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Abstract

The presence and properties of acoustic peaks near the nozzle of impinging rocket jets have been investigated. Four jets at a Mach number of 3.1 impinging on a plate at a distance L = 15r0, 20r0, 25r0 and 30r0 from the nozzle, where r0 is the nozzle radius, have been computed using large-eddy simulations. In all cases, upstream-travelling pressure waves are generated by the jet impingement on the plate, with amplitudes decreasing with the nozzle-to-plate distance. The near-nozzle pressure spectra contain peaks, at frequencies not varying much with this distance. For L ≥ 20r0, the spectra are dominated by a low-frequency peak, whereas two additional high-frequency peaks emerge for L = 15r0. The low-frequency peak is associated with the azimuthal mode nθ = 0, whereas the two other ones are due to strong components for modes nθ ≥ 1. As for near-nozzle tones for free and impinging jets at lower Mach numbers, the peak frequencies fall close to the frequency bands of the upstream-propagating guided jet waves, showing a link between the peaks and the latter waves. Regarding the peak levels, they do not change significantly with the nozzle-to-plate distance for the low-frequency peak, but they decrease by 1.5 to 18 dB as the distance increases for the other peaks. Finally, for L ≥ 20r0, the near-nozzle peak frequency is close to that of the strongest shear-layer structures, indicating a connexion between the upstream noise and these structures. For L = 15r0, a shock-leakage mechanism of a near-plate shock is found to generate the upstream noise.
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1 Introduction
During the lift-off of a space launcher, the hot supersonic gases of the engines impinge on the launch area, which generates intense sound waves. These waves propagate to the launcher fairing, where they exert strong acoustic loads likely to damage the payload. The sound fields near the rocket structure thus require a specific attention from the aerospace industry, as highlighted in the review by Lubert et al. [1]. In order to characterize them, the impingement of the gases exhausted by the engines on the launchpad can be modeled as a jet impinging on a flat plate. Such a simplified set-up has been studied experimentally and numerically for high-subsonic jets [2–8]. Intense tones were reported in the pressure spectra close to the jet nozzle. Similar tones were later found for impinging supersonic jets at Mach numbers lower than 2 in experiments [9–14] and simulations [15–18]. They are generated by a feedback loop establishing between the nozzle and the plate, formed by downstream-propagating Kelvin–Helmholtz instability waves and upstream-propagating guided jet waves. More recently, tones of weaker amplitude were also noticed in the vicinity of the nozzle of free ideally expanded jets at Mach numbers between 0.5 and 2 [19–21]. Their frequencies lie in the allowable frequency ranges of the upstream-propagating guided jet waves, highlighting a close link with these waves.
For impinging rocket jets at Mach numbers higher than 3, the presence of such peaks close to the nozzle is not obvious. It was not mentioned in references [22–24] reporting simulations of jets at Mach numbers from 3.1 to 3.66 impinging on a plate at a distance L between 30 and 40 nozzle radii r0 from the nozzle. In a recent work by the authors dealing with a similar configuration [25], a broad peak was, however, noticed at a low frequency in the pressure spectra near the nozzle. Its frequency is located in the allowable bands of the upstream-propagating guided jet waves, which suggests the establishment of a feedback phenomenon. Nevertheless, the peak is large and has a low amplitude, which questions the existence of such a feedback. In addition, it is unclear if the absence of marked peaks in the near-nozzle pressure fields of impinging rocket jets is due to the high Mach number of the jets or to the large nozzle-to-plate distance considered.
In the present paper, the presence of acoustic peaks in the near-nozzle pressure fields of rocket jets impinging on a flat plate is examined by performing Large-Eddy Simulations (LES) of four overexpanded jets. The jets are at an exit Mach number Me of 3.1 and a Reynolds number ReD of 2 × 105. They impinge on a plate located at a distance of L = 15r0, 20r0, 25r0 or 30r0 from the nozzle. The nozzle-to-plate distances are shorter than those of previous works [22–25] in order to discuss the possible establishment of feedback mechanisms between the nozzle and the plate. The first objective is to study the effects of the nozzle-to-plate distance on the sound waves propagating in the upstream direction. For that, the jet flow and acoustic fields are described. The near-nozzle pressure spectra are notably scrutinized in order to detect the emergence of possible peaks. The second objective is to analyze the characteristics of the near-nozzle peaks. To this end, the azimuthal structure of the sound field in the near-nozzle region is revealed. The variations of the frequencies and amplitudes of the peaks with the nozzle-to-plate distance are described. The peak frequencies are also compared with the frequencies bands allowed for the upstream-propagating guided jet waves for the present jets according to a vortex-sheet model. Finally, the last objective is to investigate the noise generation mechanisms of the impinging rocket jets. For this, properties of the flow fields close to the impingement area, including velocity spectra and motions of near-plate shocks, are presented.
This paper is organized as follows. The jet parameters and numerical methods used in the LES are documented in Section 2. The results of the simulations are presented in Section 3. Finally, concluding remarks are given in Section 4.
2 Parameters
2.1 Jet parameters
The exhaust parameters of the present jets are identical to those of the jets considered in a recent work [25]. The geometric parameters are described using cylindrical coordinates (r, θ, z). The jets have an exhaust Mach number Me = ue/ce of 3.1 and a Reynolds number ReD = ueD/νe of 2 × 105, where ue is the velocity, ce is the sound speed, D = 2r0 is the nozzle diameter and νe is the kinematic viscosity at the jet nozzle exit. The exhaust temperature Te and pressure pe are equal to 738 K and 0.63p0, where p0 = 105 Pa is the ambient pressure. The jets impinge on a plate located at a distance L = 15r0, 20r0, 25r0 or 30r0 from the nozzle exit. The distance of L = 30r0 corresponds to that for the impinging jets in Varé and Bogey [25], whereas the other distances are shorter in order to discuss the presence of feedback phenomena. The jets are generated by a straight pipe nozzle of length 2r0, at the inlet of which Blasius boundary layer velocity profiles with a thickness of 0.15r0 are imposed. The boundary layer transition from a fully laminar to a disturbed state is triggered by adding vortical disturbances non-correlated in the azimuthal direction in the pipe at z = −r0 [26]. The mean velocity profiles obtained at the nozzle-exit z = 0 for the different jets are close to each other and very similar to those for the jets in Varé and Bogey [25]. The radial profiles of axial turbulence intensity 〈u′z u′z〉1/2/ue at z = 0 are plotted in Figure 1 for the four impinging jets and for the corresponding free jet [25]. In all cases, they reach a peak at r ≈ 0.9r0. The peak value ranges between 1% and 1.6% of the exit velocity, indicating weakly disturbed nozzle-exit flow conditions. It is minimum for the free jet. For the impinging jets, it increases as the nozzle-to-plate distance is reduced, which suggests that the jet shear layers are disturbed by stronger upstream-propagating sound waves for shorter distances.
	[image: thumbnail]	Figure 1 Nozzle-exit profiles of axial turbulence intensity [image: equation] for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0, [image: equation] L = 30r0, and [image: equation] for the free jet [25].



