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This paper investigates the stabilizing effects of an ultrasonically absorptive coating (UAC) on the laminarto-turbulent transition using direct numerical simulations (DNS). The case of a 2D spatially developing Mach 6 boundary layer is chosen, where a time-domain impedance boundary condition (TDIBC) is imposed at the wall. The TDIBC models the acoustic response of an UAC through macroscopic parameters from the porous coating according to Fedorov's model. Disturbances in the boundary layer are introduced by wall blowing/suction based on harmonic or broadband forcing. The purpose of this study is to assess the UAC's effectiveness at suppressing the dominant instability -Mack's second mode -and optimising the porous material properties in order to improve its efficiency. Our gradient-free optimization procedure converges towards a set of parameters that reduces the development of the Mack's second mode by a factor of 5.5 relative to the baseline UAC.

INTRODUCTION

Transition and turbulence prediction in hypersonic boundary layers (HBL) have recently received considerable attention owing to their critical importance to the design of hypersonic transport vehicles, particularly for the sizing of thermal protection systems (TPS) and predicting aerodynamic performance. The sharp increase in both skin friction drag and thermal loads that is associated with laminar-to-turbulent transition strongly affects the vehicle aerodynamics and the payload-to-weight ratio [START_REF] Reed | Drag prediction and transition in hypersonic flow[END_REF]. Yet the success of transition prediction and control relies on a fundamental understanding of the relevant physical mechanisms, which is why transition is now at the heart of the community's efforts seeking to deepen our comprehension of its complex phenomenology. In a low-disturbance flight environment, the linear growth of perturbations drives the early stage of the transition process. In 2D low-speed flows, this stage is dominated by the development of streamwise waves: the Tollmien-Schlichting (T-S) waves. In the supersonic case, the "first mode", which is the oblique high-speed counterpart of T-S waves, is the most unstable mode. In the hypersonic regime, Mack's second mode takes over as the most unstable mechanism. Unlike the first mode instability, the second mode is inviscid in nature and results from traveling ultrasonic acoustic waves trapped within the boundary layer. These waves result from a direct resonance between freestream acoustic waves and boundary layer modes. Malmuth et al. [START_REF] Malmuth | Problems in high speed flow prediction relevant to control[END_REF] hypothesized that an ultrasonically absorptive coating (UAC) could stabilize the second mode due to its acoustic nature by absorbing its perturbation energy. Since then, the effectiveness of porous coatings at passively controlling the hypersonic boundary layer transition has been established through theoretical analysis [START_REF] Alexander V Fedorov | Stabilization of hypersonic boundary layers by porous coatings[END_REF], numerical simulations [START_REF] Brès | Second-mode attenuation and cancellation by porous coatings in a highspeed boundary layer[END_REF] and experimentation [START_REF] Rasheed | Experiments on passive hypervelocity boundary-layer control using an ultrasonically absorptive surface[END_REF][19] [START_REF] Wagner | Passive hypersonic transition control by means of ultrasonically absorptive thermal protection materials (uat)[END_REF]. Therefore, microporous materials are seen as a promising solution for delaying in-flight transition because of their ability to dissipate acoustic energy from the Mack's mode with minimal impact on the mean flow and potential compatibility with TPS. However, integrating a passive UAC device as TPS requires a multidisciplinary approach that involves flow modeling, material testing, and prototype fabrication. One challenge to optimized material design is the high cost of manufacturing each experimental test. From a numerical standpoint, the high geometric complexity and small size of the microstructures pose significant computational challenges that exceed the current capabilities of most computational fluid dynamics methods such as DNS. A potential way to examine the impact of macroscopic properties of material with random microstructure is the use of high-fidelity numerical simulations in which the acoustic response of the porous material is modeled. Indeed, recent advancements in the mathematical modeling of acoustic metasurfaces have been emphasized [START_REF] Victor | Numerical investigation of second-mode attenuation over carbon/carbon porous surfaces[END_REF] [START_REF] Fiévet | Numerical analysis of porous coatings stabilizing capabilities on hypersonic boundary-layer transition[END_REF]. The use of a mathematical impedance model of acoustic metasurfaces as a boundary condition in a DNS can be employed to optimize the microstructure of the metasurface to attain specific acoustic properties. The objective of the present work is to implement an optimization strategy based on gradient-free methods which adjusts the properties of the coating to maximize the canceling of primary instabilities.

