-rotor tonal noise[END_REF] performed a numerical optimisation of trailing-edge serrations on the frontrotor of a contra-rotating open rotor, yielding a reduction of only 0.2 dB on the tonal interaction noise. Another optimisation on the same rotor by Jaron et al. [START_REF] Jaron | Optimization of Trailing-Edge Serrations to Reduce Open-Rotor Tonal Interaction Noise[END_REF] showed that tonal interaction noise could be reduced by 1 dB due to destructive interference in the radial direction, with longer serrations generating better results.

Lee et al. [START_REF] Lee | Reduction of ceiling fan noise by serrated trailing edge[END_REF] simulated a ceiling fan with dierent serration geometries. An overall noise reduction of 9.2 dB was predicted with at serrations, 4.7 with sawtooth, 10.9 with rectangular, 13.9 with half at tip (only the outer half of the blade is serrated) and 5.0 with half rectangular half at tip. However, when tested experimentally, a reduction of only 4.1 dBA was measured with half at tip serrations.

Pagliaroli et al. [START_REF] Pagliaroli | Aeroacoustic Study of small scale Rotors for mini Drone Propulsion: Serrated Trailing Edge Eect[END_REF] added serrations to the trailing edge of an UAV propeller. Broadband noise reduction was achieved at low frequencies, but the aerodynamic performance of the propeller was degraded (and noise increase was observed at certain angles). Polar measurements show that noise reduction is highly directional.

Analytical models

Roger et al. [START_REF] Roger | Reduction of Airfoil Turbulence-Impingement Noise by Means of Leading-Edge Serrations and / or Porous Materials[END_REF] studied the noise reduction on a NACA-12 airfoil, and tried to extend Amiet's theory to a serrated leading edge. The mathematical challenge associated with this approach was latter solved by Ayton & Kim [START_REF] Ayton | An analytic solution for the noise generated by gustaerofoil interaction for plates with serrated leading edges[END_REF]. Azarpeyvand et al. The noise reduction is more eective if

k 1 • h min >> 1,
where k 1 is the streamwise wavenumber of the turbulent gust and h min is the minimum serration amplitude for noise reduction to be eective.

Lyu et al. [START_REF] Lyu | Noise Prediction for Serrated Leading-edges[END_REF] also generalised Amiet's model to account for leading-edge sawtooth serrations. An approach similar to Amiet's was followed, based on Fourier expansion and the Schwarzschild technique, and yielded an excelleng agreement with experimental results. Lyu & Azarpeyvand [START_REF] Lyu | On the noise prediction for serrated leading edges[END_REF] continued the work, showing that the primary noise-reduction mechanism is the destructive interference of the scattered pressure induced by the leading-edge serrations. A parametric study showed that serrations can reduce the overall sound pressure level at most radiation angles. The dipolar pattern of the far-eld noise at low frequencies is not aected, but at high frequencies it changes from a cardioid shape to a tilted dipolar pattern.

Ayton & Kim [START_REF] Ayton | An analytic solution for the noise generated by gustaerofoil interaction for plates with serrated leading edges[END_REF] optimised the analytical prediction using several variable transformations and the Wiener-Hopf technique. They showed that increasing the serration amplitude redistributes energy from cut-on to cut-o modes, accounting for the better eciency of longer serrations. Besides, a logarithmic dependence between the serration amplitude and the far eld noise reduction was predicted. This model was also applied by Ayton & Chaitanya [START_REF] Ayton | An analytical and experimental investigation of aerofoilturbulence interaction noise for plates with spanwise-varying leading edges[END_REF] to dierent shapes (sawtooth, slitted v-root, slitted u-root, chopped peak, square wave), nding a good agreement with experimental results. A secondary noise reduction mechanism, due to nonlinear features, was also found.

More recently, Lyu & Ayton [START_REF] Lyu | Rapid noise prediction models for serrated leading and trailing edges[END_REF] simplied the analytical models for both leading-edge and trailingedge serrations. This is based on the fact that high order modes are cut-o and adjacent modes do not interfere in the far eld except at suciently high frequencies. The simplication was found to dramatically reduce the computing time and opened the gate to parametric optimization studies, such as the one performed by Kholodov & Moreau [START_REF] Kholodov | Optimization of trailing-edge serrations with and without slits for broadband noise reduction[END_REF]. Though this was not attempted in the present work, such models could be combined with classical Amiet's theory in a future work, for instance by dening a correction.

Halimi et al. [START_REF] Halimi | Analytical prediction of broadband noise from mini-RPA propellers with serrated edges[END_REF] applied Lyu's et al. leading-edge model [START_REF] Lyu | Noise Prediction for Serrated Leading-edges[END_REF] and Lyu et al. trailing-edge model [START_REF] Lyu | Prediction of noise from serrated trailing edges[END_REF] to a propeller, using the strip theory approach. Results showed good agreement with time-domain LBM simulations at high frequencies. For the trailing-edge serrations, a noise reduction was predicted for low and middle frequencies, with a noise increase at high frequencies. Sharp serrations yield a better noise reduction. The model also predicts noise reduction at high frequencies with leadingedge serrations. Noise reduction increases with serration amplitude, whereas the wavelength has no signicant eect.

Description of the experimental setup 1.2.1 Description of the fan

The fan of the study is a plenum fan, i.e. a backward-curved centrifugal fan without volute (see Figure 1.3). It was manufactured by the company Ziehl-Abegg SE in Germany (under the commercial designation ER35C-4DN.C7.1R ). The impeller is mounted on a shaft coupled to an electric motor, itself mounted on a support. Also integral with the support there is an inlet nozzle, which directs the airow towards the impeller. The impeller has seven blades of a constant thickness of 2 mm and an outer blade diameter of 361 mm. The main parameters of the fan are shown in Table 1.1, whereas the geometry of the impeller is described in Figure 1.4. With regards to instrumentation, according to ISO 5801 [START_REF]Performance testing using standardized airways[END_REF], the owrate is measured in the multinozzle chamber and the fan pressure is obtained according to ISO 5801 [START_REF]Performance testing using standardized airways[END_REF] with pressure rings in both reverberant rooms. The fan sound power levels are determined in both rooms following ISO 13347-2 [START_REF]Determination of fan sound power levels under standardized laboratory conditions Part 2: Reverberant room method[END_REF], using a rotating microphone in the inlet chamber and 3 xed microphones in the smaller, outlet room to make a spatial average of the sound pressure eld in each room. 

.3.1 Aerodynamics

The most commonly used fan characteristic is the pressure curve, which shows the relationship between owrate and pressure rise. Each point on the curve is called an operating point.

There are two denitions of pressure, according to ISO 5801 [START_REF]Performance testing using standardized airways[END_REF] . The total fan pressure p f is the dierence between the total pressures at the fan outlet and inlet:

p f = p t2 -p t1
The static pressure is dened as the dierence between the total pressure p f and the dynamic pressure at the outlet p d2

p f s = p f -p d2
where

p d2 = 1 2 ρV 2 2
ρ being the air density and V 2 the average air velocity at the outlet. V 2 is calculated by dividing the ow rate by the outlet surface of the impeller

V 2 = q v S 2
, with S 2 = πD e L.

Another basic parameter to characterise a fan is its power. The power conversion chain is depicted in Figure 1.7, denitions and notations according to ISO 5801 [START_REF]Performance testing using standardized airways[END_REF]. Fans are usually driven by electric motors. If the power is provided (and controlled) with a variable frequency drive (VFD), the latter requires an input power P ed . From here on, there is a successive cascade of losses: in the VFD, in the electric motor, in the transmission, in the coupling and in the impeller. Subtracting them will result in the output power at each component of the chain: the motor input power P e , the motor output power P o , the fan shaft power P a and the power supplied to the fan impeller P r . The fan nally generates the fan air power P u , which is used to move the air through the impeller: In absence of a belt, a exible transmission or bearings, we consider that P r = P a = P o . We can dene the eciency of each element of the chain, as follows:

P u = q v • p f (1.1)
Variable frequency drive:

η c = P e P ed
Motor:

η mot = P o P ed
Fan impeller: η r =

P u P r
The overall eciency for a fan with variable speed drive η ed is dened as the product of all the eciencies, as well as the ratio between the fan air power and the drive control electrical input power:

η ed = η c η mot η r = P u P ed (1.2)
The overall static eciency can be computed by replacing p f by p f s in Equation 1.1.

The motor eciency η mot was measured and provided by the fan manufacturer in the present study.

The outcome (and a linear interpolation of the data) is displayed in Figure 1.8. If we neglect the losses of the VFD (η c = 1), we obtain the impeller eciency η r from Equation 1.2.

To study the noise generated by a fan, both the sound pressure level L p and the sound power level L w are used. To compare the noise levels of dierent fans taking into account their dierences in performance curve, we can use the concept of specic sound pressure level, which is dened as:

L p specif ic (f ) = L p (f ) -10 log 10 (q v ) -20 log 10 (p f ) (1.3)
There is a series of dimensionless numbers which will be used to compare results from dierent rotating speeds: the pressure coecient µ, the ow coecient δ, the non-dimensional system resistance coecient (also known as throttling coecient) Φ and the system resistance coecent ξ. (1.4)

δ = q v U S (1.5) 
Φ = δ √ 2µ stat = q v S 2p f s /ρ (1.6) ξ = q v 2p f s /ρ (1.7)
with U = πD e N , and S = πD e L for this type of fan. In our case, D e = 0.361 m and L=0.098 m.

Acoustics

Assuming that the ows are self-similar [START_REF] Guédel | Les ventilateurs: Bruit et techniques de réduction[END_REF], there are some similarity laws which allow to convert acoustic results between fans within the same family, only diering in size(D,L) and rotational speeds (N). The basic equations, which are purely empirical, are:

L W 2 (f 2) = L W 1 (f 1 ) -50 log 10 ( N 1 N 2 ) -50 log 10 ( D 1 D 2 ) -10 log 10 ( L 1 L 2 )
(1.8)

f 2 = f 1 • N 2 N 1 (1.9)
As we are only changing the speed and not the geometry (D 1 = D 2 , L 1 = L 2 ), Equation 1.8 then becomes:

L W 2 (f 2 ) = L W 1 (f 1) -50 log 10 ( N 1 N 2 ) (1.10)
In some plots, Equation 1.9 will be normalised by the BPF to yield:

f 2 BP F = f 2 7N 2 /60 = 60f 1 7N 1 (1.11)

Test of the baseline fan

The baseline fan was tested at three dierent rotating speeds N: 1440 rpm, 1080 rpm and 720 rpm. For each speed, ve or six operating points have been measured, for which the most relevant aerodynamic and acoustic results have been obtained.

Aerodynamic results

The main air performance result is the fan curve, which shows the evolution of the pressure versus the owrate. To give an overview of the acoustics of the fan, the overall sound power level in dB(A) 1 is plotted versus δ for all speeds and operating points (in Figure 1.11a for the inlet and 1.11b for the outlet). As it is expected and understood from fan acoustic analogies the level increases as the fan turns faster. There is a minimum noise around the BEP, but this is not always the case. The fan of the current study behaves comparatively better than the other commercial fans of the same type, for all operating points. This suggests that the fan is well optimized in terms of its acoustic performance. Therefore, it is a challenging industrial platform for the study of serrations.

Noise spectra at operating points with the same ow coecient δ

If we compare the sound power spectra for a given ow coecient δ, we see that the spectra for the dierent speeds look quite similar. This can be seen in Figure 1.13 for δ = 0.1. In this case, there is a signicant hump centred in the 5000 Hz band for the 50 % speed, also present for other speeds at other frequencies, but less pronounced. The peaks at low frequency, bellow 100 Hz, do not correspond to the BPF, but to a subharmonic at around 0.75 BPF. This could be the trace of the interaction with some rotating instability, reducing the relative rotating speed between the impeller and the instability.

This has been described, for instance, for a centrifugal fan with a volute by Sanjosé & Moreau [START_REF] Sanjosé | Aeroacoustic predictions of a low speed radial fan[END_REF]. Plotting the results for all the operating points will be redundant because they show the same tendency. Nevertheless, it is always interesting to analyse the noise at the BEP, with δ = 0.2, displayed in Figure 1.14. It exhibits a similar trend as for δ = 0.1, without the peaks at high frequencies. Other peaks are observed at 1000 Hz, 5000 Hz and 8000 Hz for 50%, 75% and 100%, respectively, with that for 75% being particularly high and that for 100% rather weak. The third-octave peaks corresponding to the BPF are also easily identiable. The sound power level for the nominal speed will be compared with an analytical prediction in Section 4.2. Hz for 50% and 75%, respectively) correspond again to the BPF. Narrowband spectra, except for the highest speed, are needed to complement the information obtained with the third-octave spectra. In fact, the BPF at high speed is hard to see in all cases and the peak at 125 Hz for the high speed and δ = 0.3 in Figure 1. [START_REF] Cardillo | The use of serrated leading edge for inow conditioning in centrifugal fan[END_REF] shows the raw data for the sound pressure level for the smallest owrate of δ = 0.1. We can observe the large peaks responsible for the third-octave peaks at high frequencies in Figure 1.13. Furthermore, other smaller peaks appear at the same frequency regardless of the rotational speed (584 Hz, 872 Hz, 2144 Hz, 2720 Hz and 6048 Hz).

They have been observed for other operating points, and also at the inlet. As they are independent of the rotational speed, they should be due to resonances, either mechanical or acoustic. In subsection 1.3.2.10 it will be checked if there is any relationship between them and the impeller geometry. The noise around 12 kHz, at the very right edge of the plot, is generated by the VFD. The large peaks at low (64, 96 and 128 Hz) and high frequencies (4800, 7100 and 10100 Hz) could be linked to the rotational speed. To investigate this, we apply a frequency conversion from Equation 1.11. The sound pressure level is also converted with Equation 1.10. This new representation (Figure 1.17) yields some interesting information. First, the peaks at low frequency are subharmonics of the BPF. They occurred at a frequency of around 0.75 BPF, and could be the trace of the interaction of the impeller with some rotating instability, reducing the relative rotating speed between both of them.

Secondly, the peaks at high frequencies seem to scale with the rotational speed at around 58 BPF, albeit at such a high order multiple, the physical origin of the sound emission if probably not directly related to the rotation. The spectrum for the larger owrate at δ = 0.3 is reported in Figure 1.18. We observe similar features as for δ = 0.1. A major dierence and this is also the case for the other operating points is that the peaks at low frequency do correspond to the rst BPF (this is more clearly depicted in Figure 1. [START_REF] Chaitanya | Leading edge serration geometries for signicantly enhanced leading edge noise reductions[END_REF]). Another dierence is that now there are two peaks at high frequencies instead of only one. The peak at 7 kHz for the speed 100% seems to merge with the resonance at the very same frequency. The aforementioned dierences are better recognized using the reduced variables (Figure 1.19).

Now the rst three harmonics of the BPF are easily identied. We also see that the two peaks at mid-high frequencies seem to scale with the rotational speed, and correspond to a value of around 17 and 40 BPF. In this particular case, the intlet has been preferred to the outlet because the signal is less noisy. 

Inlet and outlet

The preceding analysis has shown the most relevant features, and their evolution when changing the rotating speed and the operating point. These features are common between inlet and outlet, and the spectrum does not change that much from one to the other. However,the following dierences can be pointed out:

The sound at outlet is around 10 dB louder than the sound at inlet Some of the resonance peaks are less pronounced at the outlet, but the peaks at high frequencies are equal or bigger

As an example, the pressure spectra for inlet and outlet at the nominal speed and the BEP are presented in Figure 1.20. It can be argued that for radiation from inlet, sound has to be transmitted through a converging duct (from outer radius to inner radius). This dierence is therefore somehow expected. It is even more expected if the dominant sources are at the trailing edges of the blades. Most of the spectra are similar, a global minimum being almost achieved at the BEP (which is at δ = 0.2). Two special features are observed for the highest and lowest owrates. One is the hump at around 3000 Hz (18 BPF), which only appears for δ = 0.3 (and also at δ = 0.25 for the speeds 75% and 50%, not shown here). The other is the low-frequency increase at the smallest owrate. Besides, it is also noticeable that the amplitude of the resonance peak at 7000 Hz (40 BPF) eectively increases with the owrate. However, this tendency has not been observed neither at the outlet nor for any other rotational speed.

