Xiwen Dai 
email: xiwen.dai@sjtu.edu.cn.
  
Yves Aurégan 
email: yves.auregan@univ-lemans.fr.
  
  
  
  
Hydrodynamic instability and sound amplification over a perforated plate backed by a cavity

The long-wavelength hydrodynamic behaviour over a cavity-backed perforated plate, in a duct with a mean shear flow, is studied numerically using the multimodal method, where the acoustic and hydrodynamic disturbances are calculated from the linearized Euler equations. The flow-acoustic coupling near the perforated plate is first solved hole by hole, and results indicate a well-defined large-scale hydrodynamic wave over the plate, with a wavelength close to the plate length at the peak sound amplification frequency when a plane acoustic wave is introduced from the upstream duct. Since the hydrodynamic wavelength is one order larger than the period of the perforation, the effect of the perforated plate is then described by a homogeneous plate impedance. It is shown that the homogenized approach approximately represents the discrete approach in this problem.

I. Introduction

L are effective in mitigating noise emissions from aero-engines. The interaction between flow and sound in the vicinity of the lined walls of aero-engine nacelles is complex and, therefore, a precise description of the sound attenuation in a lined duct with flow still attracts lots of attention [START_REF] Tam | Experimental validation of numerical simulations for an acoustic liner in grazing flow: self-noise and added drag[END_REF][START_REF] Zhang | Numerical investigation of a honeycomb liner grazed by laminar and turbulent boundary layers[END_REF][START_REF] Khamis | Acoustic boundary conditions at an impedance lining in inviscid shear flow[END_REF][START_REF] Khamis | Viscous effects on the acoustics and stability of a shear layer over an impedance wall[END_REF]. On the other hand, it is surprising to find that, under certain circumstances, a liner can also act as a sound amplifier [START_REF] Brandes | Sound amplification in flow ducts lined with a periodic sequence of resonators[END_REF][START_REF] Ronneberger | Sound absorption, sound amplification, and flow control in ducts with compliant walls[END_REF][START_REF] Aurégan | Experimental evidence of an instability along an impedance wall with flow[END_REF][START_REF] Marx | PIV and LDV evidence of hydrodynamic instability over a liner in a duct with flow[END_REF][START_REF] Marx | Effect of turbulent eddy viscosity on the unstable surface mode above an acoustic liner[END_REF][START_REF] Aurégan | Experimental observation of a hydrodynamic mode in a flow duct with a porous material[END_REF][START_REF] Alomar | Particle image velocimetry measurement of an instability wave over a porous wall in a duct with flow[END_REF][START_REF] Dai | A cavity-by-cavity description of the aeroacoustic instability over a liner with a grazing flow[END_REF] or a "singer" [START_REF] Tam | Experimental validation of numerical simulations for an acoustic liner in grazing flow: self-noise and added drag[END_REF][START_REF] Tsui | Self-induced sound generation by flow over perforated duct liners[END_REF]. For those phenomena, a type of instability is usually involved in the flow-acoustic coupling.

Flow passing the holes of a perforated plate can give rise to shear layer instability, which causes small-scale instability waves or vortex in each of the holes. A feedback loop consisting of the Kelvin-Helmholtz instability wave and an upstream propagating pulse within each individual small hole can lead to a self-noise tone at a very high frequency [START_REF] Tam | Experimental validation of numerical simulations for an acoustic liner in grazing flow: self-noise and added drag[END_REF]. When such instability couples with the acoustic resonant modes of the flow ducts or cavities, strong pure-tone whistling occurs near the frequency of the acoustic resonance [START_REF] Tsui | Self-induced sound generation by flow over perforated duct liners[END_REF]. In those cases, the instability waves have wavelengths of the order of the size of the small holes. The same coupling between the shear layer instability in a small opening and acoustic resonant modes inside a cavity can also be found in the self-sustained oscillations in a single cavity [START_REF] East | Aerodynamically induced resonance in rectangular cavities[END_REF][START_REF] Yamouni | Interaction between feedback aeroacoustic and acoustic resonance mechanisms in a cavity flow: a global stability analysis[END_REF], a side-branch [START_REF] Bruggeman | Self-sustained aero-acoustic pulsations in gas transport systems: Experimental study of the influence of closed side branches[END_REF][START_REF] Ziada | Strouhal numbers of flow-excited acoustic resonance of closed side branches[END_REF], and a Helmholtz resonator [START_REF] Ma | Fluid mechanics of the flow-excited Helmholtz resonator[END_REF][START_REF] Dai | Flow-excited acoustic resonance of a Helmholtz resonator: Discrete vortex model compared to experiments[END_REF].