NUMERICAL METHODS

Flow solver and numerical schemes

The simulations are carried out using JAGUAR [START_REF] Cassagne | Jaguar: a new cfd code dedicated to massively parallel high-order les computations on complex geometry[END_REF], a high-order code developed jointly by CERFACS and ON-ERA. More precisely, it relies on a p-th order spectral difference (SD) scheme based on a polynomial reconstruction for the solution vector and for the flux components inside each computational cell. The order of the scheme can be adjusted simply by increasing or decreasing the degree of the interpolating polynomial. In the present study, a fourth-order spatial discretization coupled with an explicit, fourth-order five-stage Runge-Kutta time marching scheme are used for all simulations. The governing flow equations are solved in a generalized coordinate system as explained in [START_REF] Fiévet | Strong compact formalism for characteristic boundary conditions with discontinuous spectral methods[END_REF]. The latter reference also details the development of a class of Navier-Stokes characteristic boundary conditions (NSCBCs) [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF], namely the time-domain impedance boundary conditions (TDIBCs) which are coded in JAGUAR.

Time-Domain Impedance Boundary Conditions

The focus of the present study is the modeling of porous coatings composed of carbon fibers which have been developed by the German Aerospace Laboratory [START_REF] Wagner | Experiments on passive hypersonic boundary layer control using ultrasonically absorptive carbon-carbon material with random microstructure[END_REF].

Given the small size of the micro-pores and their complex internal structure, simulating the flow inside them is impractical. Hence, a modeling approach that accurately reflects the acoustic response of these materials without meshing them is chosen. For locally-reacting acoustic metasurfaces, the frequency domain response of a material can be fully characterized by the normalized surface impedance Z. This transfer function links the acoustic pressure p and the normal velocity ṽ at the coating surface. However, it is advantageous for the flow solver stability properties to utilize the equivalent reflection coefficient β instead, which relates the outgoing wave reflected back from the material to the wave that is transmitted through the material. This scattering operator is related to the impedance as

β = Z -1 Z + 1 . (1) 
More specifically, the β -based Impulse Response (IR-TDIBC) in [START_REF] Roncen | Generic and broadband non-linear time domain impedance boundary condition[END_REF] is adopted. The frequency-dependent acoustic impedance of the UAC is derived from Fedorov's model [START_REF] Alexander V Fedorov | Stabilization of hypersonic boundary layers by porous coatings[END_REF] 

Z = Z 0 φ tanh(Λh) -1 , (2) 
where φ denotes the volume porosity, h the porouslayer thickness, Z 0 the characteristic impedance and Λ the propagation constant. The two latter quantities are obtained as in [START_REF] Victor | Numerical investigation of second-mode attenuation over carbon/carbon porous surfaces[END_REF] using the empirical relationships of the complex dynamic density ρ and complex dynamic compressibility C for fibrous absorbent materials [START_REF] Linton | Theory of dynamic permeability and tortuosity in fluid-saturated porous media[END_REF][START_REF] Allard | New empirical equations for sound propagation in rigid frame fibrous materials[END_REF]. Those equations require macroscopic parameters describing the porous microstructure such as the porosity φ , tortuosity α ∞ , flow resistivity σ , and characteristic pore size r p . For isotropic porous materials, r p can be expressed as

r p = s 8µα ∞ σ φ , (3) 
where s denotes a dimensionless shape factor and mu the fluid dynamic viscosity. The values of the model parameters are set to the values given in [START_REF] Victor | Numerical investigation of second-mode attenuation over carbon/carbon porous surfaces[END_REF] 

Mesh Adaptive Direct Search

Based on the flow solver and the obtained solutions of the governing equations, a framework for performing DNS and extracting a relevant objective function is now available. This framework is then embedded inside a gradientfree approach based on the mesh adaptive direct search (MADS) algorithm [START_REF] Audet | Mesh adaptive direct search algorithms for constrained optimization[END_REF], which is chosen as the optimization method in the present study. Such methods offer the advantage of not requiring derivatives of the objective function and being effective at converging closer to a global minimum in complex parameter spaces with many local minima [START_REF] Diouane | Trego: a trust-region framework for efficient global optimization[END_REF]. Additionally, it also facilitates an easy implementation of constraints on the parameter space. The MADS algorithm operates by alternating between two steps of exploration in the space of variables: a search step that explores globally and a poll step that focuses locally. During each iteration, these steps generate trial points on a discretized subdomain of the space of parameters, called the mesh, which are potential candidates for evaluation. The search step enables to explore a specific finite number of mesh points. The evaluation of the objective function at these trial points is then performed and compared with the current best value from the previous iteration to determine if a new optimum has been reached. If the objective function does not show improvement, the next step involves reducing the mesh size to increase the resolution around the current best solution. This is referred to as the poll step, which enables the evaluation of the objective function at trial points closer to the current best solution.

