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Effect of cross-section on flow three-dimensionality for prismatic bodies and the associated noise emission

The influence of the geometry of prismatic bodies on their aerodynamic sound emission is studied. Curle's formalism links the noise level to lift fluctuation and the spanwise organization of the flow coherent structures. Here, the acoustic field is measured using a set of microphones, and the flow spanwise coherence length is estimated from hot-wire velocity signals. An equivalent lift fluctuation is educed from the usual procedure of extrapolation of the sound level from 2D simulations to 3D long-span bodies. Circular and rectangular -of sectional aspect ratios (breadth-to-height ratio AR = b/d) of 1, 2 and 3 -cross sections are tested for a Reynolds number range from 6,000 to 27,000. The closure of the problem and the influence of the geometry are addressed by confronting the educed lift coefficients to literature values at Reynolds numbers in the same range, and in the 2D laminar regime. Microphone measurements show that all over the tested flow velocities, the acoustic efficiency of the cross sections respects the following hierarchy: circular < AR = 2 < square < AR = 3. The coherence length at the vortex shedding frequency is around 5d for the circular and square sections, while it is around 20d for the two rectangular sections. Educed lift fluctuation values are found to be lower than those previously reported, and of the same order than those obtained in the 2D laminar regime. The flow spanwise coherence length at the vortex shedding frequency is found to be inversely proportional to the breadth based, RMS, educed lift coefficient.

I. Introduction

A. Noise generation by flow over prismatic bodies

T aerodynamic noise production of prismatic bluff bodies is described to be originated from the axially distributed, periodic surface pressure fluctuations [START_REF] Curle | The influence of solid boundaries upon aerodynamic sound[END_REF][START_REF] Phillips | The intensity of Aeolian tones[END_REF][START_REF] Keefe | An investigation of the fluctuating forces acting on a stationary circular cylinder in a subsonic stream and of the 1[END_REF] due to the Von-Karman vortex shedding. Once the flow is not completely phased in the spanwise direction, the three dimensional flow organization and its associated coherence is an important element in the construction of the sound emission. This spatial parameter is intrinsically associated with the flow conditions and the shape of the geometry, thus setting the context where this work is placed.

While many studies are exclusively focused on the circular cylinder, some works that evaluated the noise emission of different prismatic bodies can be found: the study of wall-mounted geometries performed by Becker et al. [4], who used a square cylinder combined with elliptical and triangular wedges and afterbodies; King & Pfizenmaier [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF], who studied a set of different cross-sections (circular, elliptical, rectangular) and cylinder lengths; Moreau & Doolan [START_REF] Moreau | Flow-Induced Sound of Wall-Mounted Finite Length Cylinders[END_REF], who evaluated the flow and noise emission of wall-mounted circular and square cylinders of multiple lengths; Iglesias et al. [START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF], also for elliptical and rectangular prisms, and mostly focused on the influence of the of the yaw angles aiming at the application to pantographs noise prediction [START_REF] Iglesias | Component-based model to predict aerodynamic noise from high-speed train pantographs[END_REF]; and more recently, Octavianty et al. [START_REF] Octavianty | Experimental Study on Vortex Shedding and Sound Radiation from a Rectangular Cylinder at Low Mach Numbers[END_REF], who studied different rectangular sections and also performed the measurements of the spanwise flow distribution.

For studies of long cylinders (length/diameter > 10, considering the results in [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF]), not much is measured in terms of aerodynamics. In the other way, for small wall-mounted geometries, a fine description of the flow field is performed, sometimes using optical measurements techniques such as PIV. However the results obtained in the later are mostly defined by the end-conditions, rather limiting its conclusions to that given geometrical category.

Considering the deduction by Fujita [START_REF] Fujita | The characteristics of the Aeolian tone radiated from two-dimensional cylinders[END_REF], derived from the developments of Curle [START_REF] Curle | The influence of solid boundaries upon aerodynamic sound[END_REF] and Philips [START_REF] Phillips | The intensity of Aeolian tones[END_REF], the RMS value of the acoustic pressure fluctuation may be estimated as:

P 2 (r) = ρ 2 U 6 ∞ St 2 L c C 2 L 16c 2 r 2 1 + λ 2πr 2 ( 1 
)
where P is the acoustic pressure, ρ is the air density, U ∞ is the flow inlet velocity, St is the Strouhal number, is the cylinder's length, L c is a coherence length , C L is the RMS lift coefficient, c is the sound velocity and λ = c/ f peak is the acoustic wave length. The second fraction on the right side is defined as the near-field contribution. This equation shows that, for a fixed flow condition, the acoustic pressure (P

) is derived from a combination of the Strouhal number (St) and lift fluctuation (C L ), distributed axially by a spanwise coherence (L c ).

B. Acoustic and coherence measurements

This work presents experimental results for both sound and coherence. A similar approach is present in [START_REF] Octavianty | Experimental Study on Vortex Shedding and Sound Radiation from a Rectangular Cylinder at Low Mach Numbers[END_REF] with the calculation of the spanwise correlation, but the conclusions are limited to the association of the correlation length to the broadness of peaks in the sound spectra. For the complete closure of the problem, it would be necessary to also perform the measurements of the aerodynamic efforts fluctuations [START_REF] Lighthill | The Bakerian Lecture, 1961 Sound generated aerodynamically[END_REF].

The main objective of this work is the analysis of the cross-shape influence in the aeolian tone production. For that, circular cylinder and prisms of rectangular sections of different aspect ratios (breadth/height) are tested. Such set of geometries has gotten attention for both its noise emission (at high Reynolds on previously cited references [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF][START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF][START_REF] Octavianty | Experimental Study on Vortex Shedding and Sound Radiation from a Rectangular Cylinder at Low Mach Numbers[END_REF] and at low Reynolds in [START_REF] Inasawa | Sound generation in the flow behind a rectangular cylinder of various aspect ratios at low Mach numbers[END_REF][START_REF] Pinto | Influence of cross-section on the aeolian tone: a numerical study in the laminar regime[END_REF]) and aerodynamic behavior (for instance, [START_REF] Okajima | Strouhal numbers of rectangular cylinders[END_REF][START_REF] Knisely | Strouhal numbers of rectangular cylinders at incidence: A review and new data[END_REF][START_REF] Sohankar | Large eddy simulation of flow past rectangular-section cylinders: Side ratio effects[END_REF][START_REF] Tian | Unsteady RANS simulations of flow around rectangular cylinders with different aspect ratios[END_REF]). Although the increase of the breadth causes a reduction of the strength of the vortex [START_REF] Sohankar | Large eddy simulation of flow past rectangular-section cylinders: Side ratio effects[END_REF] and a discontinuity in the vortex shedding frequency [START_REF] Knisely | Strouhal numbers of rectangular cylinders at incidence: A review and new data[END_REF], the noise emission presents an increase. The origins of that difference remain unclear and are investigated in this paper.

The acosutic pressure is measured with an array of microphones placed above the cylinder, while the coherence is measured using two hot-wire probes. As discussed in [START_REF] Ribeiro | Fluctuating lift and its spanwise correlation on a circular cylinder in a smooth and in a turbulent flow: a critical review[END_REF][START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF], velocity based coherence values are a representative estimator of the pressure and lift coefficient coherence. Present measurements are described in details in a previous document [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF]. One of the advantages of the results in this work is to remain at fixed geometrical conditions for all the tested shapes, that is, the geometry height and spanwise extent are fixed. That means that empirical or simplified correction formulations are nonexistent.

C. From lift coefficient estimation to noise generation mechanisms

Accessing the unsteady wall pressure values is a complex task and involves either the use of surface pressure taps that limit the size of the cylinder bodies (bigger sections, resulting in larger Reynolds numbers and lower vortex shedding frequencies), thus provoking issues associated with Reynolds number and sound frequency ranges, or by using aerodynamic balances, problematic when different geometries are to be used once it would demand a series of calibrations and sensibility studies. In order to get the corresponding aerodynamic efforts, a statistical correction procedure based on the Curle's analogy is considered, for a compact source and an observer located in the far-field. From the principle of a normally distributed spanwise flow, and accounting for an equal magnitude and only de-phased contribution of small segments, Seo & Moon [START_REF] Seo | Aerodynamic noise prediction for long-span bodies[END_REF] proposed a procedure for the correction of sound emission for a long cylinder based on the reasoning found in the previous works of Kato et al. [START_REF] Kato | Numerical prediction of aerodynamic noise radiated from low Mach number turbulent wake[END_REF] and Pérot et al. [START_REF] Pérot | Numerical Prediction of the Noise Radiated by a Cylinder[END_REF]. Current application is based on the procedure of Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF], that reconstructed the sound spectra generated by a circular cylinder from data of a 2D URANS simulation. Thus, the procedure here is applied backwards, that is, from the final sound emission and the measured coherence length, a sectional behavior is estimated.