Hydrodynamic instability with wavelength much larger than the size of the perforations and an associated sound amplification, near the resonance frequency of the liner, have been observed when the liner has a low resistance and the flow velocity is relatively high [START_REF] Brandes | Sound amplification in flow ducts lined with a periodic sequence of resonators[END_REF][START_REF] Ronneberger | Sound absorption, sound amplification, and flow control in ducts with compliant walls[END_REF][START_REF] Aurégan | Experimental evidence of an instability along an impedance wall with flow[END_REF][START_REF] Marx | PIV and LDV evidence of hydrodynamic instability over a liner in a duct with flow[END_REF]. The instability is due to the coupling of a hydrodynamic mode in the shear flow with the cavity resonance, and such an instability over the liner can still exist even when the Kelvin-Helmholtz instability of the shear flow over the cavities or holes does not occur. It has also been found that this type instability wave does not scale on any streamwise geometrical dimensions of the liner, i.e. neither the size of the holes nor the total length of the lined wall [START_REF] Dai | A cavity-by-cavity description of the aeroacoustic instability over a liner with a grazing flow[END_REF]. A second type large-scale instability over a perforated plate backed by a single cavity, where the instability wavelength is of the order of the total plate length, has also been reported. It was first observed in experiments in water channels that long-wavelength instability along perforated and slotted plates can occur without acoustic or gravity wave resonance [START_REF] Celik | Shear layer oscillation along a perforated surface: a self-excited large-scale instability[END_REF][START_REF] Celik | Coupled oscillations of flow along a perforated plate[END_REF][START_REF] Sever | Oscillations of shear flow along a slotted plate: small-and large-scale structures[END_REF]. The coupling of this large-scale instability with the acoustic [START_REF] Zoccola | Effect of opening obstructions on the flow-excited response of a Helmholtz resonator[END_REF] and gravity wave [START_REF] Ekmekci | Oscillation of shallow flow past a cavity: Resonant coupling with a gravity wave[END_REF] resonance of the bounding cavities was also investigated.

The large-scale hydrodynamic instability over a non-local liner, which consists of a cavity covered by a same-length perforated plate, with a wavelength close to the plate length is considered in this paper. The problem is sketched in Fig. 1, where the non-local liner is attached to a duct containing a mean shear flow. Both discrete approach where the flow-acoustic coupling at the perforated plate is described hole-by-hole and homogenized approach in which the perforated plate is represented by a homogeneous impedance are used to model this large-scale hydrodynamic behaviour.

II. Model

Calculation of the modal scattering of a non-local liner attached to a flow duct containing a mean shear flow is sketched in Fig. 2. To solve this problem of linear propagation in a shear flow, the multimodal method is used [START_REF] Kooijman | Multimodal method for scattering of sound at a sudden area expansion in a duct with subsonic flow[END_REF][START_REF] Kooijman | Influence of mean flow profile and geometrical ratios on scattering of sound at a sudden area expansion in a duct[END_REF], where the disturbances in the ducts are expressed as a linear superposition of acoustic and hydrodynamic tranverse modes. For details of the modal scattering calculation in a duct-cavity system with a shear flow, the reader is also referred to [START_REF] Dai | Acoustic of a perforated liner with grazing flow: Floquet-Bloch periodical approach versus impedance continuous approach[END_REF][START_REF] Dai | A cavity-by-cavity description of the aeroacoustic instability over a liner with a grazing flow[END_REF].