2.2 Numerical methods
The numerical set-up is identical to that used in previous works by the authors [8, 25]. In the simulations, the unsteady compressible Navier–Stokes equations are solved in cylindrical coordinates using an OpenMP based in-house solver. The time integration is performed using a six-stage Runge–Kutta algorithm and the spatial derivatives are evaluated with eleven-point low-dispersion finite-difference schemes [27] ensuring high accuracy down to five points per wavelength. At the end of each time step, grid-to-grid oscillations are removed by applying a selective filtering [28]. This filter also dissipates kinetic turbulent energy near the grid cut-off frequency, acting as a subgrid-scale model [29]. Solid and adiabatic wall conditions are imposed at the nozzle and plate walls. In order to handle shock waves, a damping procedure using a dilatation-based shock detector and a second-order filter are used to remove Gibbs oscillations in the vicinity of shocks [28]. For L ≤ 25r0, to ensure the stability of the computation, this procedure is applied twice in the near-wall region for r ≤ 2r0 and L–2r0 ≤ z ≤ L. For the same reason, a standard fourth-order filter is also applied in this area for the cases L = 15r0 and L = 20r0. The radiation boundary conditions of Tam and Dong [30] are implemented at the radial and lateral boundaries of the computational domain. They are combined with sponge zones using grid stretching and Laplacian filtering to prevent significant spurious reflections. The singularity on the jet axis is removed by applying the method of Mohseni and Colonius [31].
2.3. Computational parameters
In the four simulations, the numbers of points in the radial and azimuthal directions are equal to Nr = 501 and Nθ = 256, respectively. In the axial direction, the number of points Nz is equal to 1291 for L = 15r0, 1531 for L = 20r0, 1752 for L = 25r0 and 1910 for L = 30r0 yielding a total number of points between 170 and 250 millions. The grids extend out to r = 15r0 in the radial direction and down to z = L in the axial direction. The radial mesh grid used is identical to that in the LES of Varé and Bogey [25]. It notably enables a cut-off Strouhal number St = fD/ue of 1.62 for an acoustic wave discretized with five points per wavelength, where f is the frequency, in the jet near-acoustic field. The variations of the axial mesh spacing Δz are plotted in Figure 2. In all cases, the value of Δz is minimum and equal to 0.0144r0 at the nozzle exit and reaches its maximum value at z = L – 10r0. This value is equal to 0.0173r0 for L = 15r0, 0.019r0 for L = 20r0, 0.0205r0 for L = 25r0 and 0.022r0 for L = 30r0. The mesh spacing is constant between z = L – 10r0 and z = L – 5r0, and finally decreases down to Δz = 0.0144r0 at z = L.
	[image: thumbnail]	Figure 2 Variations of axial mesh spacing Δz for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.