Summary of the most prominent peaks

The following features are common to all operating points:

A peak at 50 Hz (electrical network)

The BPF and the second harmonic (and for some cases even the third and fourth), not apparent at the smallest owrate δ = 0.1

Small resonance peaks at mid to high frequencies (such as around 600, 900, 2000, 4000, 6000 and 7000 Hz)

For each operating point in particular:

δ = 0.1
Subharmonic hump at f ∼ 0.75 BPF (and a smaller harmonic of the subharmonic at 1.5

BPF)

Resonance at f∼580 Hz Large peak at f∼ 58 BPF, especially at 50% develop. Their scattering as sound at the trailing edge is responsible for narrow-band emergence, or even high-level tones in cases of acoustic feedback. The mechanism has been recently reviewed by Yakhina et al. [START_REF] Yakhina | Experimental and Analytical Investigation of the Tonal Trailing-Edge Noise Radiated by Low Reynolds Number Aerofoils[END_REF]. The mechanism is referred to as LBL-VS for "laminar boundary-layer vortex shedding" by Brooks et al. [START_REF] Brooks | Airfoil self-noise and prediction[END_REF].

To investigate if any of the peaks could be generated by a LBL-VS, a simplied analysis on the results is performed. For this, we apply the following equation, which expresses the frequency of the peak related to this mechanism [START_REF] Guédel | Les ventilateurs: Bruit et techniques de réduction[END_REF]:

f • T U e ≈ 1
(1.12)

where T is the blade thickness, f the frequency and U e , the relative ow velocity outside the boundary layer, estimated from CFD simulations (Table 3.2). The LBL-VS mechanism is rather expected at low values of δ, for which the Reynolds number is lower. The simulation which ts better to this condition was carried out at q v = 1706 m 3 /h, δ = 0.16 and N = 1440rpm. The ow velocity is around U e = 20m/s. We will suppose that it scales with the rotational speed, so that:

U e2 = U e1 N 2 N 1 (1.13)
From these equations we obtain the potential frequencies, listed in Table 1.3.

N (rpm) 1440 1080 720

U e (m/s) 20 15 10 Eq. 1.12 (Hz) 10000 7500 5000 The frequencies calculated with Equation 1.12 t approximately with the peaks measured at δ = 0.1 and δ = 0.16. Therefore, we could identify LBL-VS as a noise source for low values of δ. However, low velocity is not the only necessary criterion for the existence of this phenomenon: a moderate loading condition is also necessary.

Another element which supports this hypothesis lays in Figure 1.22. In it, the noise is plotted for four dierent rotating speeds (100%, 75%, 65% and 50% of the nominal speed). When the rotating speed is reduced, the peak which appears roughly around 10 kHz at 100% of the nominal rotating speed is shifted towards lower frequencies and it increases in amplitude, scaling with the velocity to the power 1.5. This is consistent with the presence of laminar boundary layer vortex-shedding: if the noise is generated by a laminar instability, the reduction of the rotating speed could lead to an increase in the laminarity of the ow, therefore increasing the amplitude of the peak. The addition of trailing-edge serrations would mitigate or even completely cancel this phenomenon, as it is described in Section 1.5.3. 

Von Karman vortex shedding

The von Karman vortex shedding at a blunted trailing edge is another well-known mechanism of narrow-band emission from a blade. For this, the blade thickness at the trailing edge must be large enough compared to the thickness of the boundary layer. The frequency of vortex shedding can be estimated with: For δ = 0.25, the frequencies correspond to peaks observed at 1080 and 720 rpm. For δ = 0.3, peaks have been detected at a higher frequency than the calculation (3200 Hz at 100% and 2200 Hz at 75%).

f • T U e ≈ 0.
This dierence on the frequency could be due to the uncertainty of the estimation, which relies on CFD simulations, extraction of the velocity magnitude and extrapolations. On the other hand, the peaks are not necessarily originated by vortex shedding and could be generated by other mechanisms.

Analysis of the peaks at mid to high frequencies

The peaks at mid to high frequencies seem to depend on the rotational speed. To check this we will apply the following formula to the frequency of each peak:

F 1 = F 2 N 2 N 1 n (1.15)
In the present case case, the frequencies of the peaks at 100% and 50% of the nominal speed are converted to 75%, which means that N 2 =1080 rpm. The values of n which yield a best tting with the peaks at 75% are 1.3 for 100% and 1 for 50%.

Despite a partial tting, the peaks remain shifted between some dozens and some hundreds of Hz.

It is not possible to nd a clear match between them. This suggests that the length scales involved in the scaling laws could have to be considered as variables. Indeed, if the physics changes and with Whatever the physical origin of the spectral peaks can be, reduction means considered in the following sections will have an action, provided that their origin is around the edge at which modications are applied.

Analysis of possible resonances

Some of the peaks which appear regardless of the rotating speed are likely due to acoustic resonances, only depending on the geometry. To check if they are generated by standing waves in the impeller, parallel or quasi-parallel faces are considered in this section, as annotated in Figure 1.23.

Parallel faces can be dened between the front and back plates, the back plate and the motor, and between the front plate and the wall. Other distances correspond to quasi-parallel faces. For the channel between two blades, the minimum distance (leading edge-trailing edge) and the maximum (leading edge-leading edge) are considered. At a resonance, if any, half the wavelength of the standing wave should be equal to the corresponding dimension. Table 1.7 shows the expected wavelengths and frequencies.

The computed frequencies are then compared with the peaks. As displayed in Figure 1.24, some peaks appear relatively close to the potential frequencies. Given the uncertainty of the method used in this section, some of the peaks are compatible with acoustic resonances. However, if this is the case, the observed peaks are unlikely to be due to one-dimensional standing waves. Instead, they could correspond to three-dimensional volume resonances, which is hard to verify in the present conguration. Furthermore, they could also be originated by vibrations.

Dimension

Length To calculate the optimum serration angle θ O , the model proposed by Chaitanya et al is used [START_REF] Chaitanya | Broadband noise reduction through leading edge serrations on realistic aerofoils[END_REF].

It is dened as a function of the turbulence integral length scale of the incident ow, L t :

θ O = tan -1 ( 2h L t ) (1.16)
The integral turbulence length scale is a parameter which represents the size of the biggest eddies in the ow. It is dened as [START_REF] Davidson | Turbulence: An Introduction for Scientists and Engineers[END_REF]:

L t = ∞ 0 f (r) dr (1.17)
where f is the longitudinal velocity correlation function of two points a distance r apart.

The turbulence integral length scale has been estimated from CFD simulations by using Equation 3.1, as described in Section 3.5.1. The average value is L t = 7.8mm for the best eciency point (BEP), from which we can deduce an optimum wavelength λ O = 15.8mm ≈ 16mm.

There is no optimum criterion for the serration amplitude. However, empirical results usually show that the bigger it is, the better, as long as a compromise with the aerodynamic performance is kept [START_REF] Narayanan | Airfoil noise reductions through leading edge serrations[END_REF][START_REF] Chaitanya | Broadband noise reduction through leading edge serrations on realistic aerofoils[END_REF]. A value of 1/6 of the chord has been taken, for it is similar to other values available in the bibliography [START_REF] Narayanan | Airfoil noise reductions through leading edge serrations[END_REF][START_REF] Biedermann | On the Transfer of Leading Edge Serrations from Isolated Aerofoil to Ducted Low-Pressure Fan Application[END_REF]. In our case, 2h = 1/6 C = 22mm. The original blades of the plenum fan have been modied with leading-edge serrations as dened above. To perform a study on the inuence of the serration geometry, in terms of 2h and λ, two other prototypes have been designed. In the rst one, λ has been doubled while keeping the same 2h. In the second one, 2h is twice as big while maintaining the same λ. The parameters for the three impellers are summarized in Table 1.8. The ratio λ/2h has been added because it is commonly used to describe the sharpness of the serrations. The manufacturing of the prototypes, carried out by the company Ziehl-Abegg SE, was similar to that of the baseline fan. The only modication is the removal of material to carve the serrations on the blade. This has been done with a laser cutting tool, which slightly reduces the blade surface area, and thus may have an impact on the blade lift and therefore on the fan curve. This potential degradation of the fan performance will be taken into account in the comparison of the acoustic results of the dierent blade geometries by using the specic noise level. With this convention, any reduction of the specic noise level corresponds to a benecial eect of the serrations. Figure 1.26 shows the three impeller prototypes. Appendix A shows drawings of each serrated blade. 

Aerodynamic results

The fan aerodynamic curves for the baseline impeller and the prototypes are shown in Figure 1.27a, where the fan total pressure p f is plotted against the airow q v . For all the serration congurations there is a pressure decrease with respect to the baseline impeller at low owrate, and a moderate pressure increase at high owrate. In terms of fan pressure, the LE_L16H11 impeller is the best, followed by LE_L8H11 and LE_L16H22. The same hierarchy (Figure 1.27b) is observed for the overall eciency. The pressure drop induced by leading-edge serrations at low owrate could be explained by the reduction on the blade surface. The slight pressure increase at high owrate could be due to the generation of streamwise vortices in the serrations. This was proposed by Zenger et al. [START_REF] Zenger | Experimental investigation of the sound reduction by leading edge serrations on a at-plate axial fan[END_REF] for an axial fan. For a plenum fan, the vortices could reduce ow separation around the blade.

Acoustic results

1440 rpm

Due to changes in the experimental setup, measurements were noisier than results presented in section 1.3. In particular, many peaks are probably due to vibroacoustic phenomena, which can be noted in Figure 1.29 at the BEP. The BPF and its harmonics have been identied in the gure. The impact of the setup on the results is described in Annex B. The baseline impeller was retested to do a fair comparison with the prototypes. As we are only interested in characterizing the broadband noise, most of these peaks have been removed with a one-dimensional median lter, of order 14. Then, the biggest peaks which have not been treated by the lter have been trimmed manually. The peaks cannot be easily removed from the sound power levels, and thus from now on only sound pressure levels will be discussed. Anyhow, the sound pressure level measurements are the result of an average inside a reverberant room, so they are equivalent to the sound power as all directivity is lost. It should be taken into account that this is a spatial average in the corresponding reverberant room (big room for the inlet and pressure chamber for the outlet) and therefore any directivity eect is discarded. The outcome of the ltering process is shown in Figure 1.30. Leading-edge serrations are found to reduce broadband noise at low and mid frequencies, under around 1000 Hz. However, at high frequencies, the serrated impellers are louder than the baseline.

To account for the dierence in fan pressure due to serrations, the specic noise formula (Equation 1.3) must be used. The result for the best eciency point (q v = 2196 m 3 /h) is shown in Figure 1.31.

It is similar to Figure 1.30, with the spectra corresponding to the serrated impellers being slightly shifted.

A more straightforward way to assess the impact of leading-edge serrations is to calculate the specic sound pressure reduction level ∆L p,spec . This is done by subtracting the spectrum of the The result is plotted in Figure 1.32, with scattering removed and smoothened with the use of 1/12 th octave bands. At low frequencies (roughly under 1000 Hz), leading-edge serrations achieved some reduction of around 2-3 dB. However, noise is increased at high frequencies, between 2 and 4 dB depending on the impeller, which negates the gains at lower frequencies. This tendency has been observed for the rest of operating points, for both inlet and outlet. The results have to be considered at the light of A-weighted sound levels: around 1kHz and beyond, there is no modication in terms of dBA, whereas at lower frequencies, human hearing is less sensitive. This means that the benet at low frequencies is even more crucially aected by the increase at high frequencies. the point of maximum owrate (q v = 3400 m 3 /h). This is due to the increase in fan pressure with serrations at this operating point. The impeller LE_L16H11 also reduces noise for two other operating points (q v = 900 m 3 /h and q v = 1600 m 3 /h). It is dicult to assess the impact of serration amplitude and wavelength on the noise reduction because the sound levels are very similar, regardless of the geometry. The impeller LE_16H22 is the least eective, but it is dicult to establish a hierarchy between LE_L16H11 and LE_L8H11. To explain this particular eect, the specic noise pressure spectra at the minimum owrate have been plotted in Figure 1.35. The dierence is found to be due to the reduction of a peak around 5000

Hz. The maximum level of the peak for each impeller has been marked with a horizontal line which matches the colour of the spectrum. At this rotating speed, serrations do not reduce broadband noise:

the prototypes either show the same broadband noise as the baseline (LE_L16H11) or higher noise (LE_L8H11 and LE_L16H22). Similar behaviour has also been observed for the operating point at 900 m 3 /h.

The noise reduction spectra for the BEP are shown in Figure 1.36. Again, a 1/12th octave band Given that leading-edge serrations were supposed to reduce turbulent impingement noise, the noise increase could come from a deterioration of the ow downstream of the edge (e.g. more disturbed and thicker boundary layers), inducing higher sources elsewhere.

Experiments with turbulence generator at inlet

Leading-edge serrations have been tested up to now with an undisturbed inow. The serrations were primarily aimed at reducing the turbulence impingement noise associated with upstream disturbances. In practical applications, upstream turbulence can be generated by obstacles, depending on fan installation details. This is why measurements have been repeated with an additional turbulence grid positioned at the inlet of the fan. The grid geometry was dened so it generates a turbulence length scale tuned to the wavelength of our serrations, according to Equation 1.16. The value of 8 mm, used to design the serrations (see 1.4.1), has been used as a target for the grid. Empirical equation 1.18 predicts the turbulence downstream of a grid [START_REF] Roach | The Generation of Nearly Isotropic Turbulence by Means of Grids[END_REF]:

L t d = I( x d ) 1/2 (1. 18 
)
where I is an empirical constant (0.2 in the present case), d is the bar width of the grid and x is the distance downstream of the grid. This distance is dened between the grid and the midspan of the impeller (see Figure 2.9) and is equal to 154 mm. For our target turbulence length scale of 8 mm a bar width of 10 mm is required.

The bars were spaced of 50 mm, which implies a grid porosity of 36%. Figure 1.37a shows the grid and its main dimensions. The circular shape covers the inlet nozzle of the fan while keeping the stiness of the sheet. The thickness of the grid is 3 mm and it has been made by laser cutting of a PMMA sheet. Figure 1.37b shows how the grid is installed directly on the inlet nozzle plate. The fan curves measured both with free inlet and grid, with a speed of 1440 rpm, are shown in Figure 1.38. A strong pressure drop is observed with the grid, due of course to its pressure loss. In terms of fan pressure p f , the same hierarchy between the impellers is observed with grid, compared to the conguration with free inlet. However, there is no pressure increase induced by leading-edge serrations at maximum owrate, so the benecial eect of serrations on the pressure is deactivated by the grid. This suggests that the grid induces a fan system eect, in addition to a pressure drop.

Figure 1.39 illustrates that the curves follow the same trend for the speed 720 rpm. The tests were carried out with a slightly dierent setup, which made that the peaks shown in Section 1.4.3 were not as prevalent. However, the impact of the setup on the measurements is limited and the changes on the results can be attributed to the turbulence generated by the grid. Figure 1.40a shows the comparison of the overall levels with and without the grid. With free inlet, there is a minimum on the noise level for the BEP, whereas with the grid the noise increases with the owrate.

This can be explained as follows: as the speed increases, so does the intensity of dipole sound -for fans it grows with the characteristic speed to the 5th power. This is veried in Figure 1.40b, where the noise is plotted versus the free-stream velocity to the power of 5: all curves describe roughly a straight line. Furthermore, the ow changes its direction from axial at the inlet to radial at the outlet, which could also have an impact on the turbulence property.

The dierence in overall levels between the baseline impeller and the serrated prototypes can be explained due to changes on the peaks and on the broadband levels at low and mid frequencies

The noise increase at high frequencies is only found at some operating points (q v = 900 m 3 /h and q v = 1700 m 3 /h). The underlying mechanism seems to be aected by changes on the turbulence.

Figure 1.42 shows the sound pressure spectra for the BEP. All spectra almost collapse due to the noise increase induced by the grid. However, with the grid at inlet, there is still a slight noise increase with serrations at high frequenciesc. This is a general nding, for all the cases discussed in Section 1.4.