In the discrete approach, as sketched in Fig. 2(a), the configuration is divided into zones of three types denoted by I, II, and III. In each zone, the modal profiles and wavenumbers of transverse modes are solved numerically. In zones I and II, duct modes include acoustic modes propagating or decaying in the ±x directions and hydrodynamic modes travelling in the +x direction with the mean flow. Zone III does not have mean flow, so only acoustic modes are solved. A resistance R denoted by the horizontal dashed lines in Fig. 2(a) is introduced at the entrenance of each hole in the plate to mimic the resistance without flow due to thermo-viscous effects. The transverse modes in each zone are then matched using the continuity of pressure p, velocity v, and ∂p/∂ x at the interfaces between zones, and ∂p/∂ x = 0 on the vertical walls inside the small holes and the backing cavity. The continuity and wall conditions can be put in the form of a large matrix that links incoming waves to out-going waves and to all the internal variables in the non-local liner. From this large matrix, the scattering matrix of the liner is obtained.

In a homogenized approach, the perforated plate is described by its acoustic impedance Z p denoted by the red dashed lines in Fig. 2(b), which leads to a pressure jump at y = 1 for 0 < x < L. Duct modes are solved in each zone, and the modal matching at the interfaces between the zones gives the scattering matrix. 

III. Results

The geometrical parameters are: H * = 15 mm, T * = 1 mm, L * o = 1 mm, and L * s = 0.2 mm. The perforated plates contains 10 holes, thus the length of the plate and the backing cavity is L * = 12 mm. The Mach number averaged over the cross-section is M 0 = 0.1 and the velocity profile is given by a simple polynomial law with a unity average value, f = (1y m ) (m + 1)/m, where the parameter m = 10 is used. At the entrance of each hole a thin sheet with a normalized resistance R = 0.016 has been added. The number of the discrete points in the duct is 300, so 900 transverse modes are solved from in the duct. Transmission coefficient for a plane acoustic wave passing through the cavity segment in the flow direction is presented in figure 3 for four different cavity depths: D * = 24 mm, 34 mm, 44 mm and 54 mm. It is observed that sound can be amplified by the liner at certain frequencies.

The fields of the pressure p and transverse velocity v are shown in Fig. 4(a,b) at the peak sound amplification frequency. A convectively growing wave appears over the perforated plate. The amplitude and phase of v approximately remain the same across the plate, as shown in Fig. 4(c,d), which are in agreement with experimental results of [START_REF] Celik | Coupled oscillations of flow along a perforated plate[END_REF]. It can also be found in Fig. 4(c) that the growth always happens in the small holes, which can be understood as a result of the Kelvin-Helmholtz instability of the shear flow [START_REF] Schmid | Stability and Transition in Shear Flows[END_REF] in the holes. However, the observed wavelength is close to the length of the perforated plate L rather than the individual holes L o , as shown by the fields and also by the phase angle in Fig. 4(d). In other words, the Strouhal number of the sound amplification scales on the length of the perforated plate rather than the holes (Sr = ωL/U 0 ). This means that it is difficult to explain the large-scale hydrodynamic wave and the related sound amplification by only examining the instabilities in the individual holes. Moreover, the long wavelength, compared to the period of the perforated plate (for the present case λ hy /(L o + L s ) ≈ 10), suggests that a homogenized description of the perforated plate can be used in this problem.

