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Incompressible large-eddy simulations (LES) of water flow through sharp 90°-edged and chamfered orifices are used to predict the near-field hydrodynamic pressure fluctuations at low frequencies and the associated axial dipole sound source. Incorporating this lumped source model in an acoustic model provides a fair prediction of the acoustic field as detailed in an earlier publication. One observes a maximum of the Power Spectral Density (PSD) of the axial dipole sound source for Strouhal numbers corresponding to varicose hydrodynamic instability modes as predicted for laminar flows in the literature. The LES model also provides a global prediction of the hydrodynamic pressure fluctuations in the near field. However, in experiments the PSD of the microphone signal at one pipe diameter downstream of the orifice displaya a peak for a Strouhal number of 0.15. This Strouhal number is based on the orifice diameter and the flow velocity in the orifice. This peak is not predicted by the LES simulations.The peak disappears when the upstream edge of the orifice is chamfered. It is therefore hypothized that the peak is due to a transversal oscillation of the jet formed in the orifice by flow separation at the sharp upstream edge. This phenomenon would be similar to the edge-tone oscillation. It does not radiate sound in the present case because it is associated to a transversal dipole sound source and the frequency is below the cut-on frequency for transversal acoustic pipe modes. In gas flows one does observe resonant transversal acoustic waves associated with perforated plates used for flow conditioning upstream from flow meters. It is hypothesized that this is driven by a transversal jet oscillation similar to the one suspected in the present experiment.

Introduction

Modern lithography machines work with nanometer precision to produce silicon chips at a breakneck pace. The power consumption of the machines can be more than 100 kW. Only just a few watts are used to project a pattern onto a silicon wafer. Much of the power consumed is dissipated as heat from various locations within the system. As a result, hundreds of litres of water are pumped every minute through its cooling system. Within these cooling circuits, orifices are commonly used as flow control devices. However, orifices are also a source of pressure disturbances.

In the present application one is mainly concerned by the propagation of acoustic waves that can reach the sensitive core of the machines. Also local hydrodynamic pressure fluctuations can be an nuisance. Thus, the objective of this study is to predict the local (near-field) hydrodynamic forces and to model the far-field (acoustic) pressures due to such orifices in water-filled pipe flows.

The role of orifices as a source of sound in air has been extensively studied [START_REF] Nelson | Aerodynamic sound production in low speed flow ducts[END_REF][START_REF] Oldham | A pressure-based technique for predicting regenerated noise levels in ventilation systems[END_REF][START_REF] Agarwal | The Sound Field in Fully Developed Turbulent Pipe Flow Due to Internal Flow Separation, Part I : Wall-Pressure Fluctuations[END_REF][START_REF] Testud | The whistling potentiality of an orifice in a confined flow using an energetic criterion[END_REF][START_REF] Testud | Aero-acoustics of ducted diaphragms : whistling and cavitation[END_REF][START_REF] Sovardi | Concurrent identification of aero-acoustic scattering and noise sources at a flow duct singularity in low mach number flow[END_REF][START_REF] Papaxanthos | Pressure-based integral formulations of Lighthill-Curle's analogy for internal aeroacoustics at low Mach numbers[END_REF][START_REF] Tao | Investigation of the sound generation mechanisms for in-duct orifice plates[END_REF][START_REF] Karban | Prediction of ducted diaphragm noise using a stochastic approach with adapted temporal filters[END_REF]. There are only few studies of water flows in the absence of cavitation [START_REF] Gibert | Vibrations des structures : interactions avec les fluides, sources d'excitation aléatoires[END_REF]. In an earlier paper a model has been developed for sharp edged orifices to predict the broadband noise production [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF]. This model uses the fluctuating drag force estimated by means of an incompressible LES flow model as an input for a plane-wave acoustic model. This model provides a fair global prediction of both near field hydrodynamic wall-pressure fluctuations and of the acoustic pressure fluctuations. In the present paper we focus on a particular feature which is not predicted by the model : a peak in the power spectral density (PSD) of the signal of a near field microphone which occurs at a very low Strouhal number.