The document is presented as follows. Section II is dedicated to the acoustical part of the study, with the description of the experimental setup and the data processing techniques that are used (II.A), the obtained results in terms of sound spectra, sound directivity, and velocity exponent (II.B) and a conclusion around the influence of the cross-section on the sound signature of bluff bodies (II.C). Influence of shape on flow is presented on Section III, with the analysis of measured velocity signals (III.A) and of the spanwise flow axial coherence (III.B). Section IV contains the presentation of the statistical correction method (IV.A), a sensitivity study (IV.B) and the procedure for the deduction of RMS lift coefficients (IV.C). Analysis of how the Reynolds number, shape, lift fluctuation and spanwise topology relate and the results of that mechanics in sound emission are present on Section V, with the dissection of the measured noise regarding each parameter contribution (V.A) and a comparison with the literature and discussions over the deduced lift RMS coefficients for the circular (V.C.1) and rectangular (V.C.2) sections. Section VI closes the document with an extended discussion and the conclusions. All the integral acoustical results, including peak, band and overall sound pressure levels for all tested velocities and shapes are listed on the appendix.

II. Influence of shape on the acoustic field

A. Setup and data processing

Wind tunnel and studied shapes

An experimental analysis is performed in the anechoic wind-tunnel BETI of Institut Pprime at Poitiers, France, represented in Fig. 1. It is a closed circuit, with an exit nozzle of section 70 cm × 70 cm, contraction factor of 10:1, maximum velocity of 50 m/s. The anechoic chamber cutoff frequency is of 200 Hz. The cylinders of circular and rectangular section of AR = 3 are solid while the others are hollow. All bodies are made of aluminum with the exception of the widest rectangle that is made of steel. Prismatic body surfaces are smooth and corners are sharp; although small damages can be noted, no treatment was performed concerning the later two aspects and the present defects are considered negligible. Preliminary tests were performed with carbon fiber bars, but the obtained noise values were overestimated due to the resonance frequency lying at the range of the obtained vortex shedding.

Flow velocities in the range of 10 m/s to 40 m/s are used. The turbulence intensity measured at the location of the center of the cylinder with empty test section is of 0.5%. The room temperature is also measured at each measuring session, with an average temperature oscillating from 17.4 to 22.8 degrees Celsius. For simplicity, air properties are fixed and taken as follows: air density of ρ = 1.225 kg/m 3 ; sound speed of c = 340 m/s, so the Mach number M = U ∞ /c ranges from 0.03 to 0.12; and air kinematic viscosity of ν = 1.5 ×10 -5 m 2 /s, leading to a range of Reynolds numbers from 6,667 to 26,667.

The flow and noise are measured by the use of hot-wire anemometry and microphone measurements. Once the presence of the hot-wire probes are disturbing to the acoustic field, the procedures are performed separately. Detailed descriptions of each experimental setup and the associated post-processing techniques are presented next, in the same section as their respective results.

Acoustical measurements

A 7-microphone array is placed above the cylinder (see illustration on Fig. 3). The microphones are spaced by 15 degrees, placed at the spanwise center of the cylinder at a distance of r = 1 m (that is 1.42 times the cylinder's length), allowing directivity measurements. The first microphone forms an angle of 45 degrees with the incoming flow and microphone number 4 is at 90 • . The sampling frequency is of 12.8 kHz for a recording time of 60 seconds. Sound spectra are calculated using the Welch's method, with 8192 points and 90% overlap, leading to a spectral precision of ∆ f = 1.56Hz. No weighting is applied in the calculation of the sound pressure levels indicated in this work. Decibel levels are calculated as 10 log 10 (P 2 /P ref 2 ), being P the averaged Fourier transform of the acoustic pressure and P ref = 20µPa the reference pressure. Unless otherwise stated, presented sound spectra were corrected for background noise, based on recordings performed without the cylinders. Performed correction accounts only for wind-tunnel noise and do not deals with undesirable aerodynamic effects related to the existing mixing layers, that are considered negligible. Examples of the magnitude of such corrections can be found in [START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF].

Considering an observer at a distance r from the source, Eq. ( 1) applies to geometrically ( r) and acoustically ( λ) compact bodies, for an observer located in the far field (r λ). For the vortex shedding frequency, considering a ratio of one, respect of the latter 2 conditions for the current measurements are listed on Table 3. The acoustic compactness criterion is respected for 83% of the measurements, while the far-field condition only for 38%. Albeit the fact that the microphones may not be placed in the far-field, the near-field component at the peak, evaluated as presented in Eq. - [START_REF] Curle | The influence of solid boundaries upon aerodynamic sound[END_REF], remains lower than 2 dB and is considered negligible (values also listed on Table 3).

In order to calculate the overall sound pressure level, three procedures were tested: integral for f > 80 Hz; f ∈ [100, 1000] Hz, same procedure used by King and Pfizenmaier [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF]; and integral for the complete spectra (from 0 to 6400 Hz). As the results from the first two procedures are barely modified, notably no remarkable effect on the velocity exponents was obtained, the components at low frequency and high frequencies are, as expected, negligible. Thus, to avoid setting arbitrary thresholds, the levels obtained from the complete spectra ( f ∈ [0, 6400] Hz) are used on the study. Obtained values are listed on appendix, Table 3, for the central microphone, for all sections and flow velocities. The fundamental peak level and the level considering a band around the peak are also presented.

B. Acoustic results

A description of the obtained acoustical results is presented on this section. First, a comparison of current values for the circular cylinder to previous works is performed in order to qualify the obtained results. Second, the analysis of the acoustical response of the studied geometries is expanded in terms of sound spectra, velocity exponent and directivity, with a systematic discussion around the influence of the cross-section.

Validation -Circular cylinder

A comparison of the obtained noise spectra with literature data is performed for the circular cylinder and presented in Fig. 4. There is a constant offset between the experiments for the sound pressure levels (Fig. 4a). The observed behavior is a consequence of different experimental conditions (cylinder's length and diameter and flow velocity and Mach number), and experimental setup, notably the presence of end-plates at the nozzle extremities in the works used as reference [START_REF] Haramoto | Emitted Sound From Inclined Circular Cylinder And Three-Dimensional Flow Structure In Wake[END_REF][START_REF] Casalino | Prediction of aerodynamic sound from circular rods via spanwise statistical modelling[END_REF]), and observed similitude in the levels are just coincidence. In terms of frequency content, considering the difference of the spectral distribution to the peak level (Fig. 4b), the similarity of the curves is shown. The values around the first peak are slightly lower than those observed in previous works, what may be associated to the slightly smaller Reynolds number. The prominence of 30 dB of the fundamental mode, as well as the shape of the curve at the first 2 harmonics are comparable in all studies. One-third octave scaled levels are presented on appendix, Fig. 21.a for the circular cylinder. Once again, the difference of cylinders' length ( /d) and flow velocities provokes the offsets for both the level and the frequency. However, the shape of the curves is quite similar to previously reported results [START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF][START_REF] Sueki | Application of porous material to reduce aerodynamic sound from bluff bodies[END_REF], especially in what concerns the prominence of the sound contribution at the peak frequency compared to the other frequency bands.

A sample of the obtained 1/3 octave SPL distributions for all the geometries tested in this work is presented in Fig. 21.b. The curves follow a similar trend for all sections, being the level of the band of the peak frequency around 20 dB higher than the rest of the spectrum. Like in the literature, the square section is louder than the circular one [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF][START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF].

The acoustic signatures of the different cross-sections are compared next by analyzing the sound pressure spectra, the width of the spectral band around the peak, the sound directivity and the exponent of the sound pressure dependency to the inlet velocity. A table containing the peak frequencies and sound levels (peak, overall and band) is present in the appendix.

Sound spectra

Peak frequencies and peak levels First, sound spectra are presented in Fig. 5 for the multiple flow velocities that are tested, for the central microphone (θ = 90 • ). As noted in previous works, the square is louder than the circular section [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF][START_REF] Moreau | Flow-Induced Sound of Wall-Mounted Finite Length Cylinders[END_REF][START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF]. At the peak frequency, the current hierarchy is observed: circular cylinder < rectangular cylinder of aspect ratio 2 < square cylinder < rectangular cylinder of aspect ratio 3. The prominence of the first and second harmonics follow the same hierarchy, that is less noticeable for the circular cylinder and easily remarked for the widest rectangular section. For all the geometries, the peak Strouhal number (listed on Table 3 in the appendix) is rather unmodified with the flow velocity.

For U ∞ = 10 m/s, the tone associated with the vortex shedding is under the anechoic chamber cut-off frequency of 200 Hz for all geometries, thus this is not considered for most of the analysis performed in this work. Due to a reduced peak Strouhal number, this is also the case for most velocities for the rectangle of AR = 2.0, thus results for that section are not as reliable as what is obtained for the other geometries. Two peaks for AR = 2, at St ≈ 0.08 and St ≈ 0.14 are due to the existence of two vortex shedding modes for that given geometry. The first and most energetic one is associated with the flow separation at the upstream vertex, similarly to what happens for the square section, while the later corresponds to the vortex shedding happening at a downstream position due to the reattachment of the flow on the upper and lower faces of the prism, as observed for the rectangle of AR = 3. This transition creates a discontinuity on the St × AR curve and is present in several works in the literature, such as [START_REF] Okajima | Strouhal numbers of rectangular cylinders[END_REF][START_REF] Sohankar | Large eddy simulation of flow past rectangular-section cylinders: Side ratio effects[END_REF][START_REF] Norberg | Flow around rectangular cylinders: Pressure forces and wake frequencies[END_REF]. From the analysis of the velocity field spectra performed in an earlier work [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF], the two modes are believed to coexist. The origin of the narrow peak on the left of the vortex shedding one is unknown.