FLOW CONFIGURATION AND FRAMEWORK

Numerical simulation is performed for hypersonic flow over a flat plate. This 2D configuration was chosen for its short computational time, allowing for a larger number of iterations in the optimization process. The domain size and the boundary layer forcing are determined in order to only simulate the linear growth stage of the Mack's second mode within a laminar boundary layer. Calculations are conducted at the free-stream Mach number M e = 6 and the Reynolds number Re m = 2 • 10 6 m -1 . The fluid is considered as a calorically perfect gas with the specific heat ratio γ = 1.4 and with constant Prandtl number Pr = 0.72. The viscosity-temperature dependence is determined using Sutherland's law. The wall temperature will be considered isothermal and equal to 300 K. In the first stage, the steady flow solution is computed using the ONERA in-house flow solver CEDRE [START_REF] Refloch | Cedre software[END_REF], a second order in space finite-volume code. This solution provides the initial condition for the DNS code JAGUAR, as well as the imposed inlet and outlet non-reflective characteristic boundary conditions. Additionally, the HBL wallnormal profiles for velocity and temperature are extracted along the computational domain in order to perform a local linear stability analysis. The linear local stability theory (LST) allows the identification of the unstable modes of the boundary layer in terms of their frequency, wave number and growth rate. The unperturbed boundary layer is excited in the DNS by means of a blowing/suction source term at the wall. The excitation frequency is chosen based on the LST results as the most unstable within the domain of interest. In the DNS, the blowing/suction velocity along the slit is given by

v ′ (t) = A f sin 2π x -x 2 x 1 -x 2 exp(-at 2 ) sin(ωt). ( 4 
)
where A f is the forcing amplitude, x 1 = 0.2225 and x 2 = 0.2375 are the boundaries of the forcing slit. The width of the slit is set to be comparable to the wavelength of the Mack's mode at the outlet of the domain (approx. the boundary layer thickness δ ). The coefficient a represents the magnitude of the exponential modulation of the perturbation at the angular frequency ω = 2π f . The results presented correspond to either a permanent harmonic excitation (a = 0) or to a Gaussian wave packet (a = 5 • 10 10 s -2 ). The DNS setup is presented in Fig. 2. The grid used to solve the flow is specifically refined in areas close to the walls, with a smallest cell size of ∆ y ≃ 25 µm in the wall-normal direction and a uniform streamwise spacing of ∆ x ≃ 0.85 mm. This results in a structured computational grid N x × N y = 1505 × 180 = 270900 quadrangles. This results in approximately 24 solution points per wavelength for the shortest Mack's second mode wavelength that needs to be resolved in the domain, using a fourth-order polynomial approximation (considering a minimal wavelength of twice the boundary layer thickness at the inlet).

LINEAR STABILITY ANALYSIS

Local linear stability theory (LST) is used to identify the unstable modes of the boundary layer. The in-house LST solver, MAMOUT [START_REF] Brazier | Laminarturbulent transition modelling in high speed flows[END_REF], is used to analyse the HBL profiles, which determines the range of frequencies of the primary instabilities and their associated growth regions. The N-factor method is the used to calculate the total amplification of each unstable mode. This quantity expresses the total exponential amplification of an unstable disturbance in a boundary layer flow. By definition, it is expressed in terms of the final amplitude A at a location x and the initial amplitude A 0 at the critical location x cr as follows:

N(x, f ) = ln A A 0 = x x cr α i (x, f ) dx. (5) 
Here, α i represents the growth rate of a specific mode with a frequency f at the station x. The envelope curve is given by,

N max (x) = max f (N(x, f )) (6) 
Figure 3: N-factor curves evaluated by the linear stability analysis for frequencies from 70 to 250 kHz.

The results of the linear stability analysis are presented in the form of N-factor curves, which are displayed in Fig. 3. The results indicate that the boundary layer has unstable frequencies that span a range of 250 kHz near the DNS computational domain inlet and 70 kHz towards the outlet. These modes are associated to the Mack's second mode instability with frequencies of the same order of magnitude as those observed in the literature. With regards to the first mode, a comment is in order. Wall cooling is known to have a stabilising effect on the first mode and a destabilizing effect on the second mode. At Mach=6 and for the cold wall considered here where T w /T ad = 0.145, stability results showed that the first mode played an insignificant role on the perturbation growth compared to the second mode. For that reason, the ongoing discussion will only revolve around the Mack's second mode. The relatively low N-factors values obtained at the outlet of the domain ensure that no laminar-turbulent transition will occur within the computational domain, and therefore that our laminar DNS are relevant.