The radial variations of the mesh spacing at z = L on the plate in the wall-normal direction Δz+, in wall units, are represented in Figure 3 to discuss the discretization of the wall jet created by the jet impingement. This spacing is computed using the relation Δz+ = uτ Δz/ν, where uτ is the mean friction velocity, Δz is the axial mesh spacing on the plate and ν is the kinematic viscosity. For all jets, it reaches a maximum value at a radial distance between r = 0.5r0 and r = r0. This value is equal to 23 for L = 15r0 and decreases as the nozzle-to-plate distance is larger down to 15 for L = 30r0. Farther from the axis, the dimensionless mesh spacing on the plate decreases for the four jets. It remains, however, much higher than 1, indicating that the turbulent boundary layer on the plate is not well resolved [32–35]. Nevertheless, the sound radiation of the wall jet is expected to be weak compared with that produced by the jet flow structures, as the wall jet velocity is significantly lower than the jet exhaust velocity.
	[image: thumbnail]	Figure 3 Variations of the axial mesh spacing Δz+ on the plate, in wall units, for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.



The results in the present paper are obtained for a simulation time of 1000r0/ue. During the computations, density, the velocity components, pressure and their azimuthal Fourier coefficients up to the mode nθ = 4 are recorded on the same two-dimensional sections and at the same sampling frequencies as in Varé and Bogey [25]. These sections notably include the nozzle-exit plane at z = 0 and four planes at the azimuthal angles θ = 0, 90, 180 and 270 degrees. The spectra presented below are calculated from these recordings and they are averaged in the azimuthal direction when possible. On the whole, 200,000 time steps were performed for each jet, consuming a total of 130,000 CPU hours, using 32 core nodes of Intel 6142 Skylake with a clock frequency of 2.6 GHz.
3 Results
3.1 Snapshots of the flow and acoustic fields
Fields of temperature and pressure fluctuations obtained inside and outside of the flow, respectively, are represented in Figure 4. In the temperature fields, diamond patterns typical of shock cells are present in the four jets downstream of the nozzle exit. The cells are progressively dampened by the turbulent mixing for z ≥ 10r0. Wall jets are created by the impingement of the flow on the plate. Zones of high temperature are also found in the impingement area. In this region, the temperature decreases as the nozzle-to-plate increases, indicating weaker jet-plate interactions for larger L.
	[image: thumbnail]	Figure 4 Snapshots in the (z,r) plane of temperature fluctuations in the flow and of pressure fluctuations outside for (a) L = 15r0, (b) L = 20r0, (c) L = 25r0 and (d) L = 30r0. The red arrows show the wavefronts of two consecutive upstream-propagating pressure waves for the nozzle-to-plate distances L = 15r0 and 25r0. The color scales range from 0 to 780K for temperature, from red to white, and from −2000 to 2000 Pa for pressure, from black to white.



In the pressure fields, waves originating from the impingement zone can be observed in the upstream direction. Their levels are typically of 3000 Pa for L = 15r0 but are lower as the nozzle-to-plate distance increases. The wavefronts of two consecutive upstream-travelling sound waves are shown using red arrows for the nozzle-to-plate distances L = 15r0 and L = 25r0 in Figures 4a–4c to examine the frequency content of the upstream radiated noise. They are closer to each other for L = 15r0 than for L = 25r0, indicating stronger high-frequency components in the first case. For all jets, inclined wavefronts are also seen to travel downstream. They are particularly noticeable for z ≥ 15r0 for L = 25r0 and L = 30r0 in Figures 4c and 4d. They are characteristic of Mach wave radiation, as noticed in previous simulations of jets at Mach numbers higher than 2 [36–39]. These waves are generated by turbulent coherent structures convected at a supersonic velocity.
3.2 Mean flow fields
The variations of the mean axial centerline velocity are represented in Figure 5a. The profiles obtained for the four jets are similar, suggesting that the nozzle-to-plate distance has little effects on the mean velocity fields. Downstream of the nozzle, the axial velocity oscillates strongly, due to the presence of 3 to 6 shock cells depending on the nozzle-to-plate distance. In particular, the plate is located in the third cell for L = 15r0, at the end of the fourth cell for L = 20r0, in the sixth cell for L = 25r0 and past the sixth cell for L = 30r0. The amplitude of the oscillations decreases with the axial distance, because of the weakening of the cells by the turbulent mixing. The centerline velocity finally drops down to 0 at z = L. For the corresponding free jet, the end of the potential core, reached at the location zc for which 〈uz〉/ue = 0.9, is found at zc = 15.7r0 in Varé and Bogey [25]. Hence, the jet impinges on the plate before the end of the potential core for L = 15r0 and after the latter in the three other cases.
	[image: thumbnail]	Figure 5 Variations of (a) the mean axial centerline velocity 〈uz〉/ue and (b) the axial turbulence intensity [image: equation] at r = r0 for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.