Peak width Differences regarding the width of the peaks can also be seen on Fig. 5. Considering the definition of the pressure level band (frequency range for which the level is greater than peak level -10 dB), evolution of the obtained peak widths are illustrated on Fig. 6. Except for the lowest velocity, the peak is almost of constant size for the circular cylinder, fluctuating around ∆St = 0.017. For the rectangular sections, the band size decreases with the Reynolds. The high width for AR = 2.0 at U ∞ = 25 m/s is associated to the merge of two peaks. The noted trend is an indication that the evolution of the flow is different regarding the shape of the geometries and the presence of sharp edges. For the circular cylinder, there is no significant change in the shape of the spectrum, implying that the experimented flow regime is well established at the tested range. For the rectangular sections, a change in the velocity is more capable of modifying the sound spectrum, and peaks are narrower at larger Reynolds number. This results is the opposite of what could be deduced from classical turbulence development deduction, and shows that the difference of cross-section is an important factor in the behavior of the flow and the cylinder aeroacoustical response.

Directivity

The sound directivity is illustrated in Fig. 7 with the difference between the level for each microphone and the level of the central one (θ = 90 • ), considering the peak sound pressure level. For the first microphones, the shape of the curve is relatively respected; for microphones after 90 • , measured pressure levels are higher than expected. This result is believed to be due to the flow, that can freely expand, what may perturb the pressure fluctuations that are captured by the microphones downstream 90 • , and to sound waves reflections, notably at the convergent. 

Sound level velocity exponent

The sound pressure level evolution with the velocity is presented in Fig. 8, for the four cross-sections and the microphone at 90 • . The peak value (SPL peak ) and the full spectrum (OASPL, integral of the power spectral density from 0 to 6400 Hz) are selected and the least-squares linear regression law is presented. For both quantities and all sections the levels evolve exponentially with an exponent close to 6, as deduced by Curle [START_REF] Curle | The influence of solid boundaries upon aerodynamic sound[END_REF], evidencing the dipolar and compact nature of the emissions. Tests without the background correction returned the same exponents. Once more, values at U ∞ = 10 m/s slightly deviate from the tendency, for example for AR = 2, and spoil the regression line when considered. Thus, the corresponding velocity exponents and curves presented in Fig. 8 do not consider the measures at that flow velocity. 

C. Conclusion about shape influence from acoustical measurements

It is concluded that the modification of the cross sections results in remarkable changes on the sound spectrum features and absolute sound pressure level. However, in terms of the tonal character and the evolution with the flow velocity, all tested sections have a dipolar trait and respect Curle's analogy despite the disturbances noted for the velocity exponent and directivity patterns, also noted in literature values [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF][START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF].

Considering the central microphone, the evolution of the overall sound pressure levels with the aspect ratio of the rectangular sections is presented on Fig. 9. Plotted values are centered at the average of the difference between the OASPL for the rectangle and the square section calculated for each flow velocities (see Table 3), error bars representing the limits. The behavior noted here is the same than presented in previous works: a decrease from the square to AR = 2 and a increase from AR = 2 to AR = 3; the circular cylinder is, for all velocities, the quietest shape. Octavianty et al. [START_REF] Octavianty | Experimental Study on Vortex Shedding and Sound Radiation from a Rectangular Cylinder at Low Mach Numbers[END_REF] associated the shape of the curve OASPL versus AR to the modification of the peak Strouhal number, noting the similarity between the two curves. Same conclusion was not possible with current data. In order to understand such a behavior, further discussion on the origins of those disparities is made possible from coherence measurements and is presented next.

III. Influence of the shape of the bodies on the velocity field and spanwise organization

The aerodynamic behavior of the flows are quantified using hot-wire measurements. Experiments are performed in the same installation used for the acoustic measurements II.A. The present application of the hot-wire technique is described in details in [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF]. In particular, the probe position is set based on the mean flow, allowing fair comparisons between geometries. Analysis of velocity signals and flow spanwise coherence are presented next.

A. Velocity signals

The analysis of velocity signals provide a first hint on the influence of the cross section shape, and allows the setting of the turbulence time scale used in the correction method on Section IV.A.

Normalized signals and PDF

Examination of the fluctuating velocity can highlight some aspects of the vortex shedding. A portion of the normalized velocity signals and the probability density functions (PDF) of the complete recordings are presented on Fig. 10 and11. The amplitude of the velocity is normalized by its RMS value and the time by the period of the vortex shedding cycle T = 1/ f peak . For the rectangular section of AR = 2, St peak = 0.08 is considered.

Same analysis is performed by Norberg [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF], considering surface pressure measurements for a circular cylinder. Current velocity signals are similar in both form and distribution, including the negative skewness and the intermittent low amplitude excitation (thr starting point is chosen arbitrarily such as to place the event at the center of the time scale in Fig. 10 and11), that are associated by Norberg with near-wall vortex dislocations.

It is striking that theses normalized velocity signals are strongly changed by the cross section shape. The flow around the square section hardly differs from the flow around the circular cylinder, visible in both the signal amplitudes and the probability distribution. For AR = 2, velocity values are more random, as it can be seen by the shape of the PDF, almost identical to a normal distribution, and the existence of two tones is visible in the time evolution with the presence of interchanged peaks of different magnitudes. The longest rectangular section (AR = 3), presents, at both velocities, two clear peaks in its PDF (in a smaller scale, distorted peaks can also be seen for the square and circular sections). Norberg [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF] associated that density shape to a sine wave with random noise.

We note that the obtained PDF are modified when different positions are taken in account. The represented results were chosen due to the consistency with the position used in the following sections of the article and also because they were the most repeated distribution.

Turbulence time scale

The turbulence time scale defined by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF] is based on the duration of 10 T of the low amplitude events signalized by Norberg [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF]. The same behavior is noted in current results for the circular cylinder. Equal value is admitted to the other cross-sections that are studied, however it is clear that further analysis should be performed for the description and quantification of the phenomenon. Owing to the limitations of the available data, this first approximation is used for the rest of this document.

These observations lead to an initial discussion about the difference behavior due to the modification of the cross-section. The velocity signal footprint is quite similar for both short sections. The transition for AR = 2 that creates the discontinuity of the peak Strouhal number is also associated with an increase in the randomness of the signal. In the other direction, the longest section has a rather clean velocity signal, indicating a flow less affected by turbulence. As a first conclusion, the influence of the shape can be associated with a different state in terms of flow development, working similarly to a modification of the Reynolds number, as discussed in [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF]. 

B. Spanwise coherence length estimation

Coherence measurements

Hotwire measurements are performed at 10, 20 and 40 m/s, for different topologically equivalent locations in the XY plane, derived from flow streamwise velocity fields (also generated using hot wire anemometry). For the circular section, only one position is selected, based on the consideration of Ribeiro [START_REF] Ribeiro | Fluctuating lift and its spanwise correlation on a circular cylinder in a smooth and in a turbulent flow: a critical review[END_REF]. Four points are tested for the rectangular sections: P 1 (in the wake), P 2 (in the position of maximum average velocity); P 3 (at the upper limit of the mixing layer) and at P 4 (at the zone of the expansion of the upper wall vortex). Measurements attributed to point P 4 are considered the more reliable and representative of the pressure spanwise coherence, so are used here.

For the evaluation of the flow spanwise coherence, measurements with two hot wire probes are performed. The use of velocity signals has been reported capable of quantifying the coherence of surface pressure [START_REF] Ribeiro | Fluctuating lift and its spanwise correlation on a circular cylinder in a smooth and in a turbulent flow: a critical review[END_REF][START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF], and consequently, of the lift. The flow velocity was recorded simultaneously at different spanwise positions using two 1D hot wire probes. The first probe is fixed at the middle span of the cylinder while the other is moving spanwise.

Acquisition time and frequency are of 30 seconds and 6.4 kHz. The coherence of the two signals u a and u b is calculated using the following definition:

Γ u,ab (ω) = Γ u (η, ω) = real(u a u * b ) u 2 a u 2 b ( 2 
)
where ω is a frequency quantity (such as the Strouhal number or the frequency), η is the spanwise distance of the probes normalized by the diameter η = ∆z/d, u a and u b are the Fourier transforms of the fluctuations of each velocity signal, and the superscript * indicates the complex conjugate. In order to obtain a more representative spectral distribution, the coherence calculations are based on averaged spectral density, using the same acquisition time and frequency as for the spectrum calculation.

Spanwise coherence length

The definition of the coherence length is based on a Gaussian model, as proposed by Casalino and Jacob [START_REF] Casalino | Prediction of aerodynamic sound from circular rods via spanwise statistical modelling[END_REF]:

Γ u (η, ω) = exp - η 2 2L g (ω) 2 (3) 
where L g is the Gaussian coherence length estimator (later on referred only as coherence length), normalized by the geometry height d, the same for all the geometries here.

A procedure for calculating the regression to obtain the Gaussian function and its associated L g has been proposed. Description here will be limited to a single case, noting that it is similar for all the tested velocities and probe positions and that a complete description of the procedure and a discussion concerning these results are presented in [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF]. Figure 12 illustrates some of the obtained results, considering point P 4 for the rectangular sections, for flow at U ∞ = 20 m/s. -for the circular section, the point is defined differently, see [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF].