This could be due to the generation of small-scale three-dimensional structures around the serrations 

Serration design

As for leading-edge serrations, the results of CFD simulations, described in Section 3.5.2, have been used to dene the serration dimensions. In this case, the boundary layer thickness δ is the signicant parameter. Its value ranges from 1.7 to 8.7 mm along the spanwise location, for the suction side.

The design process relies on experimental results from Gruber [START_REF] Gruber | Airfoil noise reduction by edge treatments[END_REF], who made a parametric study with serrated insertions on the trailing edge of a NACA65(12)-10 airfoil. For the serration amplitude 2h, [START_REF] Gruber | Airfoil noise reduction by edge treatments[END_REF] proposed that at least h > 0.25 δ. The value of h = 2 δ used by Arce León et al. [START_REF] Leon | PIV Investigation of the Flow Past Solid and Slitted Sawtooth Serrated Trailing Edges[END_REF] has been taken as reference. In order for serrations to be narrow, h should be as big as possible, so the maximum value of δ has been considered. It has been rounded to 8.5 mm, so h = 2 δ = 17 mm.

For an ecient noise reduction, it was proposed in [START_REF] Gruber | Airfoil noise reduction by edge treatments[END_REF] that λ < 2h, and it was also suggested that a value of λ < h/6.5 should yield even better results. If this extreme criterion was applied in our case, it would yield a result of 2.6 mm, which is extremely small and will cause manufacturing issues. As a compromise between the dimension of λ and manufacturing feasibility, a value of λ = 4 mm has been taken.

A third design criterion regarding the serration shape has been used. Ragni et al. [START_REF] Ragni | Concave serrations on broadband trailing edge noise reduction[END_REF] proposed that "iron-shaped" serrations can reduce by up to 2 dB with respect to conventional sawtooth serrations in the range 5 < Sc < 15, where Sc is the Strouhal number based on the chord . This geometry has been taken into account for the serration design (see Figure 1.43). It is dened with a spline curve perpendicular to the baseline trailing edge at the root and tangent to the line which passes through the tip forming an angle ϖ with the streamwise direction. The angle ϖ is dened as: As it has been done for leading-edge serrations, two other impeller prototypes have been manufactured. This has allowed to asses the eect of each parameter, as one of them (2h or λ) has been modied at a time. It is to be noted that, as the angle of the serrations valley is very narrow, the laser cutting tool used for manufacturing could not cut all the way through. Therefore, the eective amplitude h e is shorter than the design amplitude h. The impellers designation, in Table 1.9, takes into account this eective amplitude. 

ϖ = tan -1 λ/2 h/2 h/2 /2 2h

Aerodynamic results

The fan total pressure curves for the baseline impeller and the prototypes are shown in Figure 1.46a. In this case, there is a pressure drop for all the serrated congurations, with no pressure increase whatsoever. A similar eect is found for the overall eciency, depicted in Figure 1.46b.

The pressure curve at 50% of the nominal speed is shown in Figure 1.47a. The overall eciency is depicted in Figure 1.47b. In both cases, the same tendency as for the nominal speed has been observed. 

Acoustic results

The overall specic sound pressure levels, presented in Figure 1.48, provide an overview of the acoustic footprint of each impeller. The same ltering algorithm used on the leading-edge serrations raw data has been applied, and then the spectra are integrated and A-weighted. A noise reduction of up to 2 dBA is measured at some operating points, the impeller TE_L8H12 being slightly more eective. For the tested congurations, the impact on the noise reduction of changes in the serration geometry is small: in other words, noise reduction does not seem to be very sensitive to changes in the serration geometry. The specic noise is increased at higher owrates for the TE_L8H12 and TE_L4H12 congurations, but this is only due to the fan pressure drop. The noise reduction at the BEP is shown in Figure 1.50, again the scattering smoothened with the use of 1/12 th octave bands. The noise reduction is broadband, with some uctuations due to peaks which have not been removed by the ltering algorithm. The reduction ranges between 4 dB and -1 dB (noise increase), with an average value of around 2 dB. This can be explained by looking at the spectra at q v = 585 m 3 /h, displayed in At zero angle of attack, boundary-layers are quite thin and the vortex shedding is highly coherent.

The spectrum includes a peak of high-amplitude and low-level broadband noise (trailing-edge noise).

As the angle of attack is increased, the growing separation bubble formed at the leading edge triggers reattached turbulent ow of higher intensity and thicker boundary layers on the suction side. The broadband noise is increased at lower frequencies, with a progressive decrease of the vortex-shedding peak. This suggests that, depending on the loading conditions of a blade with a blunted trailing edge, the vortex-shedding sound can be heard or not.

The second set of results, in Figure 1.54b, refers to versions of the same at plate at zero angle of attack which dier by the shape of trailing-edge serrations. The plotted quantity is the reduction of vortex-shedding sound level achieved by the serrations, as a function of the parameter λ/T for a xed value 2h/T , where 2h and λ are the length and wavelength of the serrations, and T the plate thickness. The most ecient reduction of about 25 dB is achieved as λ is 6 times the thickness, which also corresponds to a typical spanwise correlation length of the vortex shedding.

To compare our results with [START_REF] Burgain | Contribution du bruit propre des pales au bruit à large bande des ventilateurs centrifuges[END_REF], we need to calculate the ratio λ/T . This is 4 for TE_L8H12 and TE_L8H8 and 2 for TE_L4H12. According to Figure 1.54b we would expect a bigger peak reduction with the ratio λ/T = 4. However, according to Figure 1.53, the highest peak mitigation is achieved with TE_L8H12 and TE_L4H12, which have a ratio of 4 and 2 respectively. It seems that a ratio of 4 is slightly better, but this is contradicted by TE_L8H8, which has a ratio of 4 and a much lower impact on the peak than TE_L4H12. This could be explained by a dependence of the peak size not only on the ratio λ/T but also on the ratio λ/2h.

Conclusion

A design process for leading-edge and trailing-edge serrations for a plenum fan has been carried out aimed at reducing the noise. Six impeller prototypes with serrations were manufactured and tested to investigate their aerodynamic and acoustic performances. For both solutions, a noticeable degradation of the aerodynamic performance has been measured, which is expected from the reduced area of the blades.

The fan of the study is well-optimized in terms of acoustic performance. This has allowed us to test the serrations on a realistic and challenging industrial platform. Regarding the noise spectra, dierent potential noise sources have been identied: BPF (or subharmonics for the minimum ow), resonances, laminar-boundary-layer-vortex-shedding, vortex-shedding and rotation-related peaks at high frequencies.

Leading-edge serrations tend to reduce noise below 1000 Hz but can increase the noise at higher frequencies, depending on the operating point. The impact on the overall sound level is rather limited and serrations actually increase the overall noise if we take into account the aerodynamic degradation.

All the impeller prototypes have been designed to yield substantial noise reductions. The discrepancies between the measured and expected values could be due to the uncertainty of the simulations, the inaccuracy of the turbulence estimation and averaging or the fact that the inlet ow of a 2D airfoil is not the same than that of the blade of a centrifugal fan. The latter is done over a rectangular spanwise area, whereas using the maximum value of the turbulence length scale instead could be a better serration design strategy. Installing a grid at the inlet which is tuned to the serration dimensions did not improve noise reduction. This could be due to the change in the direction of the ow as it goes through the impeller, which is expected to have an impact on the turbulent structures which are sucked in by the fan.

Trailing-edge serrations reduce noise for all frequencies at some operating points, with a maximum decrease of about 1-2 dBA at nominal speed. For low ow rates and low rotating speed, a substantial noise reduction of up to 8 dBA is observed due to the mitigation or even cancellation of a high-frequency peak. This peak is generated by a source near the trailing edge. The most likely hypothesis points towards laminar boundary-layer vortex shedding, but this yet needs to be conrmed. The ratios λ/2h

and λ/T could both have an inuence on the magnitude of the peak reduction.

Chapter 2

Analytical modelling of the broadband noise of the baseline fan

As shown in Chapter 2, serrations on the leading and the trailing edge of the fan blades reduce broadband noise under certain conditions. This suggests that leading-edge noise and trailing-edge noise could be signicant noise sources of this fan. An analytical approach would allow us to assess these contributions. In the current chapter, Amiet's analytical models will be adapted to our geometry and operating conditions. They were developed to predict the noise generated by an airfoil inside a wind-tunnel [START_REF] Amiet | Acoustic radiation from an airfoil in a turbulent stream[END_REF][START_REF] Amiet | Noise due to turbulent ow past a trailing edge[END_REF]. The trailing-edge noise model model was later completed with a leading-edge back-scattering correction [START_REF] Roger | Back-scattering correction and further extensions of Amiet's trailingedge noise model. Part 1: Theory[END_REF]. It has also been adapted to rotating blades, such as helicopter rotors [START_REF] Schlinker | Helicopter rotor trailing edge noise[END_REF] or low-speed fans [START_REF] Roger | Broadband fan noise prediction using single-airfoil theory[END_REF][START_REF] Sinayoko | Trailing edge noise theory for rotating blades in uniform ow[END_REF]. In [START_REF] Sanjosé | Unsteady numerical simulations of a low-speed radial fan for aeroacoustics predictions[END_REF], Amiet's model was adapted to a centrifugal fan with volute, but the application to a plenum fan was still missing.

Amiet's models make the assumption of a at plate with zero thickness and camber within uniform mean ow. This is reasonable for fans and compressors, which typically feature relatively low turbulence rates, small relative thickness and moderate cambers ( [START_REF] Roger | Extensions and limitations of analytical airfoil broadband noise models[END_REF]). In our case, they will be implemented with the application of the strip theory to account for the spanwise ow variability. Finally, it will also be required to add extra analytical and empirical models to account for the turbulence and boundary layer input data.

Amiet's far-eld models

Leading-edge noise is generated by the impingement of upstream turbulence, whereas trailingedge noise is produced by the boundary-layer eddies interacting with the trailing edge. In both cases there is a change of the boundary conditions on a convected vortical eld and thus they can be solved mathematically in a similar way. The objective is to obtain the utuating ow velocity for the prediction of the leading-edge noise and THE wall-pressure uctuations for the prediction of the trailing-edge noise. The following steps are needed [START_REF] Roger | Extensions and limitations of analytical airfoil broadband noise models[END_REF]:

1. Expand the uctuating quantities in Fourier components (gusts) of spanwise wavenumber k 2 , the chordwise/streamwise wavenumber being xed by Taylor's hypothesis of frozen incident turbulence 2. Apply an iterative technique to calculate the pressure jump along the airfoil, assimilated to a rigid, zero-thickness at plate. This is required to account for the niteness of the chord. (c) Calculate the acoustic far-eld through a radiation integral, according to Ffowcs Williams-Hawkings analogy [START_REF] Williams | Sound generation by turbulence and surfaces in arbitrary motion[END_REF] 3. Sum all gusts contributions and take an ensemble average. This technique is common to the trailing-edge and leading-edge problems. However, they have to be solved separately because the scales are very dierent. Indeed, leading-edge noise is most often associated with larger scales (and therefore lower frequencies), whereas trailing-edge noise is generated by the smaller scales formed within the boundary layer (and thus higher frequencies). Both sources are not correlated, so they may be modeled separately and the outcomes of the models combined.

Amiet's observer coordinate system for a at plate is presented in Figures 2.1 and 2.2. Changing from trailing-edge to leading-edge noise simply shifts the reference frame from one edge to the other. In fact, because the formulation is based on a geometrical far-eld assumption, the origin of the reference frame can be put at the LE, at the TE or at the mid-chord, without any eect. The problem is solved for skewed gusts, dened by their streamwise (k 1 ) and spanwise (k 2 ) wavenumbers.

Trailing-edge noise

Amiet's original model [START_REF] Amiet | Noise due to turbulent ow past a trailing edge[END_REF] has been adapted by Roger and Moreau ([88,[START_REF] Moreau | Back-scattering correction and further extensions of Amiet's trailingedge noise model. Part II: Application[END_REF]) and extended to account for all eects of a nite chord and to allow the estimation of radiation o the mid-span plane.

This was validated experimentally on a at-plate based airfoil by Bampanis and Roger [START_REF] Bampanis | Three-dimensional eects in the reduction of turbulence-impingement noise of aerofoils by wavy leading edges[END_REF]. 

S pp = kcx 3 4πS 2 0 2 2c ∞ -∞ Π 0 ω U c , k 2 sin 2 L c k * 2 - k x 2 S 0 k * 2 - k x 2 S 0 2 I ω U c , k * 2 2 dk * 2 (2.1)
The formula involves the wall-pressure wavenumber spectral density, as estimated closely upstream of the trailing edge, used as input data and given by:

Π 0 ω U c , k x 2 S 0 = 1 π ϕ pp (ω)l y (k * 2 , ω) (2.2) 
where ϕ pp (ω) is the wall-pressure PSD induced by the incident turbulence and l y (k * 2 , ω) is the associated correlation length. The model assumes that the wall-pressure statistics is homogeneous, especially in the spanwise direction.

The following wavenumbers, dimensional and dimensionless, are used:

k = ω c 0 k = kc 2 k 1 = ω U K1 = ωc 2U c = K 1 c 2 k * 1 = k 1 c 2 k * 2 = k 2 c 2
and k * 2 takes any possible value (-∞ < k * 2 < ∞), as the gusts can take any given skew angle. S 0 is the corrected distance for the convection eect (see denition in Appendix C.1) and U c is the convection velocity.

For large aspect ratios (L/c),

k * 2 becomes k * 2 = k x 2 S 0
and Equation 2.1 can be reasonably simplied as:

S pp = kcx 3 4πS 2 0 2 2πL I ω U c , k x 2 S 0 2 Π 0 ω U c , k x 2 S 0 (2.3)
Depending on the angle, a gust can be supercritical or subcritical. When the angle is small and the gust wavefronts are nearly parallel to the edge, they are supercritical and generate radiating waves. Bigger angles yield subcritical gusts, which produce evanescent waves and are inecient noise sources. Graham's parameter allows us to dierentiate between both types of gusts Θ 0 = k * Equation 2.3 is only considering the particular wavenumber k * 2 = k x 2 /S 0 , which always corresponds to a supercritical gust.

The tridimensional radiation integral I is given by I = I 1 + I 2 . Its expression can be found in Appendix C.1. 

Leading-edge noise

S pp = kρ 0 cx 3 2S 2 0 2 πU 0 L 2 ∞ -∞ Φ ww ω U 0 , k 2 L x 1 , ω U 0 , k 2 2 sin 2 kx 2 S 0 -k 2 L 2 π L 2 kx 2 S 0 -k 2 2 dk 2 (2.4)
with the same notations as in 2.1.1. Analogously to k * 2 from the trailing edge, k 2 takes any possible value (-

∞ < k 2 < ∞).
Assuming a large aspect ration L/b, the simplied expression for the far-eld acoustic PSD becomes

S pp = kρ 0 cx 3 2S 2 0 2 πU 0 L 2 Φ ww ω U 0 , kx 2 S 0 L x 1 , ω U 0 , kx 2 S 0 2 (2.5)
Here L is the non-dimensional chordwise aeroacoustic transfer function. As for the trailing edge, it is the sum of two contributions:

L = L 1 + L 2 .
The full expression is shown in Appendix C.2.

Application to a fan blade

Before applying Amiet's model to the fan of our study, we need to extract the required geometrical parameters, shown in Figure 2.3. The blade is cambered and the chord line will be used to dene the at plate length required as an input for the analytical model. The blade is double-clamped by the front and the back plates, which have an impact in terms of aerodynamics and acoustics. Furthermore, the span is not constant along the whole chord due to the curved shape of the front plate. It is easy to measure at the trailing edge, where both plates are parallel. However, it widens at the leading edge and there is also a curved part, dened by a quarter of a circle of 17 mm of radius. This area, albeit relatively short, needs to be taken into account for the noise estimation. 