The variations of the axial turbulence intensity in the shear layer at r = r0 are plotted in Figure 5b. For all jets, the turbulence intensity remains below 1% from the nozzle exit down to z = 2.5r0. Farther downstream, it increases sharply up to a peak value located around z ≈ 10r0, equal to about 18% for all nozzle-to-plate distances. Farther downstream, the rms values of the velocity fluctuations decrease with the axial distance and reach a second peak value close to the plate, before falling abruptly down to 0 at z = L.
3.3 Pressure spectra
The pressure spectra computed near the nozzle at z = 0 and r = 2r0 are displayed as a function of the Strouhal number in Figure 6, along with the spectrum obtained for the free jet. For that jet, a peak centered around St = 0.06 is visible. It is linked to the broadband shock-associated noise (BBSAN) components produced by the interactions between the turbulent structures of the jet mixing layers and the shock cells [25]. For the impinging jets, the sound pressure levels are considerably higher than those for the free jet, by 5 to 22 dB depending on the nozzle-to-plate distance and the frequency. In that case, the noise generated by the jet impingement on the plate predominates strongly. For the three jets with L ≥ 20r0, the spectra all reach a peak at a Strouhal number of 0.04, with an amplitude which does not vary significantly with the nozzle-to-plate distance. In contrast, for St ≥ 0.1, the sound levels increase as the plate is closer to the jet exit, and rise by approximately 3 dB for L = 25r0 and by 7 dB for L = 20r0 with respect to those for L = 30r0. For L = 15r0, the sound pressure spectrum is clearly different from the the spectra for the three larger nozzle-to-plate distances. In particular, the high-frequency components for St ≥ 0.1 are stronger by about 3 dB with respect to the case L = 20r0, which is consistent with the pressure snapshots of Section 3.1. More importantly, the spectrum exhibits two additional peaks at St = 0.09 and 0.22.
	[image: thumbnail]	Figure 6 Sound pressure levels (SPL) at z = 0 and r = 2r0 as a function of the Strouhal number St for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0 and [image: equation] the free jet [25].



The variations of the overall sound pressure levels (OASPL) obtained at z = 0 and r = 2r0 are represented as a function of the nozzle-to-plate distance in Figure 7. As expected, the levels are highest for L = 15r0 and decrease with L, from 158.8 dB for L = 15r0 down to 152.5 dB for L = 30r0. Moreover, the levels for the largest nozzle-to-plate distance are 9.4 dB higher than those for the free jet, for which the value of L can be considered as infinite, showing that the impingement noise is significantly stronger than the mixing noise emitted by the free jet.
	[image: thumbnail]	Figure 7 Overall sound pressure levels (OASPL) at z = 0 and r = 2r0 as a function of the nozzle-to-plate distance.



3.4 Properties of the near-nozzle peaks
To examine the azimuthal structure of the near-nozzle pressure fields, the contributions of the first four azimuthal modes to the pressure spectra at z = 0 and r = 2r0 are shown in Figure 8 for L = 15r0 and L = 25r0. The results for the two other cases are not presented here because they are similar to those for L = 25r0. The azimuthal decompositions for the two nozzle-to-plate distances in Figure 8 display similarities. Peaks can be observed at comparable frequencies. They are found at St ≈ 0.04, 0.09 and 0.17 for nθ = 0, at St ≈ 0.08 and 0.16 for nθ = 1, at St = 0.2 for nθ = 2–3 and at St = 0.3 for nθ = 4. For both jets, the axisymmetric mode is dominant for St ≤ 0.06. As the frequency increases, the contributions of modes nθ ≥ 1 become more significant. As a result, the levels for nθ = 1 dominate for Strouhal numbers between 0.06 and 0.2, and the contributions of higher azimuthal modes to the pressure fields are notable for St ≥ 0.2 for nθ = 2 and for St ≥ 0.3 for nθ = 3–4. However, discrepancies are noted between the two nozzle-to-plate distances. For L = 15r0, the peak at St = 0.09 for nθ = 0 emerges 5 dB above that for L = 25r0. The sound levels associated with the modes nθ ≥ 1 for L = 15r0 are also stronger by about 5 dB than those for L = 25r0 over the whole frequency range. In particular, the mode nθ = 1 contributes strongly to the levels at St = 0.09 and the contributions of the modes nθ = 1 and 2 are significant at St = 0.22, causing the emergence of two peaks in the full spectrum.
	[image: thumbnail]	Figure 8 Sound pressure spectra at z = 0 and r = 2r0 for (a) L = 15r0 and (b) L = 25r0: [image: equation] full spectra and modes [image: equation] nθ = 0, [image: equation] nθ = 1, [image: equation] nθ = 2, [image: equation] nθ = 3 and [image: equation] nθ = 4.