For the short sections (square and circular) the coherence length distribution is quite similar, with spread values around the fundamental mode and a clear mark of the first harmonic. At the vortex shedding frequency, L g is of about 5 diameters, being slightly larger for the square section, as predicted by King and Pfizenmaier [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF], who associate this increase with the existence of a fixed separation point and with the source of a stronger sound emission. The rectangular sections of AR = 2 and AR = 3 present a poorer spectral distribution of L g , and the later achieves about 20 diameters at St f p eak . Considering this is a one-sided calculation, for a cylinder of = 70d, the two flows are virtually two-dimensional.

The minimal threshold of about 0.6 d is due to the used algorithm and to the limitations of the experimental setup. Indeed the first coupled hot-wire measurement is performed for ∆z = 0.7d, so that coherence at smaller distances cannot be measured. Thus, those values are considered non physical. It may also be noticed that the curves are noisy. This is why a smoothing procedure is applied, presented on following section.

Continuous coherence length laws

Modeling of coherence length peaks Rather than selecting a single coherence length, or correcting only the principal mode (St peak ) and its harmonics, and applying an arbitrary correction for the rest of the spectrum, as performed by Orselli et al. [START_REF] Orselli | Two and Three-Dimensional Simulation of Sound Generated by Flow Around a Circular Cylinder[END_REF] and [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF], the complete spectrum of coherence length is used to perform the sound emission magnitude correction in Section IV. The use of a regression function rather than interpolating the values for the frequencies of interest is justified by two reasons. Firstly, noisy character of the L g values would lead to imprecise values, notably at the peaks. Secondly, the algorithm used for the calculation of L g returns a minimum value of L g ≤ 0.6 that is non-physical [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF], of the same order that those obtained at the first point (η = 0.6) used to measured the coherence length.

Visual analysis of Fig. 12 indicates that each peak and its associated slope may be represented by exponential laws, centered at the peak frequency. The following equation, based on asymmetric Laplacian, is introduced for a given peak i:

l i g (St) = m i exp{-[(St -p i )ψ i sκ s i ] ε i } (4)
where m i is an amplitude parameter, ψ i is a shape parameter defining the broadness of the peak (smaller the value of ψ i , broader the peak), p i is the location parameter indicating the peak location, κ i is the asymmetry parameter (skew is positive for κ i < 1 and negative for κ i > 1, symmetrical if unitary), s is the sign function of (Stp i ), and ε i is a decay parameter: ε i = 1 returns the Laplacian shape (pointed peak) while ε i = 2 returns a Gaussian-like decay. The final curve is the sum of each contribution, a continuous law of L g :

L g (St) = N i=1 l i g (St) (5) 
Identification of the model parameters Initially, the equation parameters p i and m i are set as the Strouhal and L g values at each peak, respectively. The rest of the parameters are set arbitrarily as ψ i = 10, κ i = 1 and ε i = 1, returning a symmetric Laplacian shape. With these values, a Nelder-Mead Simplex optimization [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF] is performed individually for each peak, correcting the parameters of the function (for simplicity, the peak location p i is fixed by hand). Only points at the frequency range delimited by the half distance between the neighboring peaks and that returned L g above 0.7d are considered. This restriction is in accordance with the limitation of the algorithm, evoked earlier, and of the experimental procedure, since the measurements start at that given spanwise distance so that no coherence length under that quantity is captured correctly. The cost function is the square sum of the difference obtained between the model -Eq. ( 5) -and the measured coherence lengths with a penalization factor of 50 at the peak value. In order to obtain a corrected magnitude after summing all the contributions, the optimizations are performed sequentially, that is, the cost function considers the contribution of the previously optimized peaks. So, for the peak number k, we have:

error k = j ∈ NB L g, j - k-1 i=1 l i g (St j ) 2 + 49 L g, j peak - k-1 i=1 l i g (p k ) 2 (6)
where NB represents the subs-set of indexes of frequencies that neighbor each peak and j peak the index of the frequency that is closest to the max peak location p k .

Also, in order to correctly reproduce the behavior close to null frequency, an artificial peak at St = 0.002 is defined. For some cases, the threshold of minimum frequency is adapted to facilitate the convergence. A sample of the quality of the models is represented on Fig. 13. Better fit is observed for the circular cylinder, nevertheless the results are quite reasonable for the rectangular sections. The results are extremely similar, even when modifying the flow velocity, specially in the peaks. This is in accordance with the small Reynolds number dependence at the studied regime noted by previous authors [START_REF] Sohankar | Flow over a bluff body from moderate to high Reynolds numbers using large eddy simulation[END_REF][START_REF] Bai | Dependence of square cylinder wake on Reynolds number[END_REF] and reinforces the validity of using velocity data for such measurement [START_REF] Ribeiro | Fluctuating lift and its spanwise correlation on a circular cylinder in a smooth and in a turbulent flow: a critical review[END_REF][START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF]. Nevertheless, the sectional position selected for the measurement has more influences the shape of the curve between the peaks. From the multiple points that are used to define the spanwise flow distribution for the rectangular sections (4 for square and 2 for AR = 2 and AR = 3), the relations obtained with P 4 are selected for Section IV. Being the most distant from the surfaces, thus to the limitations of the measuring procedure (difficulty to measure very small velocities) and less likely to be intrusive, those values are believed to be the most representative of the flow spanwise distribution.

Interesting point is that the second and third harmonics are barely present in the coherence length curves. That means that, once the fundamental mode and the first harmonic present in the flow aerodynamics, the following peaks may be seen as purely acoustic response of the flow, with a minimum correspondence to flow dynamics.

IV. How to close the body flow induced noise problem?

Working from the outside in, the influence of body shape and flow velocity on the acoustic field and on the spanwise coherence have been described. Further understanding of the influence of shape on the noise generation mechanism requires the analysis of the missing quantity in the Curle-Phillips formalism, that is the lift fluctuation, see Eq.( 1). Ideally, the lift fluctuation should be measured in the same experimental conditions. A sectional lift could be extracted from an array of wall pressure probes. However, this misses the spanwise behavior and causes severe settling issues. In particular, each rod of cross section must be instrumented. Otherwise, the total lift may be obtained by aerodynamic balance, but then the spanwise distribution is integrated, and sectional behavior insight is prevented. Here, the sectional lift is educed by searching for it that, when joined to the measured spanwise coherence in Curle-Phillips formalism, would best approach the measured acoustic spectrum. This eduction is presented in the next subsection: first, a procedure to compute the acoustic spectrum from a given sectional lift signal is described, based on Seo & Moon [START_REF] Seo | Aerodynamic noise prediction for long-span bodies[END_REF] and Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF]. Second, a sensitivity study is conducted in order to remove bias from parameter settings. Finally, the input lift coefficient that best fits the acoustic spectrum is identified, and the procedure is discussed in details with literature background.

A. Acoustic spectrum reproduction method

Force model

Perfect sinusoidal signals are considered for the lift L and the drag D of a segment length L s , with amplitudes defined by the RMS force coefficients C D and C L :

D = (C D √ 2)(1/2 ρU 2 ∞ dL s ) sin(2Ω p t + π/2) (7) 
L = (C L √ 2)(1/2 ρU 2 ∞ dL s ) sin(Ω p t) (8) 
where Ω p = 2π f peak and t is the time. The modeled time sampling reproduces the duration and sampling used in the experiments.

Peak broadening representation

For the association of the long-span behavior quantified experimentally with the sectional behavior, the procedure proposed by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF] is considered. Based on Curle's analogy, only the aerodynamic efforts are associated with the noise emission of the cylinder's section. The first step consists in applying a statistical correction for representing the natural random phasing that distributes the energy around the peak of each tone present in the sectional aerodynamic efforts (issued from a 2D simulation). The peak broadening is represented by an exponential decay, resulting in a modified 2D force vector F T (t), defined as:

F T (t) ≈ C cos(Ωt) exp - t 4τ c ( 9 
)
where C is a real coefficient used to guarantee the energetic correspondence between original and modified force signals, Ω represents the fundamental frequency at each dimension, t is the time and τ c is a turbulence time scale associated with the spreading of the peak. The turbulence time scale is represented as a multiple of the vortex shedding time scale, using the factor n c , such as τ c = n c / f peak . As discussed by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF], n c = 1.25T is the equivalent of a disturbance of duration of 10 T as the ones observed in Section III.A.2.

Application of Curle's formula and long-span correction

After the peak broadening step, Curle's analogy is applied in the spectral domain in 2D compact formulation, that is, for the microphone at 90 • :

P(r, ω) ≈ iω 4c H (2) 1 ωr c L(ω) (10) 
where H (2) 1 is the Hankel function of second kind, order 1 and L is the Fourier transform of the lift L, corrected using Eq. [START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF]. See [START_REF] Margnat | Hybrid prediction of the aerodynamic noise radiated by a rectangular cylinder at incidence[END_REF] for more details. Observer distance is of r = 1 m, considering the wind-tunnel conditions.