Spanwise segmentation

The previous formulation, albeit considering limited span, assumes that the ow conditions are homogeneous along the whole span. However, for an industrial application such as ours, there is a considerable spanwise variation of the ow conditions. This will be taken into account with the application of the classical strip theory. The blade is divided into spanwise strips. For each of them, the ow conditions are averaged and the analytical model is then applied. A compromise needs to be found: if the number of strips is too large, it will reduce the aspect ratio and therefore impact the applicability of Amiet's model; if it is too small, the ow spanwise evolution will not be accurately taken into consideration. This will be assessed in section 3.6. Furthermore, too narrow segments are logically hardly compatible with the large-span approximation. Yet previously reported studies state that it is relevant for rotating blades [START_REF] Sanjosé | Fast and accurate analytical modeling of broadband noise for a low-speed fan[END_REF]. 

x 2-strip (s) = x 2 - L 2 + L 2n + (s -1)L n (2.6)
where n is the number of strips, s is the strip number (an integer between 1 and n) and L is the span.

For the leading-edge noise, the situation is dierent, as depicted in Figure 2.5. Its curved part, at the level of the front plate enlargement, should be taken into account because it is likely to contribute to the blade leading-edge noise. Indeed, boundary-layer turbulence is expected on the front wall.

However, dening strips on this area appears questionable. The leading edge is straight along most of the span direction, but it describes a quarter of a circle before joining the front plate of the impeller.

This curvature has been designed by the fan manufacturer in order to have the leading edge mainly normal to the streamlines in this part of the blade. This is so due to the axial component of the ow, which predominates in the area close to the front plate, but decreases as we move away from it (see section 3.6.2). To account for this, an additional skewed strip has been added, which requires a more complex transformation than Equation 2.6 (which is still used for the parallel strips). This special strip could be crucial because inlet turbulence is often of higher intensity close to curved walls:

x 1 curve = x 1 cos(β) -x 2 sin(β) -r cos(α) x 2 curve = x 1 sin(β) + x 2 cos(β) -r sin(α)      (2.7)
with r being 65.1 mm, α = 130 and β = 45. The skewed strip has a span of 26.7 mm, equal to the length of the circular leading edge. The chord is the same as for the parallel strips. This transformation is not really needed because the strips are independent and the observer is on the far-eld, but it has been included for the sake of completeness. The last step is to add the noise from the dierent strips: Spp blade = n s=1 S pp (s). Such a procedure is valid as long as the span of each strip is larger than the local spanwise correlation length of the addressed mechanism.

Change of coordinates and rotating blades

Sections 2.1.1 and 2.1.2 show the expressions for the far-eld noise generated by both the trailing edge and the leading edge of a at plate divided into strips, in a reference frame attached to the plate.

It is necessary to adapt them to the geometry and the conditions of the blades of a centrifugal fan. This will be done by assimilating the blade to a at plate tangent to the blade at the corresponding edge. Indeed, induced lift uctuations acting as sources concentrate at the leading edge for turbulenceimpingement noise, and at the trailing edge for trailing-edge noise. So, the errors due to the ignored curvature are assumed negligible. The circular motion is assimilated to a rectilinear motion locally tangent to the circular trajectory at a given angular position. As shown by Sinayoko et al. [START_REF] Sinayoko | Trailing edge noise theory for rotating blades in uniform ow[END_REF], this simplication leads to similar predictions when compared to an exact formulation taking the circular motion into account. It is required to perform a change of coordinates from the general system of reference (X, Y, Z), centred on the axis of rotation, to a local system (x 1 , x 2 , x 3 ), centred on the edge of the plate (Figure 2.6). For an axial ow machine, the change of coordinates can be quite complex (e.g. [START_REF] Amiet | Frame of Refrence Considerations for the Forward Flight Noise Problem[END_REF][START_REF] Sinayoko | Trailing edge noise theory for rotating blades in uniform ow[END_REF]), as there are one translation and up to three rotations involved. However, given the simpler geometry of our case, the problem is reduced to two dimensions (the coordinates x 2 and Z are equivalent). We will consider a generic angular position of the blade, at which its edge forms an angle ϕ with the X axis. The angle changes as the fan rotates with angular velocity Ω (see Figure 2.7). We can express the position of an observation point in local coordinates ⃗ x(x 1 , x 2 , x 3 ) or in absolute coordinates ⃗ X(X, Y, Z). Converting from the former to the latter requires a translation, expressed by the vector ⃗ r, and a rotation, an angle ζ for the trailing edge or γ for the leading edge. The vectorial expression of the conversion is thus: The equations for the change of coordinates are:

⃗ x = ⃗ X -⃗
x 1 = X cos(ϕ + ζ) + Y sin(ϕ + ζ) -r cos(ζ) x 2 = Z x 3 = Y cos(ϕ + ζ) -X sin(ϕ + ζ) + r sin(ζ)            (2.8)
with the angle γ replacing ζ for the leading-edge formulation. As for Equation (2.7), for uncorrelated (2.9)

where (ω e (ϕ)/ω) is the Doppler factor and B the number of blades. This procedure, introduced by

Paterson & Amiet [START_REF] Paterson | Noise and surface pressure response of an airfoil to incident turbulence[END_REF] with a simple Doppler ratio, has been corrected for the squared frequency ratio by Sinayoko et al. [START_REF] Sinayoko | Trailing edge noise theory for rotating blades in uniform ow[END_REF]. As the Mach number is quite low (M = 0.06 for the BEP) and we are interested in modelling the broadband noise, the Doppler factor can be approximated by 1. The integral is calculated numerically using the trapezoidal rule. A convergence study (see section 4.1)

has shown that the interval [0, 2π] can be accurately discretized with N = 10 angular steps for all frequencies. Increasing this number has hardly any eect on the result of the integration. Equation (2.9) then becomes:

S pp impeller ≈ B 2π π N N i=1 [S pp blade (ϕ i ) + S pp blade (ϕ i+1 )]
(2.10)

where ϕ i = 2π N -1 (i -1).

Calculation of sound power level

In order to compare the analytical predictions with the experimental results, it is required to compute the sound power level. If the directivity was not known, it would be needed to integrate the far-eld sound pressure level over a hemisphere which encompasses the outlet fan side. As our problem is axisymmetric, we can replace the hemisphere by a semicircle (see Figure 2.9b). The equation to compute the sound power level is given by:

The equation to compute the sound power is given by:

P = 2π 0 S pp impeller (θ) 2πR 2 sin(θ)dθ = 8πR 2 π/2 0 S pp impeller sin(θ)dθ ≈ 8πR 2 N i=1
S pp impeller sin(θ i )∆θ (2.11) where ∆θ = πR 2N

Finally the sound power level is obtained with:

L W = 10 log 10 (P ) + S P P correction

(2.12)

where S P P correction is a correction function to account for the reection of the sound on the wall between both reverberant rooms, because the source is close to the wall in terms of acoustic wavelength. The latter is equivalent to an image source symmetric with respect to the wall. At low frequency, both the real and the image sources are assumed correlated and 6 extra dB should be added. This assumption is essentially made because of the increasing eect of multiple scattering by surfaces, expected as frequency increases. However, for higher frequencies, the sources are decorrelated and only 3 extra dB should be added. The frequency dependency is reected by dening a limit frequency f lim , above and under which 3 and 6 dB will be added, respectively. Though the procedure is somehow arbitrary, a smooth transition between both levels is allowed with the adaptation of the tanh function:

S P P correction (f ) = 9 -{4.5 + 1.5 tanh[0.005(f -f c )]} (2.13)
The critical frequency f c is calculated considering that the distance between the midspan of the impeller and the wall equals half of our critical wavelength, which yields a result of 1104 Hz. The curve generated by Equation (2.13) is shown in Figure 2.8. Another eect is that part of the sound generated in the outer part of the impeller and propagating towards the inlet is reected back because of the geometrical contraction of the wave passage in this upstream direction. This, a priori, increases the noise at outlet. This eect is not accounted for in the present study because of the lack of available prediction method for it, at least at the engineering level.

The fan inlet noise has not been calculated because the sound transmission is much more complex due to the propagation of the sound waves through the inlet nozzle. A convergence study shows that 5 points over the semicircle are enough (see 3.6). Another numerical assessment showed that L W converges with a radius of R = 3 m, which ensures the conditions of acoustic and geometrical far-eld.

This result also conrms that the radius related translation in the change of coordinates can be ignored (Equation (2.8)). The circle is normal to the wall, which is situated 154 mm away from the midplane of the impeller (see Figure 2.9a. Therefore, the center of the circle is at (X=0,Y=0,Z=-0.154 m), with respect to the reference frame of the fan. The radial component of ow at the outlet of a plenum fan may generate noise at the edges of the front and back plates. Furthermore, the rotation of the impeller also induces a boundary layer on the outer part of the plates, the radial component of which could also radiate noise. Therefore, the edges of the front and back plates might be an additional noise source. The noise of a rotating disk was investigated experimentally in [START_REF] Chanaud | Experimental Study of Aerodynamic Sound from a Rotating Disk[END_REF]. More recently, it was investigated numerically [START_REF] Maeder | Numerical analysis of sound radiation from rotating discs[END_REF]. Some analytical work has also been carried out, but it was focused on the vibratory modes of a disk [START_REF] Lee | Analytical formulations for annular disk sound radiation using structural modes[END_REF],

a disk with constant thickness [START_REF] Lee | Acoustic radiation from out-of-plane modes of an annular disk using thin and thick plate theories[END_REF] and a disk with variable thickness [START_REF] Chatterjee | Theoretical and numerical estimation of vibroacoustic behavior of clamped free parabolic tapered annular circular plate with dierent arrangement of stiener patches[END_REF]. This research was mainly aimed at applications to brakes, hard disk drives or saw blades, but studies on impellers are missing.

As a rst assessment of the noise of the plates and in order to state about the ability of the circular edges to contribute to the total fan noise, Amiet's trailing-edge model was adapted to our geometry (see 2.1.1). Both inner and outer sides of the front and back plates are considered, as designated in ) is then rewritten as:

x 1 = X cos(ϕ) + Y sin(ϕ) -r x 2 = Y cos(ϕ) -X sin(ϕ) x 3 = Z            (2.14)
The new change of coordinates is depicted in Figure 2.11b.

Similarly, Equation (2.9) then becomes Equation (2.15):

S pp disk = N 2π 2π 0 S ppsector (ϕ)dϕ (2.15)
where S ppsector is the far eld PSD of a disk sector, computed with Equation (2.3). Finally, Equation

(2.12) can be applied, with S ppsector again replacing S pp blade .

Input data 2.2.1 Leading edge: wavenumber spectrum of the turbulence

A mathematical expression of the turbulence spectrum is required as an input for Equation 2.2. For simplicity, we will assume that the turbulence is locally homogeneous and isotropic. This allows the use of simple analytical models, such as Liepmann's or Von Kármán's. These have been satisfactorily combined with Amiet's model [START_REF] Amiet | Acoustic radiation from an airfoil in a turbulent stream[END_REF][START_REF] Roger | Interaction noise from a thin annulus in a circular jet[END_REF]. The two-dimensional wavenumber spectrum of the turbulence Φ ww adapted from Von Kármán's spectrum is:

Φ ww (k 1 , k 2 ) = 4ū 2 9πk 2 e k2 1 + k2 2 (1 + k2 1 + k2 2 ) 7/3 (2.16)
where ū is the streamwise RMS uctuating velocity and ki are the wavenumbers, made dimensionless by k e :

k e = √ πΓ(5/6) L t Γ(1/3) , k1 = k 1 k e , k2 = k 2 k e ,
L t being the integral turbulence length scale and Γ the Gamma function. When the large aspect ratio approximation is used (Equation 2.5), k 2 = kx 2 /S 0 . The parameters are tuned on the CFD RANS data, as described in subsection 3.6.2

Trailing edge

The following models are required as an input for Equation 2.2. The denition of the boundary layer parameters used in this subsection can be found in Appendix D.1

Wall-pressure spectrum

In experimental studies, wall pressure uctuations are typically measured with sensors embedded on the surface of the airfoil or blade. When this is not possible, a numerical, analytical or empirical approach is required. In the present study, two dierent empirical models will be used.

2.2.2.1.1 Rozenberg's model This model, presented in [START_REF] Rozenberg | Wall-pressure spectral model including the adverse pressure gradient eects[END_REF], extends Goody's model ( [START_REF] Goody | Empirical spectral model of surface pressure uctuations[END_REF]) by including an adverse pressure gradient. This is done by changing some of the boundary layer normalization parameters (displacement thickness δ * instead of boundary layer thickness δ and τ max instead of τ w ).

The fundamental equation of the model is:

Φ pp U e τ 2 max δ * = 2.82∆ 2 (6.13∆ -0.75 + F 1 ) A 1 4.2 Π ∆ + 1 St 2 [4.76St 0.75 + F 1] A 1 + (C ′ 3 St) A 2
(2.17)

where St = ωδ * /U is the Strouhal number based on the displacement thickness . The parameters 

A1, A2, F 1 , ∆, β c , Π, C ′ 3 are dened in Appendix D.2.

Guédel's model

The previous model, albeit empirical, involves many physical parameters. These parameters require that a RANS simulation is available, providing inner and outer boundary-layer variables. In this section, we present a purely empirical model. It was proposed in [START_REF] Guedel | Prediction of the blade trailing-edge noise of an axial ow fan[END_REF], dened by averaging several wall pressure measurements, carried out on dierent axial fan blades. The results were made dimensionless by πU 3 e δ * ρ 2 , where δ * and U e have been estimated from RANS simulations. The corresponding spectral shape is presented in Figure 2.13. One drawback of the model is that its range is limited between 0 < St < 10. This means that for low δ * and high U we could end up with a maximum frequency which is excessively low for the desired application. For higher frequencies, the wall-pressure is extrapolated with a slope of

St -7 : Φ pp /(πU 3 e δ * ρ 2 ) = 0.4386 • St -7 .
2.2.2.1.3 Dimensionless wall pressure spectrum for ow separation The previous models assume a developed and attached boundary layer. However, CFD simulations predict that the ow could detach on an area of the suction side of the blade (see Section 3.6.1). Due to the lack of a proper analytical model to predict a wall pressure spectrum with ow separation, an empirical approach is instead adopted. For this, previous spectra measured on a at plate with a 10 • angle of attack, placed inside a wind tunnel with a 20 m/s ow [START_REF] Guédel | Prediction of fan broadband noise[END_REF] and made dimensionless, are redimensionalised. In this conguration, detachment of the boundary layer on the suction side of the plate was observed. The boundary layer parameters δ * and U e were estimated from CFD simulations.

The results are approximated with a mathematical expression, Equation 2.18.

Φ pp /(πU 3 e δ * ρ 2 ) =            a ω ′ ω ′ < ω ′ 1 b ω ′-2 ω ′ 1 < ω ′ < ω ′ 2 c ω ′-5 ω ′ > ω ′ 2 (2.18)
where ω ′ = ωδ * /U e , w ′ As it is common with wall-pressure spectra (see [START_REF] Lee | Empirical wall-pressure spectral modeling for zero and adverse pressure gradient ows[END_REF] for more details), there are three dierent intervals where the slope changes. The slope is positive at low frequencies and then it shows decay rates of, respectively, ω -2 at mid frequencies and ω -5 at high frequencies. Many analytical wallpressure models exhibit a decay rate of ω -0.75 [START_REF] Lee | Empirical wall-pressure spectral modeling for zero and adverse pressure gradient ows[END_REF]; the dierence is likely to be due to the hump centered around ω ′ = 0.7, probably induced by the ow detachment.