DIRECT NUMERICAL SIMULATION RESULTS

Steady simulation

The first step in the DNS process is to run two unperturbed simulations with JAGUAR to obtain a steady-state solution of the laminar HBL developing over a solid and a porous wall modeled with the TDIBC. These two solutions are then compared with the base flow computation resulting from the second-order finite volume simulation with CEDRE. As shown in Fig. 4, an excellent matching is observed between the streamwise velocity and temperature profiles extracted with both codes. Also, a quasiperfect match is obtained for the DNS in the case of the solid and the TDIBC wall. This highlights the passivity of the TDIBC on the steady-state, i.e. the porous wall has no influence on the mean flow profile. 

Harmonic excitation

The aim here is to reproduce and analyze the linear amplification of disturbances in the HBL by exciting a single frequency and studying its stabilization through the use of an UAC. Since the present study is focused on the effectiveness of UACs at stabilizing laminar primary instabilities during the early stage of the transition process, it is important to ensure that the disturbance growth is limited to the linear amplification stage within the limits of the computed domain. Starting from the steady-state solution as initial conditions, disturbances are introduced by blowing-suction to excite the unstable modes of the boundary layer. A first parametric study is carried out to examine the impact of the amplitude A f of a permanent harmonic perturbation on the response of the boundary layer. The disturbance frequency f is set to 98kHz, corresponding to the most unstable mode in the computational domain based on LST results. The source amplitudes A f = {0.1, 1, 5, 50} m/s are considered. Fig. 5 shows a comparison of N-factor curves computed by DNS for all four amplitudes and also those found through LST. The total amplification of the 98 kHz frequency is consistent with LST results for amplitudes ranging from 0.1 to 5 m/s. However, in the case of a 50 m/s forcing, a nonlinear saturation of a fundamental harmonic is reached. For the rest of the simulations, the forcing amplitude will be fixed at 0.1 m/s. The wall-normal normalized amplitude disturbance distributions shown in Fig. 6 also exhibit a close similarity with the LST eigenfunctions, thus validating the DNS computations performed. The pressure eigenfunctions exhibit the typical Mack's second mode shape characterized by a single zero crossing. These simulations are repeated with the wall modeled as a TDIBC, mimicking the porous coating's acoustic response. Fig. 7 presents the N-factor profiles obtained for perturbations developing over a classic impermeable wall boundary condition and over an UAC (TDIBC). As the disturbances travel over the TDIBC, energy is drawn from the Mack's second mode and its amplitude drops throughout the entire domain below the baseline level obtained on the solid wall. The maximum absorption occurs at the end of the UAC (x = 1.35) and reaches a level of ∆N ≃ 1. It can be seen that the Mack's second mode becomes unstable (when N > 0) slightly later over the UAC than over the solid wall. Furthermore, the results show that the UAC also affects regions where the Mack's second mode is stable. It can be seen on Fig. 8 that the wall-normal perturbation amplitudes are consistent with the eigenfunctions obtained from the LST run with an impedance condition at the wall fixed at the value given by the Fedorov's model at f = 98 kHz. The wall impedance discontinuity at x = 0.25, captured by the DNS only, appears to have a limited effect on the perturbations. Additionally, the history effects produced by the UAC on the development of the Mack's second mode, which are not captured by the LST, have no significant impact in the present case contrary to what was observed in [START_REF] Fiévet | Numerical analysis of porous coatings stabilizing capabilities on hypersonic boundary-layer transition[END_REF]. 