Next step consists in correcting the sound level due to the spanwise extent of the cylinder using the procedure proposed by Seo and Moon [START_REF] Seo | Aerodynamic noise prediction for long-span bodies[END_REF]. For the extrapolation, the length L s , taken as completely correlated, must be chosen. The total sound is then taken as a sum of the contribution of each segment, considering the dephasing present in the long-span using the coherence length L c , a dimension associated with the correlation portion of the flow at each frequency. The following equation presents the correction level SPL c that must be added to compensate the span effect on the spectrum obtained with the modified force (Eq. ( 9)):

SPL c (ω) = 10 log 10      N s i=1 N s j=1 exp -(i -j) 2 L s L c (ω) 2      (11) 
where N s is the number of segments, such as = N s L s . It does not account for the retarded time, so emission of very large cylinders may be overestimated. Also, the level correction accounting for the modification of the peak Strouhal values between the long cylinder and the experiment/simulation with short span cylinder, present in previous works [START_REF] Casalino | Prediction of aerodynamic sound from circular rods via spanwise statistical modelling[END_REF][START_REF] Orselli | Two and Three-Dimensional Simulation of Sound Generated by Flow Around a Circular Cylinder[END_REF] and also used by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF], is not considered in this contribution.

Once all parameters are well posed, a sensitivity study, presented next, is performed in order to evaluate the influence of each parameter on the sound spectrum estimation, thus on the eduction of the RMS lift coefficient.

B. Sensitivity study

Presentation

The influence of the number of segments N s , the sectional aerodynamic efforts and the turbulence time scale τ c , represented by the number of periods of vortex shedding n c (τ c = n c /f peak ), and the coherence length (calculated by the function L c (St)) are tested for a fixed cylinder length of = 70d. A simple factor is applied for each of these variables and the spectrum estimation is done. In order to vary the coherence length, the peak scaling parameter m i in Eq. ( 4) is the only parameter that is modified.

When other parameters are tested, one takes:

• N s = 140 (segment length of L s = 0.5 d);

• C L = C L,Norberg = 0.4728, issued from the empirical law presented by Norberg [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF]);

• C D = C L /10 as a first approximation;

• n c = 1.25;

• L c = L g as determined by Eq. ( 5) for the circular cylinder at U ∞ = 30 m/s (Re = 20,000).

Results

Spectral and peak behaviors are presented in Fig. 15.

In what concerns the number of segments/segment length, convergence is well defined. Values are extremely overestimated for long segments/small N s once the calculation imply that a big subsection is completely in phase and producing noise corresponding to the sectional fluctuating coefficient. With the increase of N s , levels are reduced for the complete spectrum. For the main peak, converged values are obtained after 10 segments. A change in the aerodynamic efforts represents a uniform offset of the sound levels for the complete spectrum; as expected the exponent for the fluctuating lift is 2. As proposed and illustrated by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF], the turbulence time scale τ c controls the sharpness of the spectral distribution, thus, is also highly influential on the peak level and shape of curve. The evolution of sound with the coherence length produces as well a global level offset, also presented by Seo and Moon [START_REF] Seo | Aerodynamic noise prediction for long-span bodies[END_REF] and the simplified equations, with an exponent of 1. The two highlighted exponents agree with the simplified model in Eq. ( 1). This result is consistent once the two procedures were derived from Curle's analogy and made the same assumptions (far-field, acoustically and geometrically compact source).

Based on the given analysis, the segment length is chosen as L s = 0.5d (N s = 140). Although this spanwise distance was not evaluated in the coherence experiment, it is believed that for distance of half of that given length (comparing the extremities to the center of the segment) the coherence is close to one, independently of the frequency. In other words, the hypothesis is that a segment of that size is completely correlated in terms of fluctuating efforts and sound emission. The conversion factor based on the spanwise correlation, described by West & Apelt [START_REF] West | Fluctuating lift and drag forces on finite lengths of a circular cylinder in the subcritical Reynolds number range[END_REF] and others, that links the sectional C L to the RMS lift coefficient of finite length cylinders serves as a quantitative criteria to justify this choice. This factor is calculated from the correlation of velocity signals [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF] considering a segment of 2d, imposing a symmetrical correlation distribution. Obtained results are higher than 0.9.

As intrinsically associated with the flow physics, later 3 varied parameters (actually, inputs) are case dependent and highly influential on the final spectra. Used values are presented next along the results of the application of the correction method.

C. Lift eduction and artificial spectra

This procedure does not aim at estimating fluctuating efforts based on the acoustic emission. It is used as a complement of the analysis performed for the coherence length in the characterization of the cross-section influence on the flow and the acoustic emission. The analysis is here limited to 20 and 40 m/s, velocities that have been used for the spanwise coherence measurements for all the geometries.

Based on previous section, one takes L s = 0.5d, L c = L g (St) (measured). From Section III.A.2, an estimate of the turbulence characteristic time can be obtained, being the intermittent behavior on the velocity signals for the other sections quite similar to what is seen for the circular cylinder. Thus, the value n c = 1.25, the as used by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF], what corresponds to a near-wall dislocation time of 10 T [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF]. C L is them educed by minimizing the error between artificially and measured acoustic spectra at each velocity for each cross section.

Definition of lift coefficient

There are two possibilities to define the lift coefficient in this case. Either the frontal surface is considered, that is, the reference area is defined as the product of the height d and the length of the prism , or the streamwise surface is used, b × (for the circular and the square section both definitions return the same value since d = b). They are calculated as follows:

C L,d = L 1 2 ρU 2 ∞ d C L,b = L 1 2 ρU 2 ∞ b ( 12 
)
where L is the RMS lift. Each coefficient can be applied in a different context. C L,d may be directly compared to the drag and also considers the reference length for the wake. It can be considered as an engineering approach once the same analysis is performed for the whole group of geometries with a fixed reference, so the relation between the efforts can be direct among the set of different configurations, and interest quantities such as mechanical load or noise production are clearly stated. On the other hand, C L,b is not based on a fixed reference, and direct comparison of the fluctuating lift is not possible only regarding the coefficients. The interest remains in its association with the pressure fluctuation, since the effective surface that products the lift is taken as reference, thus it is called here a physics oriented coefficient. The authors recommend the lift coefficient to be explicitly defined in future publications, especially in the case of different sectional breadth.

Since the main objective in this work is the comparison of the sectional influence, first definition (C L,d ) is used, as can be in Eq. [START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF]. When not explicitly defined, C L is used as a synonym of C L,d .

Searching for best acoustic spectrum fit

An optimization is done for the eduction of the forces RMS coefficients, applying the same techniques used for the determination of the coefficients of the L g (St) functions (Section III.B.3). For this case, there is no penalization for the peak and the error is the square value of the difference of the sound pressure levels in decibels. Ideally, analysis should be performed using two parameters: C L and C D . Due to its small influence on the final result and in employed Curle's formalism [START_REF] Margnat | Hybrid prediction of the aerodynamic noise radiated by a rectangular cylinder at incidence[END_REF] for the microphone at 90 • , the fluctuating drag coefficient is not considered as a variable in the optimization and its value is fixed as

C D = C L /10.
For the calculation of the fit, different Strouhal ranges are considered, in order to favor the reproduction of different parts of the spectrum. Obtained artificial spectra are presented on Fig. 16 and 17 for the 4 tested sections, where each continuous lines corresponds to a different band considered in the error function. The lowest limit is associated to optimization accounting only for the fundamental peak (0.5 St peak < St < 1.5 St peak ). When a broader range is selected, a higher level appears such as to add energy to the first harmonic and neighboring frequencies. Maximum value for the optimal C L presented on figures correspond to the error function being calculated for 0.5 St peak < St < 3.5 St peak (note that for the circular cylinder at U ∞ = 40 m/s, all the measured sound spectrum above the peak is considered since the limit is St = 0.6).

The current procedure reproduces extremely well the sound spectra found in the experiments, notably for the principal peak. This fact is fundamentally determined by the definition of C L that forces a good fit. However, the time decay and spectral correction levels defined by L c (St) and τ c , fixed in the optimization, are in accordance and may be considered a good estimation of the physics.

Discussion of the procedure and comparison to literature data

On Table 1, fluctuating lift and drag coefficients obtained in the optimization of the spectra are listed along with literature values. Since the hypothesis considered for the application of the correction algorithm is that the fundamental segment is small and completely correlated, the obtained RMS force coefficients correspond to sectional values.

The force coefficients are within the same order of what is available in the literature, however their magnitude is about 4 times smaller. Several factors could explain the discrepancy and are discussed next:

• From the purely acoustic point of view, compactness and far-field hypothesis present in theoretical formulation are not always respected in the current work, as depicted on Table 3, in appendix. Even if the natural tendency would be an increase of the level, what would result in a higher estimate of the RMS lift coefficient, it remains an unknown and may spoils the result. The differences in the retarded time of the segments are not accounted in the spanwise correction formulation proposed by Seo & Moon [START_REF] Seo | Aerodynamic noise prediction for long-span bodies[END_REF]. Applying this correction could represent a necessity of increased segment sound levels, that is, bigger C L , such as to reproduce the sound levels that are recorded, as can be deduced from formulation presented by Perot et al. [START_REF] Pérot | Numerical Prediction of the Noise Radiated by a Cylinder[END_REF] that considered this time delay. 4. Circle markers are added to the experimental curve at every 12.5 Hz for visual aid, and the dotted line represents the spanwise correction level SPL c (see Eq. ( 11)).

