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ABSTRACT
A unique method for the reduction in flow-induced trailing edge noise scattering for a semi-infinite
thin plate is proposed by utilizing short flexible panels mounted on the surface of the plate. The
proposed configuration differs from conventional cantilevered elastic trailing edges due to the
limitations of their structural integrity and applicability. The key idea is to design short panels
that vibrate in structural resonance under the fluid loading for absorbing the energy from the flow
to sustain their vibration. A time-domain direct aeroacoustic simulation coupled with structural
dynamics is carried out at a low Reynolds number of 50,000 to explore the aeroacoustic-structural
interactions. The effectiveness of noise reduction of the designed configuration is analyzed by
comprehensive aeroacoustic analysis where a significant noise reduction is observed for the plate
mounted with three flexible panels without any adverse effects on the plate aerodynamics. The
structural analysis shows a systematic vibration pattern for all the panels which clearly indicates the
presence of complex fluid-structural interaction under resonance conditions. Design strategy of the
proposed configuration along with its limitations are also discussed.

1. INTRODUCTION
Trailing edge scattering noise is a significant aerodynamic noise source in practical engineering
applications, such as aircraft wings, turbine blades, airframe, and rotors [1–4]. The generation
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of trailing edge noise typically involves the interaction between flow turbulence and a geometric
discontinuity, leading to unsteady flow that creates surface pressure fluctuations. These fluctuations
are scattered and propagated to the far field as trailing edge noise [5].

Due to the importance of this issue, which restricts the operational capabilities of various
aerodynamic devices, researchers have proposed and developed different methods to suppress trailing
edge noise [6–8]. Bae et al. [9] conducted numerical investigations on a flat plate with an elastic
cantilever end at a low Reynolds number (Re) and observed both noise reduction and amplification
at the natural frequency of the elastic trailing edge. Nardini et al. [10] also performed a numerical
study on a similar configuration with external excitation and observed noise reduction or amplification
depending on the relative phase and amplitude of the incident flow field and structural motion. The
impact of a cantilevered poroelastic plate on noise scattering has also been extensively studied,
demonstrating some noise reduction across a range of frequencies [11]. Recently, Kolb and Schaefer
[12] examined the aerodynamic and acoustic effects of fully membrane airfoils/plates. While the
existing methods have achieved varying degrees of noise reduction under specific flow conditions,
they are limited by certain structural constraints. Specifically, flexible trailing edges or fully elastic
plates raise concerns about overall structural integrity, as the flexible plate may experience aeroelastic
divergence or flutter [13]. These undesirable phenomena not only result in noise amplification but
also jeopardize the system’s overall aerodynamic performance and safety. Therefore, the practical
application of existing noise control methods in real-world environments remains a challenging issue.

In this study, we propose a unique method to reduce trailing edge noise without the limitations
of increased drag or aeroelastic flutter. The method involves the design of a structural compliance
system with a finite number of elastic panels. Unlike concepts that involve a cantilever edge, the
design preserves the structural integrity of the original trailing edge. Furthermore, the structural
properties of the panels are set to align with the fluid-loaded natural frequencies which enable the
panels to resonate structurally when exposed to incoming acoustic excitation.

2. PROBLEM SETUP AND NUMERICAL METHODOLOGY
The problem’s physical arrangement aligns with Category 4 Problem 2 as presented in the Fourth
Computational Aeroacoustics (CAA) Workshop on Benchmark Problems [14]. This setup is
commonly used in various investigations focusing on trailing edge noise [9]. We consider flow over
a semi-infinite thin rigid splitter plate with its trailing edge at the origin in two dimensions (Figure
1. The flow has a freestream Mach number M = 0.2 with a Reynolds number based on boundary
layer momentum thickness θ as Reθ = 530. The thin splitter plate has a blunt end and a width of
h/θ = 0.208 which avoids any self-noise generation by trailing edge bluntness.