Correlation length

In a similar way as for Φ pp , the correlation length needs to be estimated with the help of a mathematical model. Among other proposed ones, Corcos' model is quite popular [START_REF] Corcos | Resolution of Pressure in Turbulence[END_REF]:

l y (ω, k * 2 ) = ω bU c (k * 2 ) 2 + ω bU c 2 (2.19) 
For parallel gusts, k * 2 = 0, Equation 2.19 becomes

l y (ω) = bU c ω (2.20)
where b is a model constant. However, the model is expected to be abusive when predicting the correlation length at low frequencies. Indeed, the inverse frequency dependance is unrealistic as the frequency goes to zero, and some experiments report a decrease below some characteristic frequency [START_REF] Rozenberg | Rotating blade trailing-edge noise: Experimental validation of analytical model[END_REF][START_REF] Guedel | Prediction of the blade trailing-edge noise of an axial ow fan[END_REF]. An alternative model, proposed by Emtsov [START_REF] Emtsov | Characteristics of the eld of turbulent wall pressure uctuations at large reynolds numbers[END_REF], accounts for this:

l y (Sh) = δ a 1 Sh U c/U τ 2 + a 2 2 Sh 2 + (a 2 /a 3 ) 2 -1/2 (2.21) 
where Sh = ωδ/u τ is the Strouhal number dened by the boundary layer thickness and the friction velocity. For high frequencies (ω → ∞), Equation 2.21 becomes Equation 2.20, with a 1 = b. The coecients a i are dened empirically. For the original model, they take the values a 1 = 0.1, a 2 = 72.8

and a 3 = 1.54 for the streamwise correlation length (not used in the present mathematical model) and a 1 = 0.77, a 2 = 548 and a 3 = 13.5 for the spanwise direction. Further investigations, such as [START_REF] Palumbo | Determining correlation and coherence lengths in turbulent boundary layer ight data[END_REF], have recalculated them for dierent values of the Mach number. Nevertheless, an accurate measurement of the coecients for low M , such as the case of the present study, is still missing.

An empirical model also proposed in [START_REF] Guedel | Prediction of the blade trailing-edge noise of an axial ow fan[END_REF] is preferred. As for the wall pressure spectrum, it is the result of averaging several measurements performed on rotating blades. The result is presented in As it was the case for the wall pressure empirical model, it may be required to extrapolate the curve at high frequencies. Furthermore, in some cases, it could instead be needed to extrapolate it at low frequencies, because the lowest Strouhal number is 0.1. The empirical curve can be adjusted with the following expression:

l y /δ * (St) =      -21.2612St 3 -9.2583St 2 + 11.3431St + 0.2938, if St < 0.4 1.137α St , if St ≥ 0.4 (2.22)
where the Strouhal number is dened based on the displacement thickness St = ωδ * /U and α is the free stream to convection speed ratio. The equation for St ≥ 0.4 corresponds to Corcos' model for parallel gusts (2.19) with a coecient b = 1.137. In this study, the value α = 1/0.7 will be used systematically.

Conclusion

This chapter describes how Amiet's model was adapted to the geometry of the plenum fan. As the ow features over the blade change along the spanwise direction, a strip segmentation of the blade has been done. This is straightforward for the trailing-edge noise, but the curved part of the leading edge requires the denition of a skewed strip. To account for the rotation of the impeller, a change of coordinates was introduced. The eect of the wall which separates both reverberant rooms is taken into account by introducing a correction function depending on frequency. Empirical and analytical functions used to estimate wall pressure spectra, correlation length or turbulence are also presented.

Chapter 3

CFD simulations

The objectives of this chapter are threefold. First, RANS simulations of the baseline fan are used to describe and analyse the main ow features at several operating points. Second, some results are extracted so they can be used to dene the serrations in Chapter 1. And third, ow parameters are extracted to be used as input for the analytical model of the baseline fan described in Chapter 2 and applied in Chapter 4. Steady RANS was used instead of unsteady simulations like LES or even LBM to perform the study within the industrial constraints of this thesis

CFD: an overview

CFD is an acronym for Computational uid dynamics, which is a technique aimed to solve the Navier-Stokes equations of mass, momentum and energy conservation Typically, the equations are solved with the nite volume method, which requires discretising the domain of interest into small volumes, integrating the equations in each volume to obtain the discrete equations and solving the discretized equation.

The discretisation of the domain is done through meshing. The mesh resolution of the grid is critical, especially in areas of high gradients, so the physics of the uid is accurately captured. There are three types of meshes:

Structured mesh: the domain is divided into basic shapes (quadrilaterals in 2D and hexahedrons in 3D). This approach is cost-eective in terms of number of elements and is robust when the ow is aligned with the mesh. However, it is dicult to use with complex geometries and it usually requires the subdivision of the domain into simplied geometries, which are meshed independently.

Unstructured mesh: it is based on triangles for 2D and tetrahedrons for 3D ows, but arbitrary polyhedrons can also be used. This approach suits complex geometries better than structural meshes and can be automated easily.

Hybrid meshes: it merges both structured and unstructured meshes, combining the advantages of both methods. However, it is dicult to implement, particularly on the interface between the structured and unstructured meshes.

Boundary conditions are required to solve the aforementioned governing equations. For turbomachinery applications, these are typically: pressure at inlet, velocity at inlet, mass ow at inlet, pressure at outlet, walls (usually associated with a no-slip condition) and/or periodicity [START_REF] Younsi | Aeroacoustique et Aerodynamique Instationnaire, Numerique Et Experimentale Des Ventilateurs Centrifuges à Action[END_REF]. There is a relative movement between the rotating and the static parts. There are three dierent approaches which can simplify this problem:

Simple reference frame (SRF). Applicable to axial machines without singularities, it uses a reference which rotates with the impeller.

Multiple reference frame (MRF). It divides the domain in two parts: a rotating domain which turns with the impeller and a xed domain. The rotating domain is static from the computational point of view; the method is also known as frozen rotor. It averages the ow features and is thus valid for ows with weak rotor-stator interaction.

Moving mesh. It is the most accurate method and captures rotor-stator interactions accurately.

The mesh is similar to that of a MRF, but the ow is considered unsteady. For each time step, the rotating domain turns and the interface with the xed domain is recalculated.

Turbulence is a phenomenon characterized by a huge range of scales. The biggest eddies are geometry-dependant and have a large lifetime. The smallest eddies are viscosity dependent and show a small lifetime. The turbulence kinetic energy is transferred from the biggest to the smallest ones, where it is nally dissipated. With the current computational means, "we are still a long way from performing direct numerical simulations (DNS) of ows of direct interest to the engineer" [START_REF] Davidson | Turbulence: An Introduction for Scientists and Engineers[END_REF]. Instead, the instantaneous solution of the turbulence is averaged and the small scales are removed.

The Reynolds Averaged Navier-Stokes (RANS) is a cost-eective approach for industrial applications. It is based on the application of the Reynolds decomposition to the Navier-Stokes equations.

This adds unknowns to the system, which require the use of turbulence models, such as Spalart-Allmaras, k -ϵ (and variants), k -ω (and variants) or RSM. In this work, both the k -ϵ [START_REF] Launder | Application of the energy-dissipation model of turbulence to the calculation of ow near a spinning disc[END_REF] and the k -ω SST (Shear Stress Transport) [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] models have been used. The latter is a merge between the k -ω model, for the near wall, and the k -ϵ model, for the outer ow.

In the k -ϵ model, the integral turbulence length scale is given by

L t = C 3/2 µ k 3/2 ϵ , (3.1) 
where k is the turbulent kinetic energy, ϵ is the rate of dissipation of the turbulent kinetic energy C µ is a model constant which in the standard version of the model has a value of 0.09. The denition of integral turbulence length scale is given in 1.17. In the k -ω model, the integral turbulence length scale is computed from:

L t = √ k C µ ω , (3.2) 
where ω is the specic dissipation rate and C µ is also 0.09.

Geometry description and parameters

Simulations were carried out in order to gain better insight into the uid dynamics within the fan impeller. For this, the conditions of the tests of the baseline fan described in Section 1.2 were reproduced. The geometry of the simulation, described in Figure 1.5, can be seen in Figure 3.1. The reverberant room was replaced by a hemisphere, which allows the ow to enter uniformly through the impeller. The pressure chamber has been fully reproduced. Furthermore, a two-meter long extension of the room has been added so the boundary conditions do not disturb our area of interest. The boundary conditions were a uniform velocity over the hemisphere and zero static pressure at the outlet. The velocity was imposed so the desired owrate is retrieved, as q v = U • S, where S is the surface of the hemisphere S = 2πR that it behaves as an outlet. The simulation used 3D steady RANS with a Multiple Reference Frame (MRF) approach. Values of the ow q v , taken from the experimental fan curve, have been used as input.

The simulations were carried out with the commercial software Star CCM+. Several congurations, with dierent mesh renement and turbulence models (k -ϵ and k -ω SST ), were simulated. Their main features can be seen in Table 3.1. First, a coarse mesh was used. In a next stage, it was rened.

Finally, the number of boundary layer elements was increased. As an unstructured mesh is used, the value of the dimensionless wall distance y + over the blade there is an extension to ensure that the boundary condition does not aect the ow inside the room. The ow converges very uniformly towards the inlet nozzle. This is due to the simplication of the room as a hemisphere.

The velocity gradient at the outlet of the impeller is very big, but it rapidly becomes uniform.

There are four eddies generated by the corners of the section change on the left side of the room (only two are visible on Figure 3.5).

The ow velocity is quite high near the oor of the room downstream of the impeller.

3.3 Pressure-ow curves

Baseline fan

The fan curves obtained from the simulations give an overview of the results and can be compared with the experimental results. Figure 3.6a shows the total pressure curves measured and predicted with the coarse and rened mesh. Three operating points have been simulated: the BEP (q v = 2196 m 3 /h) and the points to the left (q v = 1706 m 3 /h) and to the right (q v = 2584 m 3 /h) of it. In all cases, the simulations underpredict the fan pressure. The experimental error bars have been added to the plots (±2.5% of p f and ±1 m 3 /h) and their length is shorter than the pressure underprediction. As far as the turbulence model is concerned, the prediction is slightly closer to the measured data with the k -ϵ model. It was therefore decided to use this model for the case with a rened mesh, which slightly raised the pressure prediction. Figure 3.6b shows the overall eciency for the dierent simulations (see Equation 1.2), which follows the same tendency than the pressure. The measured overall eciency accounts for the motor and VFD eciency, which is obviously not the case for the predicted eciency. This consistent underprediction of the fan pressure has been observed for axial fans simulated with RANS [START_REF] Guedel | Prediction of the blade trailing-edge noise of an axial ow fan[END_REF]. A possible cause which may explain the underprediction could be the recirculating ow through the gap between the impeller and the inlet nozzle [START_REF] Ottersten | Unsteady simulation of tonal noise from isolated centrifugal fan[END_REF].

Leading-edge serrations

The three impeller prototypes were simulated at nominal speed, with the k -ϵ model and rened mesh. As it was the case for the baseline fan, the simulations slightly underpredict the fan pressure with respect to the experimental results (see Figure 3.9). 

Analysis of the ow features

The results presented in this subsection correspond to the rened mesh, with the k -ϵ turbulence model, for a rotating speed of N=1440 rpm.

Mean blade pressure eld

The static pressure on the blades, displayed in Figure 3.11, has a similar distribution regardless of the operating point of the fan. In all three cases, the pressure increases when we move from the leading edge to the trailing edge, for both the pressure side and the suction side. The minimum value is located close to the inlet nozzle and the leading edge due to the high ow velocity around this area. We have used three transversal sections for the ow visualization, as it can be seen in Figure 3.12.

The rst section is 5 mm from the front plate, the second is in the middle and the third is 5 mm from the back plate. The ow around the blades is mainly axisymmetrical, with some asymmetry for one of the blades at q v = 1706 and q v = 2196, m 3 /h (the lower blade in Figure 3.14).

Close to the front plate there is a ow separation zone on the suction side. As we move away from it and towards the back plate (from Figure 3.13 towards Figures 3.14 The velocity increases and becomes uniform as the ow leaves the impeller. 

Visualization between two blades

To better reect the evolution of the dierent parameters along the axial and tangential direction, a section between two blades has been used. As there is little dependency on the value of the airow, we only show here results for the intermediate value q v = 2196 m 3 /h.This section can be visualized in In Figure 3.17 it can be seen that the velocity is very high close to the inlet, with an important axial component. As the ow moves towards the back plate this axial component is gradually reduced.

The velocity vectors close to the front plate are quite small, which is evidence of ow recirculation.

To complement the previous gure, we display in Figure 3.18 the ow through the inlet nozzle and the impeller. For the sake of clarity, the nozzle and front plate have been made transparent. In general, there is a good guidance of the ow by the nozzle and the impeller. However, the vectors close to the front plate still have a signicant axial component, which is complementary evidence of the recirculation shown in Figure 3.17. There is also a small recirculation of ow through the gap between the nozzle and the impeller. Even when the boundary layer thickness may be dened from the velocity eld, it can be more easily observed on the relative total pressure eld. This has been done in Figure 3.27b, and δ on the suction 

q v = 2196 m 3 /h, N=1440 rpm
The boundary layer parameters are extracted on the rectangular area already described in 3.27a, for the best eciency point. To capture the spanwise ow variability, eight "virtual" probes normal to the blade surface have been evenly distributed along the span, for both the pressure and the suction side (see 3.29). A general system of coordinates is placed in the middle of the blade, colinear with the back plate (black axis on Figure 3.29). Then, for each probe, for both the pressure and the suction side, a local system of coordinates is dened (red axis on Figure 3.29). For all cases, x, y, z represent the streamwise, normal and spanwise directions, respectively. The probes are numbered from 1 to 8.

It is to be noted that this procedure is more accurate that the boundary layer thickness estimation described in 3.5.2. Along each probe, the relative velocity components and the relative total pressure are extracted.

Furthermore, the static pressure and the wall shear stress are also extracted on the blade surface, for eight span sections which match the position of the probes. As far as the analytical model is concerned, only the streamwise component of the velocity is required. It is veried that the latter component is several orders of magnitude bigger than the other two (spanwise and normal), which therefore can be neglected (see Figure 3.30). For each probe, a free stream velocity U e is dened. For the suction side, this is done by nding the maximum of the streamwise velocity. The y coordinate where 99% of its value is reached is used to dene the boundary layer thickness δ (see Figure 3.32). Then δ * and Θ are obtained by integration (see D.1 for more details). As there are some uctuations on the velocity and relative total pressure, a 5-point moving average is performed.

For the pressure side, there is not a maximum of velocity, as it is monotonically increasing with the normal coordinate y. Instead, we look for a maximum on the second derivative of the relative total pressure with respect to y:

d 2 P totrel dy 2 .
The evolution of the relative total pressure and the rst and second derivatives is shown in Figure 3.31, for a particular probe. The outcome of this process, for both sides of the blade, is the free stream velocity U e and it is shown in Figure 3.32. Once U e is obtained, the process to compute the rest of the parameters is the same as for the suction side. The data extracted with the procedures described in this subsection are compiled in Tables 3 The radial component of the velocity, which is normal to the edges of the plates, has been extracted on the cylinder. From these data, for each plate side, U e ,δ, δ * and Θ have been estimated. 

Conclusion

The CFD simulations have replicated the tests of the baseline fan. Despite an undeprediction of the total pressure, the tendency of the fan curve has been well replicated. The ow guidance through the impeller is quite good, albeit ow separation close to the front plate on the suction side. There is also a small recirculation through the gap between the inlet nozzle and the impeller. Besides, it is signicant that the boundary layer is thicker on the suction side than on the pressure side.

The results for the best eciency point have been used to estimate the turbulence integral length scale and the boundary layer thickness. These have been used in Chapter 1 to dene the leading-edge and trailing-edge serrations. In both cases, an average value has been used. This strategy should be re-evaluated. For the leading edge, the maximum values of the turbulence are expected to be dominant in terms of turbulence impingement noise production. because it is not the average, but the maximum value which will be dominant in terms of noise production.

Several input parameters for the analytical model of the fan noise spectrum have been estimated from the simulations. For the trailing edge, the boundary layer parameters and the velocity proles have been obtained along eight virtual probes, for both the pressure and the suction side. The longitudinal pressure gradient and the shear stress have also been estimated. Upstream of the leading edge, the turbulence intensity and integral length scale have also been extracted. The analytical noise prediction which uses these results as input is presented in Chapter 4.

Chapter 4

Validation of the noise prediction

This chapter presents the results of the analytical model developed in Chapter 2. Before these are discussed, a study is performed to evaluate the convergence of the model based on several numerical parameters. The results allow assessing the contribution of each part of the blade, as well as the hierarchy of the noise sources which have been modelled. Finally, the prediction is compared with the experimental results from Chapter 2. The noise of the trailing edges of the front and back plates of the impeller is also discussed.