The variations of the Strouhal numbers of the near-nozzle peaks for the first two azimuthal modes are represented in Figure 9 as a function of the nozzle-to-plate distance. The allowable frequency ranges of the upstream-propagating guided jet waves obtained using a vortex-sheet model [40] are also displayed. These waves are organized in azimuthal and radial modes nθ and nr. For nθ = 0 in Figure 9a, the Strouhal number of the dominant peak does not vary much with the nozzle-to-plate distance. It is located very close to the upper band of the first radial mode of the guided jet waves, with nr = 1, indicating a link with these waves. The secondary peaks are found at frequencies slightly higher than those of the bands for the second, third and fourth radial modes of the guided jet waves, with nr = 2 to 4. The discrepancies observed between the LES and the vortex-sheet model may be due to the assumption of an infinitely thin shear layer in the model, leading to an underestimation of the frequencies of the guided jet waves and [17]. For nθ = 1 in Figure 9b, the peak frequencies slightly vary with the nozzle-to-plate distance. They lie above the frequency bands of the first and second radial modes for the dominant and secondary peaks.
	[image: thumbnail]	Figure 9 Strouhal numbers of the peaks in the near-nozzle pressure spectra as a function of the nozzle-to-plate distance for (a) nθ = 0 and (b) nθ = 1; • dominant and ∘ secondary peaks. The frequency bands of the upstream-propagating guided jet waves are in grey.



Finally, the variations of the amplitudes of the peaks with the nozzle-to-plate distance are plotted in Figure 10 for the first two azimuthal modes. For nθ = 0 in Figure 10a, the level of the dominant peak, associated with the guided jet mode nr = 1, is close to 162 dB in all cases. On the contrary, for the secondary peak associated with nr = 2, the peak amplitude decreases continuously with the nozzle-to-plate distance from 160 dB for L = 15r0 down to 142 dB for L = 30r0. For nθ = 1 in Figure 10b, the peak amplitude also decreases strongly with the distance. It is equal to 159 dB for L = 15r0 but only to 154 dB for L = 30r0. Therefore, the levels of the high-frequency peaks strongly depend on the nozzle-to-plate distance.
	[image: thumbnail]	Figure 10 Levels of the peaks in the near-nozzle pressure spectra as a function of the nozzle-to-plate distance for (a) nθ = 0 and (b) nθ = 1; • dominant and ∘ secondary peaks.



3.5 Velocity spectra
To link the sound spectra with the jet flow structures, the power spectral densities of the fluctuations of axial velocity obtained in the shear layer at r = r0 between the nozzle exit and the plate are represented in Figure 11 for the four jet-to-plate distances. The frequencies of the peaks in the near-nozzle spectrum for L = 15r0 are indicated by dashed lines. In all cases, the levels are very weak from the nozzle-exit plane down to z = 10r0. These low levels can be explained by the fact that the shear layer is not centered on r = r0 because of the overexpansion of the jets. Farther downstream, down to z = L – 3r0, spots of significant energy are observed in the spectra for Strouhal numbers lower than 0.15. These low-frequency spots are related to large-scale vortical structures convected downstream. The frequencies of the peak components decrease with the axial distance. For example, for L = 30r0 in Figure 11c, they vary from St = 0.1 at z = 11r0 down to St = 0.075 at z = 25r0. In all cases, close to the plate, the levels are especially strong. They are highest in a spot around z = L – r0, due to the flow impingement. High levels are found in these spots for Strouhal numbers below 0.3 for L = 15r0, 0.2 for L = 20r0 and 0.11 for L = 30r0. Given that the jet structures are deviated in the wall jet a few radii upstream of the plate, these components can be expected to be linked to shocks or compressions near the plate rather than to the flow vortical structures.
	[image: thumbnail]	Figure 11 Power spectral densities of the fluctuations of axial velocity u′z at r = r0 between z = 0 and L for (a) L = 15r0, (b) L = 20r0, (c) L = 25r0 and (d) L = 30r0. The color scale is the same in the three cases and spreads over 3 dB, from white to black. The black dashed lines indicate the frequencies St = 0.04, 0.09 and 0.22.