The proposed idea introduces embedded structural compliance, which involves replacement of
multiple segments of plate with elastic panels. This modification aims to suppress noise scattering
from the trailing edge of the plate. The length of all the elastic panels, denoted as L, is deliberately
chosen to be very small (∼90θ) as such short length is shorter than the dominant wavelength of
convective flow fluctuations in the baseline flow, denoted as λconv (approximately 135θ). This
ensures that the flow-induced vibration of any short panel does not act as an additional acoustic
source, radiating energy to the far-field as confirmed by a recent study on the use of flow-induced
vibrating panels for airfoil tonal noise suppression [7]. The compliance system, which encompasses
the conceptual design, consists of three panels separated by 0.1L and positioned at a distance of
0.3L from the trailing edge. Each panel’s edges are rigidly clamped. The panels are arranged with
fluid-loaded panel resonant frequencies increasing (Config A) / decreasing (Config B) along the
mean flow direction.

All the variables are considered in their dimensionless forms taking freestream flow properties
(velocity Û∞, density ρ∞, and temperature T∞) and panel length L̂ as reference, where the symbols
with hat (^) denote their dimensional quantities. As such, the Reynolds number ReL of the freestream
is 5× 104. In the present study, we adopt the direct aeroacoustics (DAS) approach for its capability of
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resolving the inherent coupling between the unsteady aerodynamic and acoustic solutions with high
accuracy. The problem is modeled by compressible Navier-Stokes (N-S) equations and the equation
of state which govern all relevant aeroacoustic behaviors. The two-dimensional N-S equations can be
written in strong conservative form as,

∂U
∂t
+
∂ (F − Fv)
∂x

+
∂ (G − Gv)
∂y

= 0, (1)

where U = [ρ ρu ρv ρE]T , F = [ρu ρu2+p ρuv (ρE+p)u]T , Fv = (1/Re)[0 τxx τxy τxxu+
τxyv− qx]T , G = [ρv ρuv ρv2 + p (ρE + p)v]T and Gv = (1/Re)[0 τxy τyy τxyu+ τyyv− qy]T

are the flow flux conservation variables, ρ is the density of fluid, u and v are the velocities in x and y
direction respectively, τxx, τxy, and τyy are the normal and shear stresses, qx and qy are the heat fluxes.
The total energy and pressure are calculated by E = p/ρ(γ − 1) + (u2 + v2)/2, p = ρT/γM2. The
non-dimensional time and frequency are defined by t = t̂Û∞/ĉ and f = f̂ ĉ/Û∞ respectively.

To solve the unsteady N-S equations, the conservation element and solution element (CE/SE)
method is adopted. Details of its formulation and implementation are referred to [15]. The method
has been successfully applied to analyze the complex aeroacoustic interactions at both external and
internal subsonic flow problems [7, 16].

The computational domain is discretized into a structured mesh composed of 3200 x 1000
mesh elements. The mesh sizes around the plate trailing edge are carefully chosen to give minimum
spacings of ∆x = 2 × 10−4 and ∆y = 1.4 × 10−4 respectively so as to ensure there are at least 14
mesh elements across the plate thickness. The mesh is smoothly stretched in the x and y directions
away from the plate to save computational cost. In the application of the CE/SE scheme, a quadrangle
mesh element is split into four triangles using diagonal cross divisions [15]. Hence a total mesh size of
1.4×107 elements is generated to accurately resolve the flow fluctuations propagating in the proximity
to the plate and acoustic propagation to the far-field. Both sliding and no-slip boundary conditions
are applied to the top and bottom surfaces of all plates. The transition point between these conditions
is set in a way that allows the naturally developing boundary layer to achieve a prescribed Reθ value
of 530 at the plate’s edge. Except for the inlet, buffer zones with exponentially stretching meshes are
added to all open boundaries of the physical domain. These buffer zones are terminated with non-
reflecting boundary conditions, as this approach effectively suppresses the propagation of erroneous
numerical waves towards the interior of the domain. [17]. The time-marching process for solving
Eq. 1 starts by using the steady solution to the compressible boundary layer equations. This steady
solution has zero pressure gradient on both sides of the splitter plate. A time step size of ∆t = 1×10−5

is employed, and the time evolution is carried out for a non-dimensional time duration of t = 100.
The resulting time-stationary solution is considered as the baseline flow for further analysis.