In section 2, the experimental set-up is described for wall-pressure fluctuations measurements. The LES model is described in Appendix A. Hydrodynamic pressure fluctuations are discussed in section 3. Acoustical pressure fluctuations are discussed in section 4. Conclusions are summarized in section 5. Figure 1 shows the schematic of the experimental set-up for measuring wall-pressure fluctuations. The measurement section (further also referred as the test-section) comprises a thick-walled straight stainless steel duct with a total length of 500 mm and an inner diameter D = 9.00 mm. The test section has a wall thickness of at least 2D. An orifice plate, with orifice diameter D o , is mounted 350 mm from the inlet of the measurement section. The positive x-direction is in the direction of the main flow. The duct has six piezoelectric pressure transducers (PCB 105C02). The pressure transducers have a finite probe diameter D probe = 2.5 mm and are mounted in such a way that the centre of the transducer surfaces are at a radial distance of 4.50 mm from the central axis of the test-section. The axial positions of the transducers are x D = -2 + Do 2D , 1, 2, 3, 6 and 10, where the coordinate x is measured from the origin x = 0 at the downstream surface (exit) of the orifice plate.

A volume flow π 4 D 2 U of demineralized water, enters the test-section through a 30 m long polyurethane (PU) pipe with diameter D=9 mm and wall thickness of 1.5 mm. The flow exits the test-section through a 15 m long PU pipe of similar cross-sectional dimensions as used at the test-section inlet into a reservoir of 0.04 m 3 . The reservoir is open-type, which is maintained at atmospheric pressure. The PU tubes entering the reservoir are submerged within the water. The polyurethane tubes are connected to the test-section using 12 mm SERTO straight couplings. The polyurethane tube reduces the high frequency pump noise. For the length of 30 m used in the experiment the pump noise was negligible for most experiments [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF]. , where D j is the diameter of the jet formed by flow separation at the inlet of the orifice. Measurements show that jet diameter D j of the upstream chamfered β = 11% orifice is close to the jet diameter D j of the β = 20% orifice (with sharp upstream edge). All orifice plates have a thickness (δ o ) to diameter (D o ) ratio δo Do = 0.5. The FLEXIM ® FLUXUS F601 ultrasonic (UFM) was used to measure the volume flow π 4 D 2 U with an accuracy of 1%. The wall-pressure fluctuation measurements were performed for a time-period of 500 s at sampling frequency of 30 kHz using PICOScope 4000 series high resolution oscilloscope. This allows measurements in the frequency range 1 Hz < f < 10 kHz. one observes a peak in the PSD for x D = 1 at St o ≃ 0.15, which is most pronounced at lower Reynolds numbers. This locally increased PSD is not predicted by the LES model [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF]. Furthermore, it is absent at x D = 3 and corresponds at
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x D = 2 to a rapid change of slope of the PSD as a function of St o . Hence, one can conclude that this is caused by a hydrodynamic flow oscillation which does not radiate sound waves. The lowest hydrodynamic varicose oscillation mode (axially symmetric mode) of the flow in the orifice appears to occur at at the much higher value of the Strouhal number St o ≃ 0.5, following [START_REF] Testud | The whistling potentiality of an orifice in a confined flow using an energetic criterion[END_REF][START_REF] Fabre | Acoustic impedance and hydrodynamic instability of the flow through a circular aperture in a thick plate[END_REF] for this orifice diameter to plate thickness ratio. Furthermore, this would induce a longitudinal acoustical dipole sound source, and hence sound radiation. It is therefore concluded that this silent hydrodynamic oscillation must correspond to a transversal oscillation of the jet formed by flow separation at the sharp upstream edge of the orifice. In Fig. 3 the dimensionless PSD of the wall-pressure fluctuations at x D = 1 are shown as a function of St o for the four available orifices. One observes the same peak at St o = 0.15 for the three orifices with different diameters, suggesting that the orifice diameter is the relevant length scale. However, in all three cases the ratio of orifice diameter to thickness is the same. One expects that as for the varicose mode [START_REF] Testud | The whistling potentiality of an orifice in a confined flow using an energetic criterion[END_REF][START_REF] Fabre | Acoustic impedance and hydrodynamic instability of the flow through a circular aperture in a thick plate[END_REF] the thickness is the relevant length scale. The oscillation is hypothesized to be an edge-tone like oscillation in which the interaction of the oscillating jet with the downstream edge provides the hydrodynamic feedback towards the upstream edge of the orifice. In order to confirm that this oscillation is not a global oscillation of the flow downstream of the orifice, unrelated to the flow within the orifice, measurements have been carried out for the orifice with D o = 3 mm when the upstream edge is chamfered (see section 2). As shown in Fig. 3 The transversal jet oscillation could in principle couple to transversal acoustic pipe resonances. The first transversal resonance occurs in the present case for f t ≃ 0.586 c D = 95 kHz. In wider pipes carrying a gas and higher flow speeds one does observe transversal whistling. Practical examples of this are the whistling of perforated plates used a flow conditioners upstream from flow meters [START_REF] Riezebos | Whistling flow straighteners and their influence on us flow meter accuracy[END_REF] and the whistling of orifice flow meters [START_REF] Millard | Whistling phenomena in isa 1934 nozzles[END_REF]. Related phenomena are the oscillation of flows passing through a row of square rods in free space [START_REF] Inoue | Aeolian tones radiated from flow past two square cylinders in a side-by-side arrangement[END_REF][START_REF] Ranjan | Simulation of flow around a row of square cylinders[END_REF][START_REF] Yokoyama | Flows around a cascade of flat plates with acoustic resonance[END_REF][START_REF] Rahman | Effect of aspect ratios on flow past a row of rectangular cylinders for various gap spacings[END_REF] and the transversal whistling of cylinders placed normal to the flow in a duct [START_REF] Shaaban | Flow-acoustic coupling around rectangular rods of different aspect ratios and incidence angles[END_REF].