Convergence study

There are some parameters of the analytical model which need to be adjusted. In this subsection, a numerical assessment will be performed so the values which ensure proper convergence of the analytical results are found out. Equation 2.12 will be applied while changing some of its variables: number of strips, number of points on the semicircle, semicircle radius and semicircle angle.

The analytical model is expected to yield an axisymmetric noise distribution. To verify this, the circular arc displayed in Figure 4.1 will be rotated around the Z axis. The circular arc angle is designated as ϕ, with 0 • being horizontal and 90 • vertical (albeit the distinction between both is irrelevant due to the axisymmetry). The number of points along the circular arc is another parameter to be tested. The points are evenly distributed, the sound pressure level is computed for each of them and at the end the sound power level is retrieved. As depicted in Figure 4.3, four points are enough in both cases to ensure the convergence of the calculation.

The study of the radius of the circular arc is shown in Figure 4.4. In both cases a value of 2 m is enough.

A very important parameter is the number of strips. There are other criteria to be taken into account besides the convergence. The strips should be as wide as possible to mitigate the distortion induced by the large aspect ratio approximation (Equations 2.3 and 2.5). On the other hand, the number of strips should be large enough to capture the spanwise evolution of the ow. A third For the trailing edge, the convergence study needs to be carried out for both pressure and suction sides. As shown in 3.6.1.2, the turbulence length scale imposes a minimum strip span of 1.1 mm for the former, whereas the correlation length sets 54 mm for the latter. However, the value for the suction side is too high, for it would imply only one or two strips. It is due to the high correlation length in probes 1, 2 and 3, where the ow detaches. If we ignore them and only consider the remaining probes, the maximum length is 6.5 mm, which yields a minimum span width of 13 mm. This sets a maximum number of strips of 7.5. The noise will be calculated with 8, 6, 4 and 2 strips, interpolating the input values calculated for 8 probes (see 3.6.1). The outcome appears in Figure 4.5. For both the pressure and the suction side, using 4 strips seems a good compromise among all the aforementioned reasons. The notable discrepancies between both wall-pressure models could be due to the dierent parameters used by each one to make the spectra dimensionless. Furthermore, Rozenberg's model is based on measurements on static airfoils, whereas Guedel's model was developed from measurements on fan blades.

The next stage is to combine the noise of all strips to obtain the blade noise from each side of the blade, which will be nally summed. The outcome appears in Figure 4.9. Guedel's model yields a higher spectrum than Rozenberg's. In both cases, the noise coming from the pressure side only contributes to the blade noise at higher frequencies. The inuence of the rst three points of the previous list could be assessed with a more accurate turbulence model for the CFD simulations. This is done in Section 4.6, where the previous wall-pressure spectra are compared with those obtained with LBM simulations. Besides, the ow detachement would ideally require the application of an analytical noise model specic to stall noise, such as the one proposed by Moreau et al. [START_REF] Moreau | Flow features and self-noise of airfoils near stall or in stall[END_REF]. The last point could be tackled by using the full equations 2.1 and 2.4, albeit it has been shown that this is not always consistent when applied to strips with small span The analytical model still slightly underpredicts the sound power level, but the shape of the spectra seems to capture some of the measured humps and dips. This gives us a hint on the possible eect of the envelope of the impeller on the noise.

Contribution of front and back plates

The estimation of the noise generated by the front and back plates is displayed in As the simulations were performed for a rotating speed of 2975 rpm, the results need to be scaled to 1440 rpm. This is done both for the frequency and the amplitude of the PSD of the wall-pressure uctuations. The frequency is converted with Equation 1.9. For the amplitude of the PSD, a dependency of the air velocity to the power of 3 is used [START_REF] Rozenberg | Modélisation analytique du bruit aérodynamique à large bande des machines tournantes : utilisation de calculs moyennés de mécanique des uides[END_REF]. This means that the ratio of rotating speeds (N 2 /N 1 ) will also be to the power of 3: The transposition to another speed assumes some self-similarity in the ow. After applying Equations 1.9 and 4.1, the spectra of wall-pressure uctuations obtained with the LBM simulations can be compared with the estimation from RANS. For the latter case, three dierent models have been used:

P
an empirical dimensionless spectrum for the area of the blade with ow detachment and Rozenberg's or Guédel's models for the rest (see 2.2.2.1). A similar comparison has been performed for the pressure side, displayed in Figure 4.18. The tendency at low frequencies is similar to the pressure side. However, the LBM prediction is quite dierent to the RANS estimation at high frequencies, in terms of both amplitude and slope. This may be explained, among other causes, by the fact that the boundary layer meshing of the RANS simulations is rather coarse for its order of magnitude. To conclude, the comparison between the LBM simulations and the RANS estimation of the wallpressure uctuations shows remarkable dierences. The LBM spectra are, in general, similar or lower than the RANS prediction, so they could not solve the question of the underprediction of the noise described in 4.3. This also supports the hypothesis that other noise sources apart from trailing-edge noise might be present in the impeller.

Conclusion

The comparison of the analytical noise predictions with experimental results shows a certain agreement when Guédel's model for the wall-pressure uctuations near the trailing edge is used. Overall, the model underpredicts the fan noise by about 2 dB, with a slight overprediction between 200 and 400 Hz, which seems a reasonable performance in view of underlying assumptions and simplications.

It is worth noting that the modeling is aimed at producing very fast estimates in engineering context, when some ow features are unknown. When Rozenberg's model is used to estimate the wall-pressure spectra, the noise is strongly underpredicted, by 11 dB on average, whatever the frequency.

There are several possible reasons behind the general tendency to underpredict the noise. First, other noise sources apart from trailing-edge and leading-edge noise could be present. Rotating stall, investigated by Sanjosé et al [START_REF] Sanjosé | Noise mechanisms in a radial fan without volute[END_REF], could be one of them, but if it was the case this would only account for the low frequencies. There is also uncertainty on the data extracted from the RANS simulations.

Furthermore, the use of analytical and empirical models to predict the wall pressure uctuations, the correlation length and the turbulence intensity and integral length scale also adds uncertainty to the prediction.

The analytical results suggest that trailing-edge noise is dominant over leading-edge noise. This is consistent with the experimental results, which show that trailing-edge serrations are more eective than leading-edge serrations in our particular application. In view of the results, the outer edges of the front and back plates are not a signicant noise source for the impeller

Conclusion and perspectives Conclusion

A bibliography review of the use of leading-edge and trailing-edge serrations on xed airfoils and axial fans allowed to identify the most relevant variables involved in the noise reduction. This previous experience, in combination with some data extracted from CFD simulations, was used to dene a design strategy to machine leading-edge and trailing-edge serrations on the blades of a plenum fan.

Six dierent prototypes were manufactured and tested.

Experimental results for leading-edge serrations show a noise reduction at mid frequency, but an increase at high frequencies. If the degradation of the air performances is taken into account, leadingedge serrations increase noise for most of the tested congurations and operating points. This brings the serration design process into question. Instead of using the average value of the integral turbulence length scale, its maximum should have been used. Indeed, the dominant sources of leading-edge noise are associated to the areas of highly turbulent ow.

The test of impeller prototypes with trailing-edge serrations yielded a noise reduction at all frequencies for some operating points, with a maximum decrease of around 2 dBA at the nominal speed (N = 1440 rpm). At low owrate and reduced speed (N = 720 rpm), a substantial noise reduction of up to 8 dBA is observed, due to the mitigation or even cancellation of a high-frequency peak. This peak is generated by a source near the trailing edge. The most likely hypothesis points towards laminar boundary-layer vortex shedding, maybe issued in the pressure side blade boundary layer, but this yet needs to be conrmed.

Amiet's model was adapted to the geometry of a plenum fan. The analytical results suggest that trailing-edge noise is dominant over leading-edge noise. This is consistent with the experimental results, which show that trailing-edge serrations are more eective than leading-edge serrations in this fan conguration. Furthermore, applying Amiet's model to predict the noise of the trailing edges of the front and back plates shows that this is not a signicant noise source as compared with the blade trailing edge.

The comparison of the predicted and experimental results shows that the analytical model shows a reasonable agreement, with a tendency to underpredict the noise. There are several possible reasons behind this. First, other noise sources apart from trailing-edge and leading-edge noise could be present. There is also uncertainty on the data extracted from the RANS simulations. Furthermore, the analytical and empirical models to predict the spectra and correlation lengthscales of the wall pressure uctuations, which are the input data of the trailing-edge noise model, as well as the data to predict the leading-edge noise, also add uncertainty to the prediction.

Perspectives

The experimental results obtained with the leading-edge serrations and the experience of other investigations [START_REF] Biedermann | On the Transfer of Leading Edge Serrations from Isolated Aerofoil to Ducted Low-Pressure Fan Application[END_REF] show that characterizing the turbulence upstream of the trailing edge is paramount for their noise reduction eectiveness. However, this constitutes a challenge for industrial applications because there is a high variability of the turbulence parameters depending on the installation, the inlet conguration including the inlet nozzle and the operating conditions. For the particular case of centrifugal impellers, the change from axial to radial direction of the ow makes this problem more dicult than for axial fans. The application of trailing-edge serrations to a plenum fan has shown some success. This results might be improved by increasing the serration amplitude or by including new geometries, such as slits [START_REF] Avallone | Noise reduction mechanisms of sawtooth and combed-sawtooth trailingedge serrations[END_REF] or ogee-shaped serrations [START_REF] Lyu | Leading-and trailing-edge noise reduction using serrations of new geometry[END_REF].

The serration design strategy described in this work, based on steady RANS, could be validated by unsteady CFD simulations, like LBM or LES. This might also help to explain the underprediction of the analytical model. To account for other noise sources, the impact of rotating stall could be assessed [START_REF] Mongeau | Sound generation by rotating stall in centrifugal turbomachines[END_REF][START_REF] Sanjosé | Noise mechanisms in a radial fan without volute[END_REF]. The procedure proposed by Tetu [START_REF] Tetu | Experiments and analysis of the trailing edge aeroacoustics of centrifugal turbomachinery[END_REF] could also be an interesting alternative.

The robustness of the analytical model should be assessed by applying it to other operating points, dierent from the BEP. The nal stage of the analytical modelling of the broadband noise of a plenum fan would be the addition of serrations. The model presented here could be completed with an existing model for leading and trailing-edge serrations [START_REF] Lyu | Prediction of noise from serrated trailing edges[END_REF][START_REF] Halimi | Analytical prediction of broadband noise from mini-RPA propellers with serrated edges[END_REF]. Even if there is a dierence between the prediction and the experiment on the baseline fan, the validation of the model with serrations could be assessed by comparing the predicted and measured dierence in levels between unserrated and serrated blade impellers. There is an overall increase on the noise at inlet for the double table setup, and an increase at low frequencies at outlet. On the other hand, there is a very good agreement between the results of April and September. 

U

B.3 Conclusion

The test setup and the assembly of the fan plays an important role on the noise. It is paramount to carefully assure that it does not disrupts the noise measurements. The leading-edge back-scattering correction for supercritical gusts (Θ 0 < 1) is given by: For sub-critical gusts (Θ 0 > 1 and κ′2 < 0), the terms of the aeroacoustic transfer function take the form

I 1 = - e -2iC iC e -2iC A ′ 1 μ(x 1 /S 0 ) -iκ ′ Φ o ([2i(μ(x 1 /S 0 ) -iκ ′ )] 1/2 ) -Φ o ([2iA ′ 1 ] 1/2 ) + 1
and

I 2 = e -2iB ′ B ′ H ′ A ′ e 2iB ′ 1 -erf ( √ 4κ ′ ) -1 + √ 2κ ′ k * 1 + (M - x 1 S 0 )μ Φ 0 √ -2iB ′ √ -iB H
where Φ o is the complementary error function of complex argument and

H ′ = (1 + i)(1 -Θ ′2 ) 2 √ π(α -1)k * 1 A ′ 1 , A ′ 1 = K1 + M μ -iκ ′ A ′ = k * 1 + M μ -iκ ′ , Θ ′ = A ′ 1 A ′ , B ′ = μ x 1 S 0 -iκ ′ C.

Leading edge

As for the trailing edge, the transfer function is the sum of two contributions: L = L 1 + L 2 . For subcritical gusts its expression reads: Its expression then reads: 

L 1 = - 1 π 2 (k * 1 + β 2 κ)Θ 1 e iΘ 2 E[2Θ 4 ] L 2 = e -iΘ

  de la roue et le support du ventilateur ne contribuent pas au bruit global du ventilateur. Le modèle analytique arrive à prédire raisonnablement les résultats expérimentaux, avec une tendance à la sousestimation du bruit. Il y a plusieurs raisons qui pourraient expliquer cela. D'autres sources que le bruit de bord d'attaque et le bruit de bord de fuite peuvent contribuer au bruit du ventilateur. De plus, les modèles analytiques et empiriques utilisés pour obtenir les données d'entrée du modèle acoustique ajoutent une incertitude à la prévision. Mots clés : Bruit des ventilateurs, Ventilateur centrifuge á roue libre, Dentelures, Modèle d'Amiet, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 Pressure-ow curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.1 Baseline fan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 1

 1 Figure 1 Illustration of a possible use of the fan of the study in an air handling unit. Impeller on the right (dark blue). Streamlines with general ow direction marked in red

  Broadband noise: interaction of inow turbulence with the blades (leading-edge noise) local ow separation trailing-edge noise interaction of turbulent outlet ow with obstacles (e.g. outlet guide vanes of axial fans, volute cut-o of centrifugal fans) tip clearance noise (only in axial fans).

  Part of the MATLAB scripts for a at plate was provided by CETIAT and École Centrale de Lyon and used as a basis to implement the analytical model. The spanwise segmentation, the change of coordinates and rotating blades, the calculation of sound power level and the noise of the front and back plates are original contributions. The analytical work was jointly supervised by CETIAT, École Centrale de Lyon and Université de Sherbrooke. Sta from CETIAT's simulations team contributed to the setup and run of the CFD simulations shown in Chapter 3. The author then ensured their post-treatment and modied and rerun some of them. The author was trained in the use of the simulation software during a secondment in Valeo (La Verrière, France). The developments discussed in Chapter 4 are original contributions of the author. The Lattice Boltzmann Method results presented in the chapter were provided by Université de Sherbrooke and ÉTS Montréal. The author post-treated the raw data and analyzed the outcome.
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 11 Figure 1.1 Rendering of a NACA 6412 airfoil with trailing-edge serrations .

  [START_REF] Azarpeyvand | An analytical investigation of trailing edge noise reduction using novel serrations[END_REF] extended Howe's model to study new geometries at the trailing edge, showing that they were potentially more ecient than sawtooth.Sinayoko et al.[START_REF] Sinayoko | Trailing edge noise prediction for rotating serrated blades[END_REF] combined Howe's model with Amiet's model for rotating blades, showing that rotation has little impact on the noise eect of trailing-edge serrations. The most eective serrations are narrow relative to the boundary layer thickness δ (λ < δ and h > λ). The model also predicts that adding slits to serrations could provide an additional noise reduction. A possible conguration combining sinusoidal serrations with slits is depicted in Figure1.2).
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 12 Figure 1.2 Sinusoidal serrations with slits added to the hollow part

Figure 1 . 3

 13 Figure 1.3 Fan of the study (credit of the picture to Ziehl-Abegg SE)

Figure 1 . 4

 14 Figure 1.4 Main dimensions of the impeller

Figure 1 .

 1 6 shows pictures of the test rig. As the rotating speed varies with the operating point, all the results are converted to the target speed (1440, 1080 or 720 rpm) and an air density ρ = 1.2 kg/m 3 , which are very close to the test values.
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 15 Figure 1.5 Layout of the test facility

Figure 1 . 6

 16 Figure 1.6 Views of the reverberant rooms

Figure 1 . 7

 17 Figure 1.7 Power conversion chain between the VFD and the impeller; notations, as per ISO/TC 117 -Fans, described in text

Figure 1 . 8

 18 Figure 1.8 Motor eciency versus motor input power for the fan of the study, data provided by Ziehl-Abegg

Figure 1 .