Outside of the impingement area, the highest levels are found at zmax = 11.7r0 for L = 15r0, 16.5r0 for L = 20r0 and L = 30r0 and 20.1r0 for L = 25r0. To highlight the frequency contents of the most energetic flow structures, the velocity spectra obtained at these positions are shown in Figure 12. They reach their maximum value at a Strouhal number depending on the nozzle-to-plate distance. This Strouhal number is equal to St = 0.07 for L = 15r0 and to St = 0.03 – 0.04 for L ≥ 20r0. The frequencies of the strongest flow structures are lower for the three largest nozzle-to-plate distances, because the jet potential core closes several nozzle radii upstream of the plate in these cases. For L ≥ 20r0, the peak frequency in the near-nozzle pressure spectra are close to those in the velocity spectra, suggesting a link between the most energetic flow structures and the near-nozzle pressure fields. However, for L = 15r0, the peak frequency in the velocity spectrum is different from those in the near-nozzle sound spectra. In this case, the near-nozzle acoustic components may be not related to the strongest flow structures but to phenomena occuring in the impact zone such as shock leakage as discussed in what follows.
	[image: thumbnail]	Figure 12 Power spectral densities of the fluctuations of axial velocity [image: equation] at r = r0 and z = zmax for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.



3.6 Sound generation near the plate
In order to examine the noise generation in the region of jet impingement, the fields of the axial gradient of density and of vorticity near the plate are represented in Figure 13 for L = 15r0 and L = 25r0. In the vorticity fields, in both cases, the turbulent structures of the shear layers impinge on the plate, creating a wall jet. Near the jet axis, for L = 15r0 in Figure 13a, the level of vorticity is quite low, as the nozzle-to-plate distance is smaller than the size of the potential core for the free jet, whereas for L = 25r0 in Figure 13b, vortical structures are found as the mixing layers have merged. In the density fields, for L = 15r0 in Figure 13a, a normal shock is visible in the potential core just upstream of the plate at z ≈ 14.5r0, resulting from an intense impact of the jet flow on the plate. A similar near-plate shock was observed for jets at Mach numbers lower than 2 impinging on normal [11, 18, 41, 42] or inclined [43, 44] plates. The shock extends across the mixing layers, where it is curved in the upstream direction at r = r0. The distortion of the shock tip is due to the interactions between the shock and the coherent structures of the shear layers. A part of the shock leaks out of the flow, which creates a circular sound wave visible around z ≈ 13.5r0 and r0 ≤ r ≤ 3r0. This sound generation mechanism, also involved in the production of screech noise [45–47], is referred to as shock leakage. It is shown here to be an efficient acoustic source in high-supersonic impinging jets in certain cases, as suggested by previous works [18, 41]. However, for L = 25r0 in Figure 13b, no clear shock structure is present in the density field. The shock-leakage mechanism seems to be absent, which may explain the lower sound levels compared with the case L = 15r0. The noise radiated in the upstream direction is produced by the impingement of vortical structures on the plate in that case.
	[image: thumbnail]	Figure 13 Fields of density gradient ∂ρ/∂z (black) and vorticity (red) near the plate for (a) L = 15r0 and (b) L = 25r0. The color scales range from 0 to 4ρ0/r0 for the density gradient, from white to black, and from 0 to 7.5ue/r0 for the vorticity, from white to red.



To visualize the shock-leakage mechanism for the case L = 15r0, the density gradient and vorticity fields near the plate are represented in Figures 14a–14e at times t = 0 to 10r0/ue in increment of 2.5r0/ue. For t = 0 in Figure 14a, a near-plate shock is found on the axis around z = 14.5r0. It extends across the mixing layer, where its tip is tilted in the upstream direction. Out of the mixing layer, a short line of strong density gradient is observed close to the shock tip, at z ≈ 14.2r0 and between r = r0 and r = 2r0. This line is related to a pressure wave produced by the leakage of the shock out of the shear layer. For t = 2.5r0/ue in Figure 14b, the normal shock moves downstream as it interacts with a vortical structure impinging on the plate. Its tip is slightly inclined towards the plate. Outside of the flow, the wave generated at t = 0 propagates up to z ≈ 13.7r0, which is consistent with the distance of 0.5r0 travelled by a sound wave between two snapshots. A second weak wavefront is also seen at z ≈ 14r0 and r ≈ 1.5r0, close to a coherent structure impinging on the plate. For t = 5r0/ue in Figure 14c, the shock tip moves upstream and the sound waves produced previously propagate towards the nozzle. The shock tip is more and more curved in the upstream direction for t = 7.5r0/ue and 10r0/ue in Figures 14d and 14e. For t = 7.5r0/ue in Figure 14d, it extends in the radial direction up to r = 1.5r0. Finally, for t = 10r0/ue in Figure 14e, it leaks out of the shear layer, which creates a new sound wave outside the flow at z ≈ 13.5r0.
	[image: thumbnail]	Figure 14 Fields of density gradient ∂ρ/∂z (black) and vorticity (red) near the plate for L = 15r0 at (a) t = 0, (b) t = 2.5r0/ue, (c) t = 5r0/ue, (d) t = 7.5r0/ue and (e) t = 10r0/ue. The color scales range from 0 to 4ρ0/r0 for the density gradient, from white to black, and from 0 to 7.5ue/r0 for the vorticity, from white to red.