Acoustic response of the set-up

Using the PSD of the axial component of the drag force calculated by means of the incompressible Large-eddy simulations (LES) [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF], one can predict the PSD of the acoustic pressure fluctuations at any point in the test section by means of a quasi-one-dimensional model. The sound source is assumed to be a fluctuating pressure discontinuity ∆p source = -4F drag (πD 2 ) placed just downstream of the orifice. The fluctuating drag (F drag ) is calculated as :

F drag = So [p(-δ o , t) -p(0, t)] dS o . (1) 
On the wall surface S o of the orifice normal to the axial direction x. The magnitude of S o is π 4 (D 2 -D 2 o ). The difference in retarded time between the front and back of the orifice has been neglected because f Do c << 1, where c = 1.46 × 10 3 m s -1 is the speed of sound in the (waterfilled) test section. The approximation used corresponds to the theory used by Tao et al. [START_REF] Tao | Investigation of the sound generation mechanisms for in-duct orifice plates[END_REF] for frequencies below the first cut-on frequency of transverse pipe modes.

It is furthermore assumed that the upstream and downstream polyurethane tubes act as anechoic terminations so that the acoustic boundary condition is assumed to be determined by the reflection coefficient of acoustic waves at the steel/polyurethane transitions delimiting the test section (R s/pu ). Convective effects are neglected because the Mach number is very low M = U c < 10 -3 . Damping of the acoustic waves is assumed to be due to viscous Stokes layers thinner than the viscous sub-layer of the turbulent flow. This is reasonable at frequencies of the order of the first longitudinal acoustic resonance of the set-up or higher. The acoustic flow through the orifice is assumed to be locally incompressible, because 2πf Do c 2 << 1. The inertia of the acoustic flow through the orifice is taking into account by means of an effective length : the orifice plate thickness δ o plus the inertial end correction 0.8D o . The model is described in more detail in [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF].