 1 9a shows the curves for the three rotating speeds. Reducing the speed induces a reduction of the fan curve. Equations 1.4 and 1.5 can be used to check the aerodynamic similarity of the results, conrmed by the dimensionless fan curve, depicted in Figure 1.9b. Only deviations of about 0.015 in µ are found at lower owrates.
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 19 Figure 1.9 Baseline fan pressure curves

Figure 1 .

 1 Figure 1.10 Overall eciency versus dimensionless owrate
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 1 Figure 1.11 Sound power level curves of the tested baseline fan
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 1 Figure 1.12 Comparison of the overall sound power of the fan of the study and other commercial plenum fans, measurements at outlet
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 1 Figure 1.13 Third-octave bands of sound power level at outlet as a function of the % of the nominal rotating speed, δ = 0.1
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 1 Figure 1.14 Third-octave bands of sound power level at outlet as a function of the % of the nominal rotating speed, δ = 0.2
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 1 Figure 1.15 Third-octave bands of sound power at outlet as a function of the % of the nominal rotating speed, δ = 0.3
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 1 Figure 1.16 Narrowband sound pressure spectra at outlet as a function of the % of the nominal rotating speed, δ = 0.1, ∆f = 8 Hz
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 1 Figure 1.17 Narrowband sound pressure spectra in reduced variables (reference speed N=1080 rpm) at outlet as a function of the % of the nominal rotating speed, δ = 0.1, ∆f = 8 Hz
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 1 Figure 1.18 Narrowband sound pressure spectra at outlet as a function of the % of the nominal rotating speed, δ = 0.3, ∆f = 8 Hz
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 1 Figure 1.19 Narrowband sound pressure spectra in reduced variables (reference speed N=1080 rpm) at inlet as a function of the % of the nominal rotating speed, δ = 0.3, ∆f = 8 Hz
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 1 Figure 1.20 Narrowband sound pressure spectra for inlet and outlet, δ = 0.2, ∆f = 8 Hz, N=1440 rpm

Figure 1 .

 1 Figure 1.21 Narrowband sound pressure spectra at inlet for all operating points, ∆f = 8 Hz, N=1440 rpm

Figure 1 .

 1 Figure 1.22 Narrowband sound pressure spectra in reduced variables (reference speed N=1080 rpm) at inlet as a function of the % of the nominal rotating speed, δ = 0.1, ∆f = 8 Hz

Figure 1 .

 1 Figure 1.23 Dimensions considered for the assessment of standing waves
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 111 Figure 1.24 Sound pressure level and potential resonances for δ = 0.2 at outlet ∆f = 8 Hz
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 1 Figure 1.26 Impeller prototypes with leading-edge serrations
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 11 Figure 1.27 Fan curves, N=1440 rpm
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 1 Figure 1.28 Fan curves, N=720 rpm

Figure 1 .

 1 Figure 1.29 Typical averaged narrowband sound pressure spectra at outlet for q v = 2200 m 3 /h, N=1440rpm, ∆f = 2 Hz
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 1212 Figure 1.30 Filtered narrowband sound pressure spectra at outlet for the BEP q v = 2200 m 3 /h, N=1440rpm, ∆f = 2 Hz
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 1 Figure 1.32 Filtered sound pressure reduction level at outlet for the BEP q v = 2200 m 3 /h, N=1440rpm
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 1 Figure 1.33 Overall specic narrowband sound pressure spectra, N=1440 rpm
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 1 Figure 1.34 Overall specic narrowband sound pressure spectra, N=720 rpm
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 1 Figure 1.35 Specic narrowband sound pressure spectra at outlet for the minimum owrate operating point q v = 600 m 3 /h, N=720rpm, ∆f = 2 Hz
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 1 Figure 1.36 Filtered sound pressure reduction level at outlet for the BEP q v = 600 m 3 /h, N=720rpm
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 1 Figure 1.37 Turbulence grid
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 11 Figure 1.38 Fan total pressure, N=1440 rpm
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 51 Figure 1.40 Overall sound power level at outlet, N=1440 rpm
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 1 Figure 1.41 Overall sound power level as a function of owrate, N=1440 rpm
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 1815 Figure 1.42 Narrowband sound pressure spectra at outlet for the BEP q v = 2200 m 3 /h, N=1440rpm, ∆f = 8 Hz
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 1 Figure 1.43 Iron-shaped serrations

Figure 1 .

 1 Figure 1.44 shows the three prototypes. Drawings of the nal geometry of each blade, as built, can be seen in Appendix A.
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 11 Figure 1.44 Impeller prototypes with trailing-edge serrations
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 1 Figure 1.45 Impeller with trailing-edge serrations mounted on the shaft
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 1 Figure 1.46 Fan curves for impellers with trailing-edge serrations, N=1440 rpm
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 1 Figure 1.47 Fan curves for impellers with trailing-edge serrations, N=720 rpm
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 1149 Figure 1.48 Overall specic narrowband sound pressure spectra, N=1440 rpm
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 1 Figure 1.49 Specic narrowband sound pressure spectra at outlet for the best eciency point, ∆ f = 2Hz, N=1440 rpm, q v = 2200 m 3 /h
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 1 Figure 1.50 Filtered sound pressure reduction level at outlet for the BEP q v = 2200 m 3 /h, N=1440rpm

Figure 1 .

 1 Figure 1.51 Specic narrowband sound pressure spectra at outlet for q v = 3400 m 3 /h, ∆ f = 2Hz, N=1440 rpm

Figure 1 .

 1 [START_REF]Performance testing using standardized airways[END_REF]. The spectrum of the baseline impeller shows a peak with a considerable emergence around 5000 Hz. As shown in Figures 1.16 and 1.22, this peak also appears at 1080 rpm and 1440 rpm and is proportional to the frequency. Serrations highly reduce its amplitude (TE_L8H8) or practically cancel it (TE_L8H12 and TE_L4H12). A similar eect has already been observed with the leading-edge serrations (Figure1.35), but with less impact on the peak. As described in Section 1.3.2.7, the peak seems to scale with the air velocity to the power 1.5.
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 1 Figure 1.52 Overall specic narrowband sound pressure spectra, N=720 rpm
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 1 Figure 1.53 Specic narrowband sound pressure spectra at outlet for q v = 585 m 3 /h, ∆ f = 2Hz, N=720 rpm
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 11 Figure1.54 Flat-plate sound spectra and vortex-shedding sound reduction by trailing-edge serrations, adapted from[START_REF] Burgain | Contribution du bruit propre des pales au bruit à large bande des ventilateurs centrifuges[END_REF] 

  (a) Apply Schwarzschild's technique, which assumes a semi-innite plate in the opposite direction of the edge of interest. The formulation of the problem is adapted to obtain the canonical solution: i. Each gust is solution of a modied 2D Helmholtz equation. Reduce the convected Helmholtz operator to a stationary one by a suited change of variables ii. Transpose the solution to original variables by applying inverse transformations (b) Apply a second-order correction by assuming a semi-innite plate in the direction of the opposite edge. It has been shown that these two iterations are enough [4].
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 21 Figure 2.1 Flat plate reference frame for the trailing-edge problem, and main notations. Gust featured by the undulated surface
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 22 Figure 2.2 Flat plate reference frame for leading-edge problem, and main notations. Velocity gust featured by the undulated surface
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 23 Figure 2.3 Blade geometrical parameters for noise calculation (dimensions in mm)
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 2424 Figure 2.4 Strips for trailing-edge noise calculation and projected observer positions
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 25 Figure 2.5 Strips for leading-edge noise calculation
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 26 Figure 2.6 Rotating (green) and xed (red) reference frames, trailing-edge model

  r. The value of r is 179 mm for the trailing edge and 113 mm for the leading edge. The angles are ζ = 59 • and γ = 67 • .

  (a) Trailing-edge model (b) Leading-edge model
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 28 Figure 2.8 Correction of sound level to account for the wall reection
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 29 Figure 2.9 Two views of the area for the noise computing
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 2 Figure 2.10 Sides of front and back plates to be considered
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 2 Figure 2.11 Disk model geometry
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 2 12 shows a dimensionless wall pressure spectrum computed with Rozenberg's model. The following values, typical of our study (as estimated in 3.6.1), have been used: ∆ = 5, β c = 8,u τ = 1, R T = 20.
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 2 Figure 2.12 Dimensionless wall pressure spectrum with Rozenberg's model. Parameters deduced from 3.6.1 and given in the main text.

Figure 2 .

 2 Figure 2.13 Dimensionless wall-pressure spectrum according to Guédel's model

1

  = 0.577,w ′ 2 = 21.202 and the constants a,b and c are, respectively, 0.0013, 2.59 • 10 -4 and 2.467. The spectrum is displayed in Figure 2.14.
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 2 Figure 2.14 Dimensionless wall-pressure spectrum for a at plate with detached ow
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 2 Figure 2.15.
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 2 Figure 2.15 Dimensionless correlation length with Guedel's model
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 31 Figure 3.1 Overview of the simulation domain and the fan

Figure 3 .

 3 Figure 3.2 shows the mesh around the fan assembly. It is rened around the impeller. The MRF can be distinguished: it is delimited by a rectangle that contains the impeller. The motor, the shaft, the support, the inlet nozzle and the wall can also be seen.
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 32 Figure 3.2 Mesh around the fan assembly
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 33 Figure 3.3 Mesh around a blade
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 34 Figure 3.4 Values of y + over the blades, N=1440 rpm
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 35 Figure 3.5 Velocity magnitude inside the room, vertical cut, q v = 2196m 3 /h, N=1440 rpm
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 36 Figure 3.6 Results with coarse and rened mesh, N=1440 rpm
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 37 Figure 3.7 Results with rened mesh and extra layers, N=1440 rpm
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 38 Figure 3.8 Total pressure with k -ϵ model and rened mesh, N=720 rpm
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 39 Figure 3.9 Total pressure for the impellers with leading-edge serrations, k -ϵ model and rened mesh, N=1440 rpm
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 3 Figure 3.10 Total pressure for the TE_ L8H12 impeller, k -ϵ model and rened mesh, N=720 rpm
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 3 Figure 3.11 Static pressure on the blades (q v = 1706, 2196, 2584 m 3 /h), N=1440 rpm
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 3 Figure 3.12 Sections of the impeller
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 3 14 and 3.15. Here are some remarks:

  and 3.15), the size of the zone is reduced, and it disappears more or less at the level of the middle plane. When the airow is reduced, the size and length of the separation zone tend to grow, almost reaching the hub for the minimum ow of 1706 m 3 /h.
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 33 Figure 3.13 Magnitude of relative velocity 5 mm from the front plate (q v = 1706, 2196, 2584 m 3 /h), N=1440 rpm
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 3 Figure 3.16.
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 33 Figure 3.16 View of the visualization area
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 3 Figure 3.18 Velocity vectors around the fan assembly, q v = 2196 m 3 /h, N=1440 rpm
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 3 Figure 3.19 Velocity eld around the blade, q v = 1706 m 3 /h
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 3 Figure 3.20 Relative total pressure around a blade, q v = 1706 m 3 /h, N=1440 rpm
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 3 Figure 3.21 Velocity eld around the blade, q v = 2196 m 3 /h, N=1440 rpm
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 3 Figure 3.23 Velocity eld around the blade, q v = 2584 m 3 /h, N=1440 rpm
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 3352 Figure 3.25 Area for the calculation of the turbulent length scale, q v = 2196 m 3 /h, N=1440 rpm
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 3 Figure 3.26 Estimation of the integral turbulence length scale, q v = 2196 m 3 /h, N=1440 rpm
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 3 Figure 3.27 Visualisation of boundary layer thicknes, q v = 2196 m 3 /h, N=1440 rpm

  (a) Relative total pressure, k -ϵ model, rened (b) Relative total pressure, k -ϵ model, rened and extra BL layers (c) Relative total pressure, k -ω SST model, rened and extra BL layers
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 3 Figure 3.28 Visualisation of the eect of the turbulence model and the number of layers of the boundary layer,
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 3 Figure 3.29 Probes for boundary layer extraction
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 3 Figure 3.30 Components of relative velocity: streamwise (U i ), normal (U j ) and spanwise (U k ), probe 5 (z=55.1 mm)
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 3 Figure 3.31 Evolution of the relative total pressure and derivatives, probe 5 (z=55.1 mm)
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 3 Figure 3.32 Prole of streamwise velocity, pressure side and suction side, with U 99 marked with a dashed line, probe 5 (z=55.1 mm)
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 3 Figure 3.33 Spanwise evolution of boundary layer thickness

Figure 3 .

 3 [START_REF]FE2owlet[END_REF] shows the streamwise evolution of the static pressure and the shear stress on the blade surface. The pressure has been smoothed with a 5-point moving average to mitigate some uctuations in the results of the simulations. The plots show the evolution of the pressure and the shear stress along the blade, but only the values at our point of interest are used (at a distance of 10% of the chord upstream of the trailing edge, with a coordinate of x=0).

  Figure 3.34 Pressure and wall shear stress on the pressure side of the blade, for probe 5 (z=55.1 mm)

  Figure 3.35 Wall pressure spectra on the pressure side
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 33 Figure 3.36 Wall pressure spectra on the suction side
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 3 Figure 3.39 Spanwise evolution of the leading-edge turbulence parameters
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 3 Figure 3.40 Spanwise evolution of the velocity components upstream of the leading edge: streamwise (U i ), normal (U j ) and spanwise (U k )
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 3 Figure 3.41 Visualisation of the magnitude of the axial velocity, q v = 2196 m 3 /h, N=1440 rpm
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 41 Figure 4.1 Denition of the angle of the circular arc ϕ
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 42 Figure 4.2 Eect of the circular arc angle on the convergence of the analytical model (R circulararc = 3 m)

  (a) Leading-edge noise (b) Trailing-edge noise
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 43 Figure 4.3 Eect of the discretisation of the circular arc on the convergence of the analytical model
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 44 Figure 4.4 Eect of the the circular arc radius on the convergence of the analytical model
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 45 Figure 4.5 Eect of the number of strips on the convergence of the analytical trailing-edge noise model
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 4647 Figure 4.6 Eect of the number of strips on the convergence of the analytical leading-edge noise model
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 49 Figure 4.9 Trailing-edge noise, results from analytical model
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 4 Figure 4.10 Noise generated per strip and global blade noise
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 4 Figure 4.12 Comparison with experimental results (trailing-edge and leading-edge noise)

[99]. 4 . 4

 44 Noise prediction with empirical response of the impeller Aforementioned predictions do not account for a possible resonance eect of the conned environment of the blades. A rough estimate of this eect has been obtained by measuring the transfer function between points inside and outside the impeller. The analytical prediction of the fan noise was calculated considering the empirical response of the impeller. The procedure is described in Annex E.The measurements were taken in three points for both the trailing and the leading edge: close to the front plate, close to the back plate, and at mid span. The response function was then interpolated for each strip and summed to the PSD of each strip S pp (s). The rest of the parameters and equations of the analytical model have not been modied. The outcome is displayed in Figure4.13, where TF in the legend stands for the transfer function response of the impeller.
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 4 Figure 4.13 Comparison of analytical model prediction, analytical model prediction including response of the impeller and experimental results (trailing edge and leading-edge noise)

Figure 4 .

 4 [START_REF] Brooks | Airfoil self-noise and prediction[END_REF]. The back plate generates more noise than the front plate, and in both cases the inner side of the disk is dominant.
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 4 Figure 4.14 Contribution of each side of the front and back plates and overall noise

Figure 4 .

 4 Figure 4.[START_REF] Burgain | Contribution du bruit propre des pales au bruit à large bande des ventilateurs centrifuges[END_REF] shows that the contribution of the noise generated by the plates to the overall noise of the impeller is negligible, as it is at least 15 dB lower. Therefore, the plates do not appear to be a

Figure 4 .

 4 Figure 4.15 Comparison of blade noise (trailing-edge and leading-edge noise) with the front and back plates noise

Figure 4 .

 4 Figure 4.16 Mesh visualization of the LBM simulations, adapted from [100]

SD 2 =

 2 P SD 1 + 10 • log 10 ((1440/2975) 3 ) = P SD 1 + 30 • log 10 (1440/2975) (4.1)

Figure 4 .