The motions of the near-plate shock for L = 15r0 are studied using the methodology proposed by Gojon and Bogey [18] to investigate the oscillations of near-wall Mach disks for underexpanded impinging jets. In practice, the position of the shock zs is estimated by detecting the maximum of the gradient of axial velocity. The power spectral densities of the time variations of the position of the shock are then computed. The results obtained for r = 0 and r = 0.85r0 are represented in Figure 15. The frequencies of the peaks in the near-nozzle pressure spectra for the two first azimuthal modes are also plotted. On the jet axis at r = 0, where only the axisymmetric mode is present, two peaks are observed in the spectrum at St = 0.05 and 0.09. The frequency of the second peak is the same as that of the second near-nozzle peak for nθ = 0. Closer to the mixing layer, the spectrum for r = 0.85r0 exhibits three peaks at St = 0.03, 0.09 and 0.16. The second and third peak frequencies are similar to those of the second near-nozzle peaks for nθ = 0 and nθ = 1, respectively. This result suggests that the high-frequency peaks in the near-nozzle pressure spectrum are linked to the motions of the near-plate shock.
	[image: thumbnail]	Figure 15 Power spectral densities of the axial oscillations of the near-plate shock for L = 15r0 at [image: equation] r = 0 and [image: equation] r = 0.85r0, and peak frequencies in the near-nozzle pressure spectra for [image: equation] nθ = 0 and [image: equation] nθ = 1.



4 Conclusion
In this paper, the presence and properties of acoustic peaks near the nozzle of impinging rocket jets have been investigated using large-eddy simulations for nozzle-to-plate distances varying from 15 to 30 nozzle radii. For all distances, peaks are found to emerge weakly in the near-nozzle pressure spectra. The weak emergence of the peaks for all nozzle-to-plate distances indicates that no intense feedback mechanism establishes between the nozzle and the plate, even for L = 15r0. The absence of strong resonance is likely due to the jet high Mach number, as the growth rate of the Kelvin–Helmholtz waves, forming the downstream part of possible feedback loops, decreases as the jet Mach number increases [48, 49]. In further works, this growth rate could be investigated. Regarding the peak frequencies, they do not vary much with the nozzle-to-plate distance. Similarly to the frequencies of the tones obtained in the near-nozzle pressure fields of jets at lower Mach numbers, they are located inside or near the allowable frequency ranges of the upstream-propagating guided jet waves, indicating a link with these waves for rocket jets. As for the sound levels, they increase as the plate is closer to the nozzle exit. For the shortest nozzle-to-plate distance, a normal shock is found near the plate, creating additional sound waves by a shock-leakage mechanism. This shock is found to oscillate at frequencies close to those of peaks in the near-nozzle pressure spectra.
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	[image: thumbnail]	Figure 1 Nozzle-exit profiles of axial turbulence intensity [image: equation] for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0, [image: equation] L = 30r0, and [image: equation] for the free jet [25].
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	[image: thumbnail]	Figure 2 Variations of axial mesh spacing Δz for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.
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	[image: thumbnail]	Figure 3 Variations of the axial mesh spacing Δz+ on the plate, in wall units, for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.
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	[image: thumbnail]	Figure 4 Snapshots in the (z,r) plane of temperature fluctuations in the flow and of pressure fluctuations outside for (a) L = 15r0, (b) L = 20r0, (c) L = 25r0 and (d) L = 30r0. The red arrows show the wavefronts of two consecutive upstream-propagating pressure waves for the nozzle-to-plate distances L = 15r0 and 25r0. The color scales range from 0 to 780K for temperature, from red to white, and from −2000 to 2000 Pa for pressure, from black to white.
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	[image: thumbnail]	Figure 5 Variations of (a) the mean axial centerline velocity 〈uz〉/ue and (b) the axial turbulence intensity [image: equation] at r = r0 for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.
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	[image: thumbnail]	Figure 6 Sound pressure levels (SPL) at z = 0 and r = 2r0 as a function of the Strouhal number St for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0 and [image: equation] the free jet [25].
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	[image: thumbnail]	Figure 7 Overall sound pressure levels (OASPL) at z = 0 and r = 2r0 as a function of the nozzle-to-plate distance.
In the text