• The fluctuating lift for the circular section is explicitly given as sectional [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF]. The authors could not find information about the rectangular sections that stated clearly to correspond to sectional values, represented by a measuring segment of reduced spanwise extension. Presented C L are the normalization of the efforts over the whole cylinder, that is, only a division of the total fluctuation lift by a reference surface ( × d or × b). In this case, the information available in the coherence length is actually present twice, and values of C L are miss-evaluated. • There is a remarkable scatter in fluctuating coefficients data, especially scarce in experimental procedures. The fluctuating efforts are influenced by wind-tunnel conditions such as the incoming turbulence intensity [START_REF] West | Fluctuating lift and drag forces on finite lengths of a circular cylinder in the subcritical Reynolds number range[END_REF][START_REF] Namiranian | Direct measurements of oscillating lift on a rigid square section cylinder in a turbulent stream[END_REF][START_REF] Mclean | Spanwise correlations of pressure on a rigid square section cylinder[END_REF]. Also, the tendency observed in the literature is to reinforce the 2D behavior of the flow by running simulations for very short cylinders and/or using end plates. Such choices artificially increase C L , described numerically [START_REF] Gioria | Effect of the domain spanwise periodic length on the flow around a circular cylinder[END_REF][START_REF] Mueller | Large Eddy Simulation of cross-flow around a square rod at incidence with application to tonal noise prediction[END_REF] and experimentally [START_REF] Kacker | Fluctuating Lift Coefficient for a Circular Cylinder in Cross Flows[END_REF][START_REF] Szepessy | Aspect ratio and end plate effects on vortex shedding from a circular cylinder[END_REF][START_REF] Blackburn | The effect of free-stream turbulence on sectional lift forces on a circular cylinder[END_REF], where a length of at least 20d is recommended for the circular section to prevent confinement. Considering that the coherence length is bigger for the other cross-sections studied in this work, it is implied that an even larger span is necessary to avoid the influence of the end conditions. Initially, Szepessy [START_REF] Szepessy | Aspect ratio and end plate effects on vortex shedding from a circular cylinder[END_REF] attributed the increase of fluctuating lift to an increase of spanwise correlation. Current results [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF] show that the spanwise correlation is rather similar to what is observed with end-plates when comparing to pressure coherence measurements performed by Casalino & Jacob [START_REF] Casalino | Prediction of aerodynamic sound from circular rods via spanwise statistical modelling[END_REF] for the circular cylinder. In that sense, it is believed that the modification of the efforts due to end plates is more associated with the increase of strength of the vortex and an increase in the perfect dephasing from the upper and lower parts of the flow, later proposed by Szepessy [START_REF] Szepessy | On the control of circular cylinder flow by end plates[END_REF]. This could also justify why the sound levels obtained by Casalino & Jacob are similar to the current results with a cylinder that is of 1/3 of the current span. Even the results of Norberg [START_REF] Norberg | Fluctuating lift on a circular cylinder: review and new measurements[END_REF], that clearly highlights the effects of end plates, may not be adapted for the present range ( /d = 26 with supporting plates), as discussed in an earlier work [START_REF] Norberg | An experimental investigation of the flow around a circular cylinder: influence of aspect ratio[END_REF].

• Values on the table for the rectangular sections are not at the same Reynolds number. However, the difference is considered to be small due to the observed independence of the flow around rectangular sections in this regime, as evoked previously in this document. This is noted for the square section in the review by Bai & Alam [START_REF] Bai | Dependence of square cylinder wake on Reynolds number[END_REF] and other works [START_REF] Mclean | Spanwise correlations of pressure on a rigid square section cylinder[END_REF], and also evident in the values presented in the graph of C L versus the aspect ratio of the section at several Reynolds numbers, Fig. 20, that is discussed further. • The time scale parameter τ c is grossly set and could not be determined with certainty for the different geometries in study. Also, the fact that the fit is good is not a sufficient criteria. In preliminary tests it was noted that multiple combinations of C L and n c values can result in fits of similar quality. Further analysis was performed with the optimization of the n c value considering a fixed C L , selected as the average value from the range listed on Table 1. Naturally the shape of the spectra is well respected, since it is the value that is minimized, however, results were unsuccessful with exaggerated values of n c (from 5 to 170) and sound pressure levels at the vortex shedding frequency were consistently overestimated. Only reasonable result was obtained for the rectangle of AR = 3.0, with n c between 1.7 and 7.3, but in accordance to the other results, peak level is overestimated of the order of 5 dB. Conclusion is that n c = 1.25 can be considered a representative value, however there is an intrinsically imprecision associated with this value, thus, an imprecision exists for educed lift coefficient values. • The effort model considered for Curle's analogy inside the algorithm are taken as pure tones. This means that all the energy is concentrated in f peak and its first harmonic. Experimental and 3D simulations have a more distributed energy in the efforts spectra (for example, [START_REF] Schewe | On the force fluctuations acting on a circular cylinder in crossflow from subcritical up to transcritical Reynolds numbers[END_REF][START_REF] Nishimura | Aerodynamic characteristics of fluctuating forces on a circular cylinder[END_REF] and [START_REF] Knisely | Strouhal numbers of rectangular cylinders at incidence: A review and new data[END_REF][START_REF] Mclean | Spanwise correlations of pressure on a rigid square section cylinder[END_REF] for the circular and square cylinders, respectively), specially the neighborhood of the peaks. When compared to the tonal C L level, the only way of achieving the same magnitude at the peaks (which are the only points that influence the artificial sound spectra) would be to increase the total energy. Consequently, the optimal C L values are underestimated for not having a spectrally distributed energy and should be considered as pure tone analogous values.

V. How Reynolds number, shape, sectional lift and spanwise topology combine

A. Geometry ranking

The obtained hierarchies for flow and noise quantities are synthesized next, for the sound level (equally maintained for peak, band or overall), coherence length (considering the peak) and fluctuating lift (issued from the correction method, for a perfect sine wave):

SPL: circular < AR = 2.0 < square < AR = 3.0 L g : circular square < AR = 2.0 AR = 3.0 C L : AR = 2.0 < circular < AR = 3.0 < square
It appears that there is no direct association between the 3 hierarchies, although the extrema (circular and AR = 3) are reproduced in both SPL and L g . It must be recalled that the time scale τ c is considered the same for all cases.

As predicted by King & Pfizenmaier [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF], the square prism has a coherence length larger than the circular section. However, the difference in the sound emission is also due to a modification of the wall pressure fluctuations, represented by the increase of the RMS lift coefficient. Current results reinforce partially the statement of Iglesias [START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF], that implied that the difference in sound emission of the rectangular sections comes from an increase of the coherence length. Even tough there is a prominent variation of the L g , it is as important as the difference of the C L when square and other rectangular sections are compared. A computation of the contribution of each variable based on the model in Eq. ( 1) was tried. The results were not capable to fully described the difference noted in the wind-tunnel, and may indicate that the model is too reducing or that some of the hypothesis may not be fully respected.

B. Sectional lift fluctuations and spanwise coherence length

It is possible to conceive that the sectional lift coefficient grows in the inverse direction of the coherence. A relationship is presented in Fig. 18, considering the peak coherence length returned from the continuous coherence length functions and the center of the range of fluctuating lift coefficients issued from the optimizations of spectra, along with a regression law. The correction and fitting procedure is also performed for the other velocities tested for the circular section that were not discussed in the previous session (U ∞ = 15, 25 and 30 m/s). Error bars are set as 0.7d for the coherence length and the limits for the C L,b . Note that the used coefficients are based on the breadth of the geometry. Obtained least-squares fit regression laws (determination coefficient of R 2 = 0.63) are the following:

RMS lift coe

L g (St peak ) = 1.41(C L,b ) -0.93 C L,b = 0.64 L g (St peak ) -0.68 (13) 
Since the method used to obtain the estimations of the fluctuating lift coefficient involves the coherence length as an input, the result may be biased. Even so, and despite the impreciseness in the determination of C L , this result seems to be physically consistent. That is: a cross-section with an important pressure fluctuation (large C L,b ) will most likely generate a spanwise flow distribution that is as well uncorrelated (small L g ). The same comparison is not successful when the engineering coefficient C L,d is considered, since the lift is directly modified by the available streamwise surface and does not correspond only to the vortex strength and associated pressure fluctuations.

Even if preliminary, a link between the sectional and axial behavior has thus been unearthed. Further analysis concerning the shape influence on the sectional behavior are presented next.

C. Further analysis of the sectional behavior

Reynolds number dependence for the circular cylinder

Figure 19 presents the evolution with the Reynolds number of the observed estimation of C L for the circular cylinder and literature values; a length of /d = 0 indicates a sectional coefficient, obtained either from the movement of a short segment or from wall pressure captors distributed around the section. Current results are represented by markers at the limits of the range of optimal values, illustrated on Fig. 16 and 17, and lines that connect the center of those ranges. Coefficients deduced from the application of Eq. (1) (without the use of the near wake correction term) with the quantities associated to the vortex shedding frequencies are as well presented, that is:

C 2 L = P 2 peak 16c 2 r 2 ρ 2 U 6 ∞ St peak 2 L g (St peak )d = P 2 peak ρ 2 U 4 ∞ 16M 2 St peak 2 r 2 L g (St peak )d (14) 
On Fig. 19 current values are about 3 times smaller than what is observed in the literature. Many factors influence that difference, as listed on section IV.C.3. As stated earlier, the objective of the present lift eduction is not to measure the lift coefficient from the noise emission, but rather compare between different cross sections the perfectly sinusoidal [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF], as discussed in the previous section (V.A). The fact that the values derived from Eq. ( 1) by Fujita [START_REF] Fujita | The characteristics of the Aeolian tone radiated from two-dimensional cylinders[END_REF] are smaller is attributed to the absence of the correction associated with the distribution of the energy around the spectra peak, what is accounted with the τ c time scale. Furthermore, we may conclude that if the spanwise energy distribution is removed (it is going to be applied later in the correction), the corresponding C L values that would produce the same acoustic energy are significantly smaller.