Broadband excitation

For the results presented in this section, the perturbations are introduced at the same slit location as previously done but in the form of a Gaussian wave packet. The broadband pulse excitation triggers a broad range of temporal scales within the HBL, and therefore excites several unstable modes of the boundary layer simultaneously. Fig. 9 shows the frequency content of the energy distribution of the applied pulse by means of a single-sided amplitude spectrum. The frequency content is centered at f = 98 kHz, with the parameter a (Eq. 4) set to 5 • 10 10 s -2 to ensure the disturbance contains energy at unstable frequencies ranging from 70 to 250 kHz. As in the case of a harmonic excitation, the comparison between disturbance advection over a solid wall and over a porous wall is made. Fig. 14 displays the wall pressure perturbation time series scaled by the peak value at various streamwise positions in the case of a solid wall (blue) and UAC (red). The values of the pressure peak at each spatial location is given in the legend. As the wave packet is advected downstream, its amplitude increases and its frequency content appears to change. Indeed, the wave packet starts to extend its back and the tendency continues as the wave packet travels downstream, highlighting the dispersive properties of the boundary layer. It is worth to note that the figure shows pressure perturbation time-series thus the back of the wave packet visually corresponds to the right of the signal. According to the LST results, higher-frequency modes experience growth earlier (Fig. 3). This is an indication that the slower-propagating frequencies correspond to the highfrequency components, whereas the faster-propagating frequencies are the lower-frequency ones. This observation is consistent with the findings reported by Fiévet et al. [START_REF] Fiévet | Numerical analysis of porous coatings stabilizing capabilities on hypersonic boundary-layer transition[END_REF]. Furthermore, the UAC demonstrates again its ability to absorb the acoustic energy of Mack's second mode. However, it seems to absorb preferentially the frequencies located at the back of the wave packet, i.e. the high frequencies. The Fourier-mode amplitude spectra are provided in Fig. 10 for the case of a solid wall and in Fig. 11 for the UAC. For comparison, the frequency that results in the maximum N-factor according to LST is referred as f (N max,LST ). The spatial evolution of the frequency corresponding to the peak with maximum disturbance energy is in agreement with the results from the LST: the frequency of the Mack's second mode decreases as the boundary layer thickens. From this data, the difference in N-factor between the two simulated cases (solid wall and UAC) can be calculated. Fig. 12 presents the ∆N-factor of each frequency component values along the streamwise direction. The absorbed energy is located at the unstable Mack's second mode frequencies. The results also show that the higher frequencies are more absorbed by the porous coating than the lower frequencies, confirming the earlier observation and suggesting that the porous coating has a greater effect on the high-frequency modes. At the end of the UAC, a maximum of absorption ∆N ≃ 3.5 is reached for a frequency of 117 kHz. Additionally, as for a harmonic excitation, it is observed that a ∆N value of approximately 1 is achieved for a frequency of 98kHz at the end of the UAC. 

Optimization process

The absorption of the Mack's second mode is influenced by the acoustic behavior of the porous coating, which is determined by its macroscopic properties. Therefore, by adjusting the value of these macroscopic parameters, it is possible to optimize the absorptive capability of the UAC. In this study, it is assumed that the coating's pores have a similar shape and spatial distribution as those in the baseline material and the same thickness. Thus, the tortuosity α ∞ , the shape factor s and the thickness h are kept constant and equal to 8, 1.26 and 5 • 10 -3 m, respectively. The design parameters that can be tuned are the material's porosity φ and the pores characteristic size r p . Constraints are imposed on the extreme values that these two parameters can reach. The limit values are set based on the porosity and median pore size ranges found in the reference report [START_REF] Wagner | Passive hypersonic transition control by means of ultrasonically absorptive thermal protection materials (uat)[END_REF], i.e. φ ∈ [0.1; 0.3] and r p ∈ [10; 100] µm. The objective function J to be optimized is taken as the average of the pressure perturbation peak amplitudes along the porous material, which considers the effect of the frequency evolution of the Mack's second mode,