The scaling of Nelson and Morfey [START_REF] Nelson | Aerodynamic sound production in low speed flow ducts[END_REF] is used for the axial dipole sound source of the orifice. Fig. 4 shows the normalised PSD of the fluctuating (dipole) pressure source (∆p source ) predicted using LES for the sharp-edged β = 20% (D o = 4 mm) orifice and the upstream chamfered β = 11% (D o = 3 mm) orifice. The ∆p source has been normalised using drag pressure (∆p drag ) defined as :

∆p drag = 1 2 ρU 2 o 1 α - D o D 2 2 (2)
where, α is the vena-contracta factor of the orifices obtained from the drag coefficient C drag :

α = 1 1 + C drag D D o 2 (3)
The drag coefficient is deduced from measurement of the time averaged pressure difference accross the orifice [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF]. The frequency is normalised using the jet Strouhal number

St j = f (D-Dj ) Uj
. Here, D j = D o √ α is the jet diameter and U j = U o /α is the jet velocity. The normalised PSD of ∆p source from the LES is compared to a simplified source model proposed on the basis of a study of sharp edged orifices [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF], given as : One observes in Fig. 4 around St j = 3 a local maximum in the PSD of the sound source. The same behaviour is found in experiments by Testud [START_REF] Testud | Aero-acoustics of ducted diaphragms : whistling and cavitation[END_REF] and in a compressible LES results obtained by Sorvadi et al. [START_REF] Sovardi | Concurrent identification of aero-acoustic scattering and noise sources at a flow duct singularity in low mach number flow[END_REF]. The range of Strouhal numbers in which the source PSD is "enhanced" 11-15 Avril 2022, Marseille corresponds to the second (St o = 1.6) and third (St o = 3.2) hydrodynamic modes for potential instability predicted by Fabre et al. [START_REF] Fabre | Acoustic impedance and hydrodynamic instability of the flow through a circular aperture in a thick plate[END_REF] for a laminar flow with Re o = 2000. Note furthermore that the first hydrodynamic mode at St o = 0.5 has a much lower whistling potentiality than the second and third modes [START_REF] Fabre | Acoustic impedance and hydrodynamic instability of the flow through a circular aperture in a thick plate[END_REF][START_REF] Moers | Strouhal number dependency of the aero-acoustic response of wall perforations under combined grazing-bias flow[END_REF]. This explains that no peak in the PSD of the source is observed for the first hydrodynamic mode.

Φ ∆p∆p (∆p drag ) 2 U j D -D j =    1.5 × 10 -4 St j ≤ 0.
In Fig. 5 

Conclusion

An incompressible LES simulation can be used to predict the broadband axial sound source in a water flow through an orifice. The model does predict Strouhal number ranges of enhanced sound production corresponding to unstable hydrodynamic varicose modes (axially-symmetric modes) predicted by stability theory for laminar flows. A lumped dipole model for the acoustic sound source is obtained from incompressible LES, which incorporated in an acoustic model provides a fair prediction of the acoustic field. The LES fails to predict transversal edge-tone like oscillation which is observed in the experiments. This transversal oscillation is expected to be responsible for whistling involving the transversal pipe resonance observed downstream of perforated plates used for flow conditioning upstream of flow meters in gas-transport systems with wide pipe diameters.

A Large-eddy simulations (LES) of an orifice flow

Large eddy simulations (LES) calculates flow properties by solving the incompressible Navier-Stokes (N-S) equations, for the larger scales. By introducing resolved and modelled flow variables, the N-S equations are written as :

∂ u i ∂x i = 0, (5) 
∂ u i ∂t + u j ∂ u i ∂x j = - 1 ρ ∂ p ∂x i + ν ∂ 2 u i ∂x 2 j + ∂τ r ij ∂x j , (6) 
where, u i and p are the so-called resolved velocity and pressure components, x i is the spatial coordinate, ρ is the density and ν is the kinematic viscosity. The term τ r ij is the residual stress tensor. The resolved quantities u i and p correspond to the large and inertial scale eddies of the flow, which are solved numerically. The residual stress tensor corresponds to the eddies of the smaller unresolved scales down to the dissipative scale (Kolmogorov scale). These are solved using a sub-grid scale (SGS) model. The equations were solved using the commercial code StarCCM+ ® .