In that sense, the success of the first test case presented by Doolan [START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF] with an overestimated C L is attributed to performing the validation with an also overestimated sound emission data from Casalino & Jacob [START_REF] Casalino | Prediction of aerodynamic sound from circular rods via spanwise statistical modelling[END_REF]. Their sound pressure levels are quite similar to the new results introduced here, Fig. 4, even if the current cylinder is more than 3 times longer and flow velocity is higher. This similarity is believed to be the effect of the end plates. The used coherence length of 5d is also overestimated, as discussed in [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF].

Influence of aspect ratio for rectangular cylinders

General trends For the rectangular section, the literature and current C L values are presented in Fig. 20. Low (left) and high (right) Reynolds number values are considered. Similarly to what is employed on previous plots, current results are represented by markers at the optimal values issued from the optimization and lines connect the central position for each aspect ratio. Note that only one experimental study could be found and that all the cited works use very small extent in the spanwise direction.

The evolution of the fluctuating lift consists of an increase until a maximum C L at around AR = 0.6, and a decrease for longer geometries. The "golden ratio" of 0.6 has been discussed in several previous works, notably the references of Fig. 20. This bi-phased behavior of the C L × AR curve is common for all geometries and is discussed in another paper presented by the authors in the same conference [START_REF] Pinto | Influence of cross-section on the aeolian tone: a numerical study in the laminar regime[END_REF], that discussed the flow around other shapes such as ellipses and triangles. After the breadth has a significant number of diameters, there is a slight recovery, in a somehow oscillating curve that may be associated with the position where the vortex are generated. Similar shape is present in all plots, except for low Reynolds number when considering the breadth as the reference length. This traduces the fact that at lower Reynolds number, the available surface is a main factor in the creation of the lift fluctuation and the pressure tends to infinity with the decrease of b. The behavior is different at high Reynolds number, where the short sections are associated with small C L,b . This may be due to a loss of coherence associated with the small available surface in the streamwise direction. Even if the detachment point is fixed, the vorticity generating region is rather small and more subjected to vortex dislocations and three dimensional developments. This correlates to the discussion about the inverse relationship that is noted between the sectional efforts and the spanwise coherence. force coefficient normalized by . Secondly, as can be noted on the velocity signals in Fig. 10 and 11, the fluctuating lift for that geometry is more of a pure tone, so that an estimation of the perfect sine wave lift and drag in the statistical correction is close to the reality of the flow. It can also be inferred that, per available lifting surface, the longer geometries undergo less pressure fluctuations, as presented on the graph for C L,b . However, that effect is surpassed by the increase of the available surface and of the coherence, thus giving an increase of the sound emission, exactly in the opposite direction of what is noted on the sectional behavior. We may also imply from current results that the behavior noted in the OASPL vs AR graph (Fig. 9) is not due to the modification of the Strouhal, as discussed by Octavianty et al. [START_REF] Octavianty | Experimental Study on Vortex Shedding and Sound Radiation from a Rectangular Cylinder at Low Mach Numbers[END_REF], but rather to a combined increase of L g and C L,d . Naturally, all three quantities are intrinsically related and a clear description of their relationship should need a greater database and a refined physical modeling.

Magnitudes

Another important conclusion concerns the fact that the obtained C L are relatively close to those obtained by low Reynolds number simulations. The current procedure implies that the transition from a short to long geometry is possible, meaning that an homogeneity in the axial dimension is assumed. Also, the correction of the tonal efforts implies that most of the low amplitude features of the aerodynamic efforts spectra can be neglected and that the peak neighborhood is correctly represented by an exponential decay. In short, given these hypotheses and current results, the procedure allows a connection between the 2D low Reynolds number (tonal) to 3D flows: the transition from low to high Reynolds number is condensed in the τ c correction, and the transition from 2D to 3D in the coherence length. This is particularly consistent in the case of rectangular sections, where the flow is rather Reynolds number independent for an important range of velocities.

VI. Conclusions

The influence of the geometry and of the Reynolds number in the noise production of prismatic body flows has been investigated experimentally. Sound levels and spanwise coherence lengths were measured for circular and rectangular cylinders. The statistical analysis and correction procedures for the spanwise influence on cylinder's airframe noise proposed by several authors [START_REF] Seo | Aerodynamic noise prediction for long-span bodies[END_REF][START_REF] Pérot | Numerical Prediction of the Noise Radiated by a Cylinder[END_REF][START_REF] Doolan | Computational bluff body aerodynamic noise prediction using a statistical approach[END_REF][START_REF] Casalino | Prediction of aerodynamic sound from circular rods via spanwise statistical modelling[END_REF] is successfully applied to different cross sections, leading to estimations of the RMS lift coefficient considering the aerodynamic effort as two perfect sinusoidal waves.

One interesting result is that the sound production hierarchy between the geometries (circular < AR = 2 < square < AR = 3) is held for all the Reynolds numbers tested in this experiment. One logical conclusion would be that, for a given velocity range where there is not a known transition, as the one used in this work, there is, a priori, no necessity to perform a Reynolds dependency study when confronting sound production of different geometries.

While the use of end-plates is highly advocated for the reduction of end conditions interference in flow, its influence is responsible for forced increase of the aerodynamic efforts. In the case of long cylinders ( /d > 15), the authors believe that end-plates are more influential than the presence of open ends and must be avoided once they create a different flow and a more important sound emission.

Despite the good fit that is observed in the modeled sound spectra, the educed fluctuating lift coefficients are smaller than what is present in the literature. Although that behavior was expected due to the simplification of the efforts into clean sinusoids and the difficulty associated with measuring fluctuating aerodynamic efforts, it may indicate a deficiency in the applied technique. In all likelihood, the not so strict respect of the far-field and compact conditions would not produce such important errors. Furthermore, the spanwise statistical correction method used in this work is a reformulation of the classical equations derived by Curle [START_REF] Curle | The influence of solid boundaries upon aerodynamic sound[END_REF] and Phillips [START_REF] Phillips | The intensity of Aeolian tones[END_REF]. To the authors knowledge, until this day no simultaneous measurement of all the ingredients (C L , spanwise coherence and sound emission) has been performed. It is thus necessary, as hoped by Lighthill [START_REF] Lighthill | The Bakerian Lecture, 1961 Sound generated aerodynamically[END_REF], to perform a systematic test of such physical and mathematical reasoning. The work of Leehey & Hanson [59] is the only one the authors could find that performed something similar to that. However they were using a vibrating cylinder at a low Reynolds number range (4000 to 6450) and performed the calculations with the correlation length, that is found to be lower than the coherence length [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF]. Similarly, the validity of the procedure to correct the sound emission by sum of segments, that was used to educe the sectional lift in this article, has to be further checked both theoretically and experimentally, as far as fair comparison between shapes is targeted.

As implied by previous works [START_REF] King | An experimental study of sound generated by flows around cylinders of different cross-section[END_REF][START_REF] Iglesias | Experimental study of the aerodynamic noise radiated by cylinders with different cross-sections and yaw angles[END_REF], sharp-edged sections are more coherent. However, the difference in coherence alone does not justify the offset found in the acoustical signature of each prism. Performed analysis shows that they are not only more coherent but also have greater sectional RMS lift coefficient. Current results also indicate that the spanwise coherence length is inversely proportional to the fluctuating lift, such that the acoustic emission is more influenced by the modifications of the pressure fluctuations and the available surface than by the spanwise characteristic of the flow, not forgetting that the latter is a result of the first two.

This correlates to an energetic point of view interpretation of the spanwise direction as a path for the distribution of the wake energy, and that each shape follows the same set of flow transitions (respectively wake, shear layer and boundary layer [START_REF] Williamson | Vortex Dynamics in the Cylinder Wake[END_REF]). In this conception, the geometry of prismatic bluff bodies acts analogously to a boundary condition or forcing term that advances or delays where, in the Reynolds number scale, the changes in the flow structure are going to take place. For a fixed velocity, each cross-section places the flow at a different position of that scale, what must be also finer assessed considering the instability formalism. Hence, as discussed in a previous work [START_REF] Pinto | Experimental study of the influence of cross section shape on spanwise coherence length in flow around cylinders[END_REF], the authors believe that the analysis of the geometry influence in the flow may also be seen as a virtual modification of the Reynolds number. For instance, in this experimental campaign, the AR = 3 rectangular cylinder presented characteristics that are equally noted in the flow around the circular section at lower Reynolds number: sharp tone in the acoustical signature, high coherence length. In this sense, the description of sectional flows, in both low and high Reynolds, are seen as a fruitful path into the better understanding of the shape influence on bluff body flows and aeroacoustic emission. Once fine descriptions of canonical geometries such as the circular cylinder and, in a smaller scale, the square prism are established, more attention should be given to the geometry dependence.