To stimulate the natural flow instabilities within the laminar boundary layer, a weak broadband
excitation is introduced to the solution. This excitation primarily aims to trigger scattering of the
instabilities at the trailing edge of the flat plate, generating acoustic waves. The excitation is modeled

as a monopole at (x, y) = (−3.9, 0.02) with fluctuating pressure defined as p′inc = pA

50P
k=1

sin(2πt fexc,k +

ϕk), where pA = 10−5. The excitation frequencies cover 1.5 ≤ fexc,k ≤ 5 with random phases ϕk.
Such choice allows at least one wavelength of scattered noise at the lowest excitation frequency can
be captured yet the shortest excitation wavelength can be accurately resolved by the mesh.

The nonlinear dynamic response of an elastic panel is modeled by solving the one-dimensional
plate equation to its simplest approximation [18]. The governing equation for panel displacement,
normalized by aforementioned flow reference variables, can be written as,

S P
∂4w
∂x4 − (TP + NP)

∂2w
∂x2 + ρPhP

∂2w
∂t2 +CP

∂w
∂t
+ KPw = pex (2)

where w is the panel displacement from its undisturbed position, S P is the panel bending stiffness,
TP is the external tensile stress in tangential direction, hP is thickness of panel, NP is the internal
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tensile stress in the tangential direction, CP is the structural damping coefficient of the panel, KP is
the stiffness of the foundation supporting the panel and pex is the net pressure acting across panel
surfaces [7]. The nonlinear coupling between aeroacoustic fluctuation and panel structural dynamics
is resolved with a monolithic scheme [19].

Figure 1: Schematic sketch of the computational domain.

An essential condition for the proposed concept is to carefully select the structural properties
of the panels, including density, thickness, and external tension. These properties must be chosen in
such a way that the natural frequencies of the panels, when subjected to fluid loading, align with the
frequencies of the incident and scattered noise as well as flow fluctuations. The normalized frequency
of the nth vibration mode of a panel can be estimated using formulas provided in previous studies [20].

( fP)n =
n

2LP

s
TP

ρPhP

,s
1 +

LP

πnρPhP
. (3)

where LP is the length of panel. In the present study the three elastic panels P1, P3 and P2 are set
to give flow-induced structural resonance respectively at the lowest frequency f = 1.5, the highest
frequency f = 5.0, and their arithmetic mean ( f = 3.25) of the excitation. Details of panel properties
are presented in Table 1.

Table 1: Designed panel parameters.

Panel Coverage (x-direction)

Config A / Config B

Material Density

ρP

Resonant frequency

fP

Resonant mode

n

P1 -3.5 to -2.5 / -1.3 to -0.3 Stainless Steel 6367.34 1.5 2

P2 -2.4 to -1.4 / -2.4 to -1.4 Carbon Fiber 2212.24 3.25 3

P3 -1.3 to -0.3 / -3.5 to -2.5 Silicon Rubber 833.45 5.0 3
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3. RESULTS AND DISCUSSION

3.1. Near Field Analysis
Figure 2 presents a comparison of the streamwise distributions of scattered pressure fluctuations

observed on the upper surface of the splitter plate. To obtain these distributions, we subject the
temporal flow pressure fluctuations recorded at various locations along the plate surface to Fast
Fourier Transform (FFT). This process allows us to extract their spectral amplitudes, characteristic
frequencies, and their distribution along the streamwise direction. The spectra shown in the figure are
calculated over a duration of t = 10, using a high sampling frequency of 1 × 105.

From Figure 2, it becomes apparent that each panel not only resonates to absorb flow energy
at its designed frequency but also absorbs energy at other frequencies as well. The combined effects
of all the panels contribute to the effective suppression of broadband flow instability. For Config
A, we observe a noticeable reduction in boundary layer instability at each designed panel frequency
compared to the rigid plate solution. Figure 2(a) demonstrates a sharp suppression of boundary layer
instability over panel P1 at f = 1.5, resulting from the flow-induced resonance of the panel. Although
relatively weaker, the subsequent suppression by two downstream panels can be observed over panel
P2 at f = 3.25 and over panel P3 at f = 5. As a result, an effective overall suppression of flow
scattering at the trailing edge is achieved for Config A. Interestingly, when the arrangement of panel
installation is reversed (Config B), the overall suppression becomes less effective.

Figure 2: (a)-(c) Streamwise distributions of scattered pressure fluctuation magnitudes on splitter
plate upper surface. The shaded areas indicate the coverage of panels. , Rigid plate; ,
Config A; , Config B.