The computational domain comprises a cylinder of diameter D = 9.00 mm and a length of 297 mm (33D). The orifice is placed 20D from the inlet. The flow direction from left to right. The 20D long upstream duct length ensures a fully developed turbulent flow at the orifice. The length of the downstream duct is 13D, which corresponds to the steel pipe segment downstream of the orifice. LES computations were performed for two orifices, the first is the β = 11% orifice (D o = 3.00 mm) with a chamfer of 0.5 mm length (in the x-direction) and 45°angle, on the upstream face. The second is the β = 20% orifice (D o = 4.00 mm) with 90°sharp-edges.

The mesh parameters of the computational domain were estimated through a steady-state RANS simulation of the orifice flows with same domain and boundary conditions. The procedure for the estimation of the mesh parameters is explained in Kottapalli et al. [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF].

The meshing is performed using the automatic polyhedral meshing algorithm of StarCCM+ ® . The polyhedral meshing algorithm aims to form uniform mesh cells such that (imaginary) lines connecting the neighbouring mesh cellcenters are normal to the adjoining surface. The meshing algorithm requires a reference mesh size (s) as an input which is obtained from the calculated Taylor microscales. In the straight pipe region, the mesh size is increased radially from s = 0.04D close to the wall to s = 0.02D towards the pipe centre. The domain walls were lined with 5 layers of prismatic hexahedral cells. The cell spacing of each successive layer was increased in the radial direction. The refined region between positions x D = -1 to 3.5, of the was refined to s = 0.009D. The width of the cells in the first prismatic layer in radial direction were such that (∆y) + min < 1 for the straight pipe section and (∆y) + min ≈ 2 in the refined grid region (-1 < x D ≤ 3.5). The coordinate y + is orientated normal to the local wall direction, towards the interior of the flow domain, and is defined as : properties. The pressure field is also used to calculate the drag force over the orifice (F drag ) and the acoustic source pressure ∆p source . In order to allow comparison with experiments, the hydrodynamic wall pressures from LES are averaged over a finite circular probe surface with diameter D probe = 2.5 mm corresponding to that of the pressure transducers.

The convection terms of the N-S equations were discretized using the bounded-central-differencing (BCD) scheme. The BCD scheme is a composite normalisedvariable-diminishing (NVD) scheme [START_REF] Leonard | The ultimate conservative difference scheme applied to unsteady one-dimensional advection[END_REF]. It comprises a pure central-differencing scheme and, a blended scheme of central-differencing and second-order upwind schemes. However, when the convection-boundedness-criterion (CBC) is violated BCD uses first-order scheme. An implicit 2 nd order time-stepping method was used to discretize the temporal terms. The time-steps for the LES computations were calculated such that mean average Courant number (C o ) in the region between between -1 ≤ x D < 3.5 is Co ≈ 0.5 [START_REF] Di Mare | LES of turbulent flow past a swept fence[END_REF]. The Courant number is defined as follows : C o = ux∆t ∆x , where u x is the local fluid x-velocity in a given mesh cell, ∆t is the time-step, and ∆x is the length of the mesh cell in x-direction. The Courant number is calculated for each cell locally and the average Courant number over a given region is calculated.

The inlet boundary of the fluid domain was set to a static pressure of 25.0 kPa for case β = 20% orifice which corresponds to a volume flow rate of 80.5 cm 3 s -1 . Similarly, a static pressure of 48.0 kPa was applied at the inlet for β = 11% corresponding to a volume flow rate of 66 cm 3 s -1 . The outlet boundaries in both cases were set to a pressure of 0 Pa. A no-slip boundary condition was applied at the walls. Note that a limited study of grid-size convergence was carried out for the β = 20% orifice case by comparing with the results of a four times coarser grid. This has been reported by Kottapalli et al. [START_REF] Kottapalli | Hydrodynamic and acoustic pressure fluctuations in water pipes due to an orifice : Comparison of measurements with Large Eddy Simulations[END_REF].
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 1 FIGURE 1 -Schematic of the test set-up to measure wallpressure fluctuations. The flow of the water is from left to right through the test section.