J = 1 x b -x a x b x a max f ( p′ w (x, f )) dx. (7) 
The optimization process begins with an initial porosity value of 0.15 and a median pore size of approximately 22 micrometers, which are based on the C/C material considered previously. With these initial values, the objective function starts at 3.15 • 10 -2 Pa. A maximum budget of 40 evaluations of the objective function is fixed from the beginning. After iterating for that many times, the MADS algorithm reaches an optimized design with an objective function value of 5.73 • 10 -3 Pa. It corresponds to a porosity φ equal to 0.3 and median pore size r p equal to 100 micrometers, resulting in an absorption of the Mack's second mode that is about 7 times higher than in the baseline material. Fig. 13 provides a comparison of the different objective function evaluations during the optimization process. It confirms that optimizing the porosity and pore size can result in an increased absorption of the Mack's second mode, as demonstrated by the decreasing trend of the objective function. This figure also illustrates the relationship between the objective function and the two parameters that can be tuned. As the porosity increases and the pore size becomes larger, the material's performance in terms of absorption improves. Finally, the figure demonstrates the effectiveness of the MADS method with a refined mesh around the optimal solution that was found. The comparison of wall pressure time signals at various streamwise locations over a solid wall, the baseline and the optimized UAC is displayed in Fig. 14. The wall pressure signals are represented by blue, red and green lines, respectively. The optimized material is able to absorb more high frequency energy, leading to a substantial reduction in pressure amplitude at the back of the wave packet compared to the baseline UAC. Fig. 15 shows the Fourier-mode amplitude spectra of the wall pressure perturbation signals and Fig. 16 the associated ∆N-factor. At the end of the UAC, the maximum attenuation is reached for the 111 kHz frequency with a ∆N value of 7.3. Although this study produced encouraging findings, it is relevant to mention that it did not account for certain potential downsides, such as increased porosity and pore size causing wall degradation by introducing surface defects and wall roughness. These induced surface roughness could negatively impact the receptivity process and the growth of the Mack's second mode, and as such it may be necessary to consider a multi-objective optimization accounting for these effects in future research. 

CONCLUSION

In this study, numerical investigations were carried out to examine the stabilizing effects of porous coatings on the Mack's second mode in a hypersonic boundary layer over a flat plate. The study used a high-fidelity unsteady simulation covering a wide range of space-time scales in order to accurately capture the impact of the instability dynamics and the broadband acoustic response of an UAC. The effect of the acoustically absorptive surfaces on the flow was modeled using a time-domain impedance boundary condition. The impedance of random-microstructure metasurfaces was modeled using an analytical law based on the macroscopic physical parameters, resulting in a realistic representation of the influence of the metasurface structure on the acoustic response. The aim was to as- sess the effectiveness of the material in controlling the Mack's second mode in the boundary layer. The results showed that the C/C material was capable of reducing the amplitude of the wave packet, but further optimization was necessary to increase its absorptive properties. The MADS optimization algorithm was then used to find an optimal design, which showed an objective function reduction by a factor of 7 compared to the initial C/C material. While the results demonstrate the potential of using UACs for controlling the Mack's second mode in hypersonic boundary layers, it is important to note that negative effects such as wall degradation and induced roughnesses are not accounted in this study. Future research will focus on investigating the impact of acoustically absorptive materials on more complex geometries, such as a three-dimensional cone sector.

  for the C/C material, i.e. φ = 0.15, σ = 25.7 MPa.s/m 2 , h = 5 • 10 -3 m, α ∞ = 8 and s = 1.26. Please note that Fedorov's model here uses a time dependence of the form exp(iωt).
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 1 Figure 1: Predicted reflection coefficient β of the C/C material and the optimized UAC at a base pressure of 10.2 kPa.
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 2 Figure 2: Configuration of the direct numerical simulation with blowing/suction source term.

Figure 4 :

 4 Figure 4: Streamwise velocity and temperature profiles from the unperturbed DNS and the precursor solution at x = 1.35.
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 5 Figure 5: N-factor curves obtained by DNS for various source amplitudes A f and the N-factor curve obtained by LST (harmonic excitation at f = 98 kHz).
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 6 Figure 6: Wall-normal perturbation amplitudes over a solid wall from the DNS and corresponding eigenfunctions found by LST at x = 1.35 (harmonic excitation at f = 98 kHz).
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 7 Figure 7: N-factor curves for a solid wall and the UAC (harmonic excitation at f = 98 kHz). The dashed vertical lines show the limits of the TDIBC wall
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 8 Figure 8: Wall-normal perturbation amplitudes over an UAC from the DNS and corresponding eigenfunctions found by LST at x = 1.35 (harmonic excitation at f = 98 kHz).
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 9 Figure 9: Single-sided amplitude spectrum of the blowing/suction source term for the broadband excitation.
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 10 Figure 10: Contours of Fourier-mode amplitude as a function of frequency and space over a solid wall.
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 11 Figure 11: Contours of Fourier-mode amplitude as a function of frequency and space over the UAC.
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 12 Figure 12: Contours of ∆N-factor as a function of frequency and space.
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 13 Figure 13: Progress of the objective function in the design space.
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 14 Figure 14: Wall pressure time signals at various streamwise locations over a solid wall (blue), UAC (red) and the optimized UAC (green).
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 15 Figure 15: Contours of Fourier-mode amplitude as a function of frequency and space over the optimized UAC.
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 16 Figure 16: Contours of ∆N-factor as a function of frequency and space.
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