In terms of strategies of reducing airframe noise and structural vibrations, current results lead to the following 2-step proposition: (i) increase the breadth of the cross-section such as to reduce the flow fluctuations and the strength of the vortex (decrease of C L,b , as is observed in low Reynolds 2D simulation); and (ii) add flow spanwise decorrelation devices, such as surface protrusions and shrouds [START_REF] Zdravkovich | Review and classification of various aerodynamic and hydrodynamic means for suppressing vortex shedding[END_REF], in order to compensate for the increase of the coherence. Since the tonal trait will be increased, this may not be fully advantageous, also due to the increase of available surface (illustrated by the curve of C L,d ). This logic must be seen as a general direction rather than a guaranteed procedure. 

D. Coherence length functions

Coefficients for the continuous coherence length functions, presented on Section III.B.3, are listed on Tables 4 and5, for the circular and rectangular cross-sections, respectively. First peak (i = 1) corresponds to the artificial peak added at St = 0.005 used to account for the coherence at very-low/null frequency. Corresponding plots are given on Fig. 14 
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 12 Fig. 1 Photography of the anechoic chamber of the wind-tunnel BETI -Institut Pprime, France.

Fig. 3

 3 Fig. 3 Diagram of the experimental setup with the microphone array. The lower wall of the collector is extended in order to adapt the setup for a fully open jet configuration.

Fig. 4

 4 Fig. 4 Spectral distribution of the sound pressure level (a) and relative sound pressure level (b) of the emission of the circular cylinder. Current work data are not corrected for background noise and circle markers are added every 12.5 Hz for visual aid. Comparison with data from the literature [25, 26].

Fig. 5

 5 Fig. 5 Sound spectra for all tested cylinders at different flow velocities, microphone at 90 deg of the flow.

Fig. 6

 6 Fig. 6 Evolution of peak width for multiple cross-sections considering the frequency range delimited under 10 dB of the peak frequency: in frequency (left), in St (center) and percentage of the St peak .

Fig. 7 6 .

 76 Fig. 7 Sound directivity for all tested cross-sections at different flow velocities, peak sound pressure levels, same legend as in Fig. 6. Hatched line represents the analytical dipole corrected by the flow [29].

Fig. 8

 8 Fig. 8 Evolution of the sound pressure level as a function of the Reynolds number for: (a) level at the peak frequency; and (b) the integral of power spectral density (0 -6400 Hz, OASPL). The points corresponding to U ∞ = 10 m/s are not considered when calculating the regression laws that are displayed.

2 #Fig. 9

 29 Fig. 9 Evolution of overall SPL with aspect ratio, difference to the level obtained for the square section [5, 7, 9].

Fig. 10 Fig. 11

 1011 Fig. 10 Samples of normalized flow velocity for the tested cross-sections near the expansion of the vortex for U ∞ = 20 m/s, with the probability density functions (PDF) represented on the right (hatched line represents the normal distribution).

Fig. 12

 12 Fig. 12 Samples of normalized coherence length for the tested cross-sections at P 4 for U ∞ = 20 m/s (Re = 13,333) -for the circular section, the point is defined differently, see [20].

13Fig. 13 Fig. 14

 1314 Fig. 13 Examples of the fit for the circular (left) and rectangular section, AR = 2.0 (right).

Fig. 15

 15 Fig. 15 Sensibility study of the acoustic spectrum reproduction method. Influence on spectrum (top) and peak levels (bottom). Parameters are the number of segmentes N s , the sectional fluctuating lift C L , the turbulence time scale τ c and the coherence length (function L c (St) with different scale parameters); increase of the quantity is represented with the thickness of the line. Study is performed with data for the circular cylinder at Re = 20,000; when not being analyzed, values are: N s = 140, C L = 0.4728 [19], n c = 1.25 [24] and L c (St) = Lg with coefficients as listed on Table 4. Hatched line represents the sound level obtained in the experiment.

Fig. 16

 16 Fig. 16 Experimental and optimal artificial sound spectra (solid lines) for U ∞ = 20 m/s. The turbulent time scale is fixed, with n c = 1.25 (see section III.A.2), and L c (St) = L g is calculated with the coefficients as listed on Table4. Circle markers are added to the experimental curve at every 12.5 Hz for visual aid, and the dotted line represents the spanwise correction level SPL c (see Eq. (11)).

Fig. 17

 17 Fig. 17 Same caption as Fig. 16, for U ∞ = 40 m/s.

Fig. 18

 18 Fig. 18 Comparison of the coherence length at the peak frequency L g (St peak ) and the b based RMS lift coefficient C L,b (left) and the evolution of their product with the flow speed (right).

Fig. 20

 20 Fig. 20 Comparison of currently estimated rectangular cylinder d based and b based RMS lift coefficients with literature values at low [12, 13, 52-55] and high Reynolds numbers [16, 17, 37, 39, 40, 56-58].

Fig. 22 2 StFig. 23

 22223 Fig. 22 Regression laws L g (St) for the square section at multiple velocities, P 1 to P 3 . 10 × 20 (AR = 2), P 2 10 × 30 (AR = 3), P 2

Table 1 Aerodynamic RMS lift coefficient in the literature and optimal values obtained from the fit of the sound spectra.

 1 

	section	Re, 10 3		literature	optimal
	circular	1.3	[36]	0.446	0.170-0.214
		2.7		0.484	0.222-0.276
	10 × 10 (AR = 1)	1.3	[37, 38]	1.15-1.71 † 0.392-0.481
		2.7			0.372-0.446
	10 × 20 (AR = 2)	1.3	[16, 37, 39, 40] 0.83-1.36 † 0.099-0.153
		2.7			0.111-0.182
	10 × 30 (AR = 3)	1.3	[16, 37, 39, 40] 0.35-0.57 † 0.279-0.392
		2.7			0.220-0.369
					

† : literature values of fluctuating efforts for rectangular sections are not given for the section.

22

  Downloaded by TU DELFT on May 23, 2019 | http://arc.aiaa.org | DOI: 10.2514/6.2019-2531

		0.6		
		0.5		
	-0 L C				Doolan (2010) 2D URANS
	coe/cient	0.3 0.4			Norberg (2003) empirical law, `=d = 0 Norberg (2003) experimental, `=d = 0
	lift RMS	0.2 0.1			West & Apelt (1997) experimental, `=d = 0 Schewe (1983) experimental, `=d = 10
					current work
		0	Reynolds number 10 4	10 5	deduced from Eq. (13) current work derived from acoustics
	Fig. 19			

Comparison of currently estimated circular cylinder RMS lift coefficients with literature values at different Reynolds numbers [19, 24, 35, 50]. lift

  and drag fluctuations that would generate an equivalent sound emission. Even if the amplitudes are underestimated, the increase of C L with the Reynolds number present in published values is well reproduced in current results, what can be directly associated with the reduction of coherence length noted in

Table 3 Peak frequencies and pressure levels.

 3 PSPL † , OASPL ‡ , BSPL § , near field ¶ , : P ref = 20µPa † : sound pressure level at the tone frequency ‡ : overall sound pressure level, integral of power spectral density f ∈ [0, 6400] Hz § : band sound pressure level, integral of power spectral density over the frequency range whose lower and upper limits correspond to peak SPL -10 dB[29] ¶ : near field contribution[START_REF] Fujita | The characteristics of the Aeolian tone radiated from two-dimensional cylinders[END_REF]: 10 log 10 1 + (λ/2πr 2 )

	U ∞ ,		f peak , acoustic wave length						
	m/s	St peak	Hz	λ, m	r/λ > 1	/λ < 1	dB *	dB *	dB *	dB *
		0.208	208	1.64			43.9	73.2	46.1	0.28
		0.204	306	1.11						
	circular									

* 
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Appendix

A. Experimental conditions

Table 2 lists the range of velocities tested in this work and the corresponding Reynolds and Mach numbers. 

C. Peak frequencies and levels database

Measured vortex shedding frequencies, wavelengths and corresponding sound levels are listed on Table 3 for all tested cross-sections and flow velocities. Three procedures for quantifying the noise are used to allow the comparison of the sound production between the sections and also available data in the literature: a) the sound pressure level at the tone frequency (PSPL); b) the overall sound pressure level (OASPL), calculated by the integral of the power density for the tested range, f ∈ [0, 6400] Hz; and c) the band sound pressure level (BSPL) calculated by the integral of the sound pressure density over the frequency range whose lower and upper limits correspond to SPL levels that are some decibels down from the peak SPL value, as performed by Hutcheson and Brooks [START_REF] Hutcheson | Noise Radiation from Single and Multiple Rod Configurations[END_REF] with -10 dB and Haramoto et al. [START_REF] Haramoto | Emitted Sound From Inclined Circular Cylinder And Three-Dimensional Flow Structure In Wake[END_REF] with -3 dB. Only the first quantity for -10 dB is presented in the appendix.

Considering the vortex shedding frequency and its associated wavelength, the microphone array is not in far-field (r > λ) for most of the measurements. The compactness of the cylinder ( < λ) is obtained for most of the measurements. The near field contribution proposed by Fujita [START_REF] Fujita | The characteristics of the Aeolian tone radiated from two-dimensional cylinders[END_REF], Eq. ( 1), is also listed.