	[image: thumbnail]	Figure 8 Sound pressure spectra at z = 0 and r = 2r0 for (a) L = 15r0 and (b) L = 25r0: [image: equation] full spectra and modes [image: equation] nθ = 0, [image: equation] nθ = 1, [image: equation] nθ = 2, [image: equation] nθ = 3 and [image: equation] nθ = 4.
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	[image: thumbnail]	Figure 9 Strouhal numbers of the peaks in the near-nozzle pressure spectra as a function of the nozzle-to-plate distance for (a) nθ = 0 and (b) nθ = 1; • dominant and ∘ secondary peaks. The frequency bands of the upstream-propagating guided jet waves are in grey.
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	[image: thumbnail]	Figure 10 Levels of the peaks in the near-nozzle pressure spectra as a function of the nozzle-to-plate distance for (a) nθ = 0 and (b) nθ = 1; • dominant and ∘ secondary peaks.
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	[image: thumbnail]	Figure 11 Power spectral densities of the fluctuations of axial velocity u′z at r = r0 between z = 0 and L for (a) L = 15r0, (b) L = 20r0, (c) L = 25r0 and (d) L = 30r0. The color scale is the same in the three cases and spreads over 3 dB, from white to black. The black dashed lines indicate the frequencies St = 0.04, 0.09 and 0.22.
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	[image: thumbnail]	Figure 12 Power spectral densities of the fluctuations of axial velocity [image: equation] at r = r0 and z = zmax for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.
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	[image: thumbnail]	Figure 13 Fields of density gradient ∂ρ/∂z (black) and vorticity (red) near the plate for (a) L = 15r0 and (b) L = 25r0. The color scales range from 0 to 4ρ0/r0 for the density gradient, from white to black, and from 0 to 7.5ue/r0 for the vorticity, from white to red.
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	[image: thumbnail]	Figure 14 Fields of density gradient ∂ρ/∂z (black) and vorticity (red) near the plate for L = 15r0 at (a) t = 0, (b) t = 2.5r0/ue, (c) t = 5r0/ue, (d) t = 7.5r0/ue and (e) t = 10r0/ue. The color scales range from 0 to 4ρ0/r0 for the density gradient, from white to black, and from 0 to 7.5ue/r0 for the vorticity, from white to red.
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	[image: thumbnail]	Figure 15 Power spectral densities of the axial oscillations of the near-plate shock for L = 15r0 at [image: equation] r = 0 and [image: equation] r = 0.85r0, and peak frequencies in the near-nozzle pressure spectra for [image: equation] nθ = 0 and [image: equation] nθ = 1.
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        Variations of (a) the mean axial centerline velocity 〈uz〉/ue and (b) the axial turbulence intensity [image: equation] at r = r0 for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.
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        Sound pressure levels (SPL) at z = 0 and r = 2r0 as a function of the Strouhal number St for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0 and [image: equation] the free jet [25].
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        Sound pressure spectra at z = 0 and r = 2r0 for (a) L = 15r0 and (b) L = 25r0: [image: equation] full spectra and modes [image: equation] nθ = 0, [image: equation] nθ = 1, [image: equation] nθ = 2, [image: equation] nθ = 3 and [image: equation] nθ = 4.
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        Strouhal numbers of the peaks in the near-nozzle pressure spectra as a function of the nozzle-to-plate distance for (a) nθ = 0 and (b) nθ = 1; • dominant and ∘ secondary peaks. The frequency bands of the upstream-propagating guided jet waves are in grey.
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        Levels of the peaks in the near-nozzle pressure spectra as a function of the nozzle-to-plate distance for (a) nθ = 0 and (b) nθ = 1; • dominant and ∘ secondary peaks.
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        Power spectral densities of the fluctuations of axial velocity u′z at r = r0 between z = 0 and L for (a) L = 15r0, (b) L = 20r0, (c) L = 25r0 and (d) L = 30r0. The color scale is the same in the three cases and spreads over 3 dB, from white to black. The black dashed lines indicate the frequencies St = 0.04, 0.09 and 0.22.
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        Power spectral densities of the fluctuations of axial velocity [image: equation] at r = r0 and z = zmax for [image: equation] L = 15r0, [image: equation] L = 20r0, [image: equation] L = 25r0 and [image: equation] L = 30r0.
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        Fields of density gradient ∂ρ/∂z (black) and vorticity (red) near the plate for (a) L = 15r0 and (b) L = 25r0. The color scales range from 0 to 4ρ0/r0 for the density gradient, from white to black, and from 0 to 7.5ue/r0 for the vorticity, from white to red.
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        Fields of density gradient ∂ρ/∂z (black) and vorticity (red) near the plate for L = 15r0 at (a) t = 0, (b) t = 2.5r0/ue, (c) t = 5r0/ue, (d) t = 7.5r0/ue and (e) t = 10r0/ue. The color scales range from 0 to 4ρ0/r0 for the density gradient, from white to black, and from 0 to 7.5ue/r0 for the vorticity, from white to red.
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        Power spectral densities of the axial oscillations of the near-plate shock for L = 15r0 at [image: equation] r = 0 and [image: equation] r = 0.85r0, and peak frequencies in the near-nozzle pressure spectra for [image: equation] nθ = 0 and [image: equation] nθ = 1.
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