To understand the large-scale convectively growing wave over the perforated plate, the simplified model based on the plate impedance will be utilized in the following analysis. Also, since the goal is not to describe every detail of the flow and acoustics, but rather to obtain a better understanding of the phenomenon, the classic and simple plate impedance model of [START_REF] Guess | Calculation of perforated plate liner parameters from specified acoustic resistance and reactance[END_REF] is used to describe the perforated plate with grazing flow, Z p = (R + R f )/σ + iω(T + δ)/σ where, for a low sound pressure level:

R f = 0.3(1 -σ 2 )M 0 and δ = 0.85L o (1 -0.7 √ σ)(1 + 305M 3 0 ) -1
, and σ is the open area ratio of the perforated plate σ = L o /(L o + L s ). The results of the transmission coefficient for a plane acoustic wave passing through the liner in the flow direction are shown in Fig. 5. Compared to results in Fig. 3, the amplitudes are over predicted, which could be due to that the effect of the flow on the plate resistance is underestimated. However, the amplification frequencies and the trend of the peak amplification frequency and amplitude with the increasing cavity depth are well captured by the simplified model.

Iso-colour plots of the real part of p and v at the peak amplification frequency shown in Fig. 5 for D = 2.933 are presented in Fig. 6 (a,b). A large-scale convectively growing hydrodynamic wave with wavelength close to the length of the liner can be seen. Comparison of the fields in Figs. 4 and6, respectively from the discrete and homogenized models for the perforated plate, shows a qualitative agreement. The variation of the transverse velocity along the perforated plate are given in Fig. 6 (c,d). The exponential growth along the plate in the amplitude of the hydrodynamic part of the velocity indicates that the unstable hydrodynamic mode of the shear flow is excited at the upstream end of the plate. The slope of the phase angle of the hydrodynamic velocity is constant, which means that such unstable mode is convected downstream at a constant velocity. The acoustic velocity also has a growing amplitude with increasing x along the plate, especially near the downstream end, and the phase angle only changes where x > 0.5 but almost keeps unvarying in the range 0 < x < 0.5. These suggest that the acoustic waves are excited near the downstream edge, and they are mainly the high-order modes. Thus, sound amplification comes from the excited unstable hydrodynamic mode that scatters sound waves near the downstream edge.

IV. Conclusion

The long-wavelength hydrodynamic instability over a non-local liner, which consists of a cavity covered by a same-length perforated plate, in a flow duct is studied by a two-dimensional (2D) linear analysis. The mean shear flow in the duct is assumed unchanged in the streamwise direction and the acoustic and hydrodynamic disturbances are described by the linearized Euler equations with an artificial damping at the entrance of each hole in the plate. The results of the hole-by-hole approach show that the present simple model can describe the appearance of the large-scale instability over the non-local liner. The homogenized approach approximately represents the hole-by-hole approach in describing the large-scale instability. However, the plate impedance model used can lead to inaccuracy in describing wave propagation, especially when the flow velocity is high [START_REF] Dai | Acoustic of a perforated liner with grazing flow: Floquet-Bloch periodical approach versus impedance continuous approach[END_REF]. For this reason, only a qualitative comparison can be made between the discrete and homogenized models, and a quantitative agreement requires a more precise homogenization of a perforated plate with flow.
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 12 Fig. 1 Sketch of the flow-acoustic coupling over a perforated plate baked by a cavity
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 3 Fig. 3 Transmission coefficients for a plane acoustic wave passing through the liner in the flow direction, calculated with the hole-by-hole description of the perforated plate.
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 456 Fig. 4 Iso-colour plots of the real part of p (a) and v (b) for a plane sound wave incidence at the peak amplification shown in Fig. 3. In the calculation, D = 2.9333 (44 mm) and ω = 0.2356 (860 Hz). Note that the fields are only plotted for the duct, the perforated plate, and part of the backing cavity. (c) and (d) are the amplitude and phase angle of v along the perforated plate at y positions (blue thick lines: just below the plate; black segmented thick lines: in the middle of the holes of the plate; red thin lines: just above the plate), denoted by the dashed-lines in (b).
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