  Three square-edged (90°angle) single-hole orifice plates with open area ratios β = 11% (D o = 3 mm), 20% (D o = 4 mm) and 31% (D o = 5 mm) were tested. Here, β = Do D 2 are the ratios of orifice opening area to pipe cross-sectional area. In addition to this a β = 11% orifice with a 45°chamfer 0.5 mm deep from the upstream surface of the orifice and a 90°downstream edge was also tested. The chamfer of the β = 11% orifice increases the vena-contracta factor α = Dj Do 2

Fig. 2 ρU o 2 2 = f1D 2 o

 2222 Fig.2show the power spectral density (PSD) Φ pp of the measured wall-pressure fluctuations p ′ (x, t) at a distance x D = 1, 2 and 3 from the orifice for different Reynolds numbers Re o = UoDo ν based on the volume flow divided by π 4 D 2 o and the kinematic viscosity ν of water. The PSD is made dimensionless by dividing by 1 2 ρU o 2 Do Uo , where ρ is the density of the water. The dimensionless PSD Φpp (0.5ρU 2 o ) 2 Uo Do is presented as a function of the Strouhal number St o = f Do Uo where f is the frequency. One observes a good collapse of the data for the different Reynolds numbers up to St o = 0.6 for Re o ≥ 1.5 × 10 4 . For higher frequencies the wall-pressure fluctuations are dominated by acoustic pressure fluctuations. The PSD of these pressure fluctuations is modulated by longitudinal acoustic resonances of the test-section, corresponding to multiples of the fundamental frequency f 1 = c 2L ≃ 1.46 kHz with c = 1.46 × 10 3 m s -1 . Apparently, the transitions from the steel test section to the polyurethane tubes behave approximately as open-pipe terminations [11]. The apparent Reynolds dependency for St o > 0.6 is simply due to the fact that the Strouhal number corresponding to the first longitudinal acoustic resonance f1Do Uo = f1D 2 o Reoν increases with decreasing Reynolds number. Focusing now on the lower Strouhal numbers St o < 0.6,

  the peak at St o = 0.15 is suppressed by the upstream-chamfered orifice. This confirms our hypothesis. Note that the PSD is drastically reduced around St o and that a new hydrodynamic peak appears around St o = 0.015.
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 55105113542133 FIGURE 2 -Reynolds number dependency of the normalized PSD of the measured wall-pressure fluctuations for the sharpedged β = 20% (D o = 4 mm) orifice as a function of Strouhal number St o = f Do Uo , at transducer positions

FIGURE 4 -

 4 FIGURE 4 -PSD of the broadband axial dipole sound source predicted by means of LES and simplified model. One observes around St j = 3 a local maximum in PSD of the sound source. The simplified model ignores these subtleties.
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 5 FIGURE 5 -Comparison between PSD of predicted acoustic pressures using the acoustic model using source from LES and simplified source model to the measured pressures for (left column) the squared edged D o = 4 mm orifice and (right column) the D o = 3 mm orifice with upstream chamfer. The positions x D = 1, 2 and 3 correspond to the near field (Re o = 3 × 10 4 ).

  the predictions of the acoustic model are compared to experimental data for the wall-pressure fluctuations at x/D = 1, 2 and 3. For St o > 0.6 the wall-pressure fluctuations are dominated by the acoustics and the model globally predict the measured PSD. For lower Strouhal numbers the pressure fluctuations are dominated by the hydrodynamic pressure. The hydrodynamic pressure fluctuations are one to two orders of magnitude larger than the acoustic pressure fluctuations. At other pressure transducer positions (x/D = -2, 6 and 10) the acoustic pressure fluctuations are dominant at all Strouhal numbers [11].

  (∆y) + min = u * (∆y)min ν , where, u * = τw ρ is the friction velocity with τ w being the wall shear stress and ρ the fluid density. . The LES stores the pressure p at the chosen probe location probe for each time step. The instantaneous velocity field U can be used to calculate the mean flow 11-15 Avril 2022, Marseille
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