 4 17a shows the results for Probe 2, close to the front plate(see denition of probes in 3.29). With respect to the LBM, the RANS estimation based on the empirical model for ow detachment tends to underpredict wall-pressure uctuations at low frequencies and to overpredict them at high frequencies. The results for probe 6, in the area of the blade without ow detachment, are shown Figure 4.17b. Guédel's model matches the LBM prediction at low frequencies, whereas it is up to 30 dB above it at high frequencies. Rozenberg's model is way below the LBM estimation at low frequencies but it overpredicts it by between 10 and 20 dB at high frequencies.(a) Separated ow (Probe 2) (b) Attached ow (Probe 6)
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 4 Figure 4.17 Comparison of the wall-pressure spectra, suction side
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 4 Figure 4.18 Comparison of the wall-pressure spectra, pressure side (probe 6)
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 1 Figure B.1 Dierent fan assemblies

Figure B. 5

 5 Figure B.5 Overall sound power level

Figure B. 6

 6 Figure B.6 Third octave bands for N=720 rpm, δ = 0.1
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 24 Figure E.2 Example of a measurement point close to the trailing edge
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 2 Figure F.2 Velocity magnitude slightly upstream of the fan support over a cylinder coaxial with the impeller
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 3 Figure F.3 Windtunnel setup
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  ShStrouhal number based on the boundary layer and the friction velocity Sh = ωδ/u τStStrouhal number based on the displacement thickness St = ωδ * /U e

	St h T Introduction Strouhal number based on half of the serration amplitude h Blade thickness
	U	Flow velocity
	U c Motivation Convection velocity U c = αU
		Fan noise is becoming a growing concern in dierent applications, such as air-conditioning, ven-
	L p	Sound pressure level
	L t	Integral turbulence length scale
	L w	Sound power level
	l y	Spanwise correlation length
	P u	Fan air power
	p f s	Fan static pressure
	p f	Fan pressure
	q v	Volume ow rate
	S	Fan outlet surface
	S 0	Corrected distance for convection eect

K 1 , K 2 Streamwise and spanwise aerodynamic wavenumbers L Outlet blade span length M Mach number (free stream when it concerns the ow) N Rotational speed P e Motor input power P r Mechanical power supplied to the impeller of the fan P u Fan air power generated from the static pressure S pp blade Far-eld acoustic PSD of a fan blade S pp impeller Far-eld acoustic PSD of the impeller S pp Far-eld acoustic PSD of a at plate xxvii e Sc Strouhal number based on the chord Sc = ωc/U e tilation or electronic devices. The impact of environmental concerns has made noise reduction a competitive issue in today's global market. According to the World Health Organization, "research regarding industrial noise in general is required. More specically, there is a need to investigate stationary sources (including heat, ventilation and acclimatization devices) and their impacts on health." [32, p. 101]. Furthermore, new regulations push towards a reduction of the noise generated by fans. For instance, the version under review of COMMISSION REGULATION (EU) No 327/2011 [33], which concerns mainly fan power consumption, would reward silent equipment with lower performance requirements. To tackle this problem, new technologies based on acoustic control have been emerging recently, both active (MEMs, micro-jet, plasma actuation), and passive (metamaterials, porous materials, serrations). The Innovative Training Network SmartAnswer, funded within the European Union's Horizon 2020 research and innovation programme under grant agreement No 722401, is aimed at at assessing some of these solutions. The Network nanced the work of 16 Early Stage Researchers, one of which is the author of this thesis (ESR 16). The Network also allowed the author to perform three secondments within other members of the consortium: École Centrale de Lyon, Valeo Thermal Systems and Université de Sherbrooke.
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1 Fan parameters Designation Value Number of blades B 7 Blade thickness T [mm] 2 Inlet diameter D i [mm] 224 Outlet diameter D e [mm] 361 Outlet width L [mm] 98 Chord c [mm] 134 Blade angle at leading edge β1 [ • ] 23 Blade angle at trailing edge β2 [ • ] 31 Nominal speed N [rpm] 1440 1.2.2 Experimental setup All the experiments have been carried out in CETIAT's double reverberant room according to test

  Narrow hump at f∼ 40 BPF, for all speeds but specially signicant at 75% Resonance at 7 kHz, which overlaps with the hump at 40 BPF at 100%

	δ = 0.3
	Peak at BPF and, to a lesser extent, at 2BPF and 3BPF
	Hump at f∼15 BPF, mainly visible at 75% and 50%
	Hump at f∼40 BPF
	Resonance at 7 kHz, with a probable coincidence with the hump at 40 BPF at 100%
	Spectral peaks or tones not related to the rotation may arise because of various mechanisms, shortly
	addressed in the following sections.
	1.3.2.7 Laminar-boundary-layer-vortex-shedding
	δ = 0.16
	Peaks at BPF (specially for 75% and 50%) and, to a lesser extent, at 2BPF
	Resonance at f∼580 Hz, particularly visible at 100%
	Big peak at f∼ 58 BPF, specially at 50%
	δ = 0.2
	Peak at BPF and, to a lesser extent, at 2BPF and 3BPF
	Resonance at f∼580 Hz, mainly at 100%
	Peak at f∼ 45 BPF, only at 75% and 50% (so at a dierent frequency from the previous
	operating points)

δ = 0.25

Peak at BPF and, to a lesser extent, at 2BPF, 3BPF and 4BPF Resonance at f∼580 Hz, mainly at 100% Hump at f∼1.2 kHz, only visible at 50% When at least one boundary layer of a blade remains laminar down to the trailing edge, with an adverse pressure gradient, laminar instabilities (often referred to as Tollmien-Schlichting waves)
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3 Potential LBL-VS peak frequencies

Table 1 .

 1 Besides, the values of U e for δ = 0.3 have been extrapolated. The results are displayed in Table 1.4: 4 Estimation of U e , in m/s Applying Equation 1.14 yields the frequencies reported in Table 1.5.

	2	(1.14)

T being again the blade thickness. It is worth noting that some "equivalent" thickness slightly larger than the physical thickness sometimes gives a better estimate based on a Strouhal number of 0.2. The value of U e is estimated from the CFD simulations at 1440 rpm. For 1080 and 720 rpm, Equation

1

.13 has been applied.
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5 Vortex shedding frequencies, in Hz

Table 1 .

 1 [START_REF][END_REF] Scaling of the frequency of the peaks at mid-high frequencies, data from the outlet it the boundary layer thickness so does the Strouhal number, as it should be computed with the boundary layer thickness added to the blade thickness.

	δ	0.1	0.16 0.2 0.25 0.25 0.3	0.3
	Raw frequency (100%)	10390 9744 8920	7000 3192 7448
	Converted frequency (100%) 7148 6704 6137	4816 2196 5124
	Raw frequency (75%)	7112 6838 6016 1768 5136 2168 5200
	Raw frequency (50%)	4888 4672 3784 1072 3152 1360 3400
	Converted frequency (50%)	7332 7008 5676 1608 4728 2040 5100
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			[mm] Wavelength [m] Frequency [Hz]
	Nozzle diameter	228	0.456	746
	Opposite blades	218	0.436	780
	Front plate-wall	105	0.21	1619
	Span	98	0.196	1735
	Blade channel (LE-LE) 97	0.194	1753
	Blade channel (LE-TE) 65	0.13	2615
	Back plate-motor	65	0.13	2615

[START_REF] Avallone | Noise reduction mechanisms of sawtooth and combed-sawtooth trailingedge serrations[END_REF] 

Possible standing waves: dimensions and expected wavelength and frequency

Table 1 .

 1 8 Parameters for impellers with leading-edge serrations Designation λ [mm] h [mm] λ/2h

	LE_L8H11	8	11	0.36
	LE_L16H11	16	11	0.73
	LE_L16H22	16	22	0.36
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	9 Parameters for impellers with trailing-edge serrations
	Designation λ [mm] h [mm] h e λ/2h e
	TE_L4H12	4	17	12 0.17

Table 3 .

 3 2 . Imposing zero static pressure at the end of the room guarantees 1 Simulation mesh parameters

	Label	Turbulence model	Polyhedral elements	Polyhedral elements in rotating domain	Length of surface meshing of impeller	Layers in boundary layer
	Coarse -k -ϵ	k -ϵ	3.75 M	1.51 M	0.8 mm	6
	Coarse k -ω	k -ω SST 3.75 M	1.51 M	0.8 mm	6
	Rened k -ϵ	k -ϵ	9.39 M	5.22 M	0.5 mm	5
	Rened-layers k -ϵ k -ϵ	12.38 M	6.97 M	0.5 mm	15
	Rened-layers k -ω k -ω SST 12.38 M	6.97 M	0.5 mm	15
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				.2 Boundary layer values for BEP, suction side
	Probe	1	2	3	4	5	6	7	8
	U e (m/s)	15.6 17.3 18.4 18.1 17.9 17.6 17.5 17.4
	δ (mm)	1.4 1.7	2.5	1.4	1.2	1.2	1.2	1.2
	δ * (mm)	0.23 0.23 0.23 0.22 0.21 0.22 0.21 0.20
	Θ (mm)	0.11 0.12 0.12 0.10 0.10 0.10 0.10 0.09
	τ w (Pa)	1.1 1.3	1.5	1.4	1.4	1.3	1.3	1.3
	dP dx	(Pa/m) -775 -1153 -1563 -1448 -1283 -1299 -1159 -1019
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 3 [START_REF] Amiet | Noise due to turbulent ow past a trailing edge[END_REF] Boundary layer values for BEP, pressure side 3.6.1.1 Wall-pressure spectrumThe results from the previous section have been used to feed Rozenberg's and Guedel's models (see 2.2.2.1.1 and 2.2.2.1.2). For probes 1,2 and 3 on the suction side (the closest to the front plate), the redimensionalised spectra of the detached ow on a at plate have been used instead (2.2.2.1.3). The outcome is shown in Figure3.35 for the pressure side, and in Figure3.36 for the suction side.The wall pressure spectra obtained with Rozenberg's model are much lower than the spectra calculated with Guedel's model, especially at low frequencies. For the suction side, the levels of the redimensionalised spectra for probes 1,2 and 3 are closer to those obtained with Guedel's model for the rest of the strips. This is because the redimensionalisation is done based on the same parameters in

both cases, whereas Rozenberg's model uses another set of values. The dierence at low frequencies is justied by the fundamentally dierent shape of the adimensional spectra: as the frequency is reduced, Rozenberg's model tends to 0 whereas Guedel's tends to its maximum value (see Figure

??

).

Table 3 .

 3 [START_REF] Amiet | High frequency thin-airfoil theory for subsonic ow[END_REF] Boundary layer values for BEP, impeller plates component of the shear stress τ w and the radial gradient of pressure dP/dr have been obtained on the surface of the plates, at a distance of 193 mm from the centre, and then averaged over 360 • . All the boundary layer parameters are displayed in Table3.4.

With these parameters, the wall pressure spectra can be estimated with Rozenberg's model (Equation 2.17) and the correlation length can be obtained with Guédel's model (Equation

2

.22).

Table 4 .
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1 Parameters for analytical model

The dB(A) weighting accounts for hearing sensitivity, and gives less weight to low frequencies (below a couple of hundred Hz) and maximum importance to frequencies between 1kHz and 6 kHz

M/(βk *

):when it takes values smaller than 1 they are supercritical, being subcritical otherwise. The simplied
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Correlation length

The correlation length spectra are also obtained for each probe on both the pressure and the suction sides, as displayed in Figure 3.37. The correlation length seems to tend to innity, but this is just an eect due to the lowest frequency set to 100 Hz. An important criterion for applying the spanwise segmentation strategy described in 2.1.4 is that the semispan of each strip should be bigger than the maximum of the correlation length at this strip (mathematically max(l y ) ≤ 1/2L strip ). For the pressure side, this implies a minimum strip span of 1.1 mm and 54 mm for the suction side. This criterion will be taken into account to dene the number of trailing-edge strips in 4.1. The application of the leading-edge analytical model (4.2.2) requires the ow velocity, the integral length scale and the turbulence intensity as input data. These will be extracted over a surface normal to the continuation of the blade midplane arc, situated upstream at a distance of 10% of the chord (see Figure 3.38 and Figure 2.3 for blade dimensions and geometry). Its width equals seven times the blade thickness (7T ). It is similar to the surface used in Section 3.5.1, but it has been placed closer to the leading edge because it also has to cover the curved part of the leading edge. This would be impractical if it was at a distance of 0.25c of the leading edge, for the radius of the curved part of the visualisation area increases as we move away from the edge. The surface is normal to the leading edge, which means that it will be rectangular along the 101 mm long straight edge, but will become curved to follow the circular part of the edge. This is an important dierence with respect to the estimation of the turbulence for the serration design, which only considered the straight part of the leading edge (see 3.26 and 3.25). The top corner of the curved part of the surface is trimmed because it intersects the at plate.

Analysis of results

Trailing-edge noise

An assessment of the trailing-edge noise requires to compare pressure side with suction side and Rozenberg's model with Guedel's model. It is interesting to perform this analysis strip by strip, depicted in Figure 4.8. For the pressure side, Guedel's model yields higher noise levels, with a smaller slope at low frequencies and a bigger slope at high frequencies.

For the suction side, the situation is dierent. The levels for Strip 1 are the same for both cases because the wall pressure spectra input is also the same (redimensionalised spectra of a at plate).

Strip 2 is also rather similar because it is the result of interpolating between probe 3 (which is the same) and probe 4. For strips 3 and 4 we appreciate more clearly the dierence between Guedel's model (with its higher level and plateau at low frequency) and Rozenberg's model (lower level and a hump at mid frequency). 

Combination of leading and trailing-edge noise

The nal stage is to combine leading and trailing-edge noise. The result is shown in Figure 4.11.

According to the model, trailing-edge noise is dominant over leading-edge noise. The latter slightly contributes to the spectra at high frequencies, and this only when combined with Rozenberg's model, which is lower than Guedel's. 

Comparison with experimental results

The predicted results shown in Figure 4.12 are integrated into third-octave bands so they can be compared with the measurements from the baseline fan at the BEP (see Figure 1 Appendix A

Drawings of serrated at blades

Impact of fan assembly on acoustics

During the project, dierent assemblies of the fan were used. This proved to have an important impact on the noise generated by the whole system due to vibroacoustic issues. 

Aeroacoustic transfer functions

The notation of this appendix follows the publication by Roger & Moreau [START_REF] Roger | Extensions and limitations of analytical airfoil broadband noise models[END_REF].

C.1 Trailing edge

The tridimensional radiation integral I is given by I = I 1 + I 2 . The rst-order term (trailing-edge solution) for a supercritical gust (Θ 0 < 1) is calculated from Appendix D

Trailing-edge noise input parameters

D.1 Boundary layer

The classical equations for the boundary layer parameters of a at plate with incompressible ow have been used. The boundary layer thickness δ is dened as the value of the normal coordinate y where 99% of the free stream velocity U e is reached

From δ we can compute the displacement thickness δ * :

as well as the momentum thickness Θ:

D.2 Rozenberg model parameters [94]

A

In the previous expressions Zagarola and Smith's [START_REF] Zagarola | Mean-ow scaling of turbulent pipe ow[END_REF] parameter(∆ = δ/δ * ), as well as Clauser's [START_REF] Clauser | Turbulent Boundary Layers in Adverse Pressure Gradients[END_REF] (β C = (δ * /τ w )(dp/dx 1 )), have been used, where τ w is the wall shear stress and (dp/dx 1 ) is the mean pressure gradient on the blade wall in the streamwise direction . The wake parameter is modelled with

T is a parameter from Goody's model. The ratio of the outer to inner boundary layer time scale is R T = (δ/U E )/(ν/u 2 τ ), where ν is the kinematic viscosity. The friction velocity is given by u τ = τ w /ρ, where ρ is the air density. been dened so it is slightly smaller than the distance between the impeller's axis of rotation and the longitudinal bar (302 mm). This dierence equals to 10 % of the biggest dimension of the bar cross section (50 mm). As it was to be expected, the air velocity is high around the impeller and next to zero everywhere else. The velocity magnitude of the wake has a maximum value of 11 m/s for the BEP.