Figure 3 shows that the scattering suppression effectiveness is significantly higher for Config
A, with an overall reduction in the magnitude of p′ (pressure fluctuations) of approximately 65%
compared to approximately 52% for Config B. This difference can be attributed to the varying extent
of continuous reduction at panel resonant frequencies in the two systems (Figures 3(a)-(c)). These
observations indicate that a compliance system with panels embedded with increasing resonance
frequencies is more effective in noise suppression than its other counterpart.

3.2. Acoustic Analysis
We now examine the impact of the embedded compliance systems on the scattering of trailing

edge noise. To evaluate the extent of noise suppression, we analyze the azimuthal distribution p′rms
at a radius of r = 3 from the trailing edge of the plate. Figure 4 present the p′rms distribution for
both compliance systems along with their comparison with rigid splitter plate. It is evident that the
reduction in p′rms above the splitter plate is significantly higher than below. In both configurations,
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Figure 3: (a)-(c) Relative deviation in fluctuation amplitudes to the case of rigid plate. The shaded
areas indicate the coverage of panels. , Rigid plate; , Config A; , Config B.

the maximum reduction occurs within the sector 60o ≤ θ ≤ 120o. For both configurations, a similar
azimuthal distribution is observed, but with weaker in p′rms for Config B as compared to Config A.

Figure 4: Azimuthal distribution of p′rms at a radius of r = 3 from the trailing edge of the plate. ,
Rigid plate; , Config A; , Config B.

Figures 5(a) and (b) illustrate the acoustic spectra recorded just above and below the trailing
edge, clearly demonstrating the suppression of noise scattering. Config A shows a relatively uniform
sound pressure level S PL reduction of 10 dB across the entire frequency range of interest. On the
other hand, Config B exhibits lower reduction, particularly at low to mid frequencies, resulting in a
lower overall reduction. These observations support the notion that the compliance systems effectively
absorb the energy of flow instabilities before scattering occurs at the trailing edge of the splitter plate.

3.3. Panels Vibrational Analysis
To analyze the dynamic behaviors of the panels, we examine the spatio-temporal evolution

of the panel displacements (Figures 6(a) and (b)). In each case, the time-stationary solution is
captured and analyzed in a time-synchronized manner. The spatio-temporal variations of the panel
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Figure 5: (a) and (b), Acoustic pressure spectra captured at (x, y) = (0, 3) and (x, y) = (0,−3)
respectively. , Rigid plate; , Config A; , Config B.

displacements (w) for Config A indicate that all panels are able to sustain their designed resonant
modes around w = 0, and their corresponding standing wave patterns on the panels are evident (Figure
6(a)). Panel P1 exhibits a more regular standing wave pattern compared to P2 and P3, suggesting
a more coherent energy transfer from flow fluctuations that sustains its vibration over the longer
resonant wavelength of P1. The low displacement amplitudes of the panels indicate that the mean
flow characteristics remain unaffected by panel dynamics.

In contrast, the panel responses of Config B differ from Config A (Figure 6(b)). The
upstream panel (P3) is unable to vibrate in its designed resonant mode, and the same applies to
the two downstream panels. Panel P3 vibrates with a maximum displacement comparable to the
boundary layer thickness. This may lead to distortion of the mean flow characteristics, potentially
adversely affecting the flow-panel coupling of P2 and P1 downstream. Consequently, the maximum
displacements of P2 and P1 are at least one order of magnitude weaker than P3.

Figure 6: Spatio-temporal evolution of panel center vibration. (a) Config A and (b) Config B.

4. CONCLUSIONS
A unique method for the reduction in flow-induced trailing edge noise scattering for a

semi-infinite thin plate is proposed by utilizing short flexible panels mounted on the surface of the
plate. The proposed concept involves the incorporation of a compliance system consisting of three
rigidly clamped elastic panels. This compliance system aims to absorb the energy of incident flow
fluctuations by utilizing the panel’s structural resonance, achieved by matching the fluid-loaded
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panel’s natural frequencies with the frequency range of interest for noise reduction. The feasibility
of the concept is investigated through high-fidelity direct aeroacoustic simulations, coupled with
spatio-temporal analysis of aeroacoustic-structural interactions. The structural analysis shows a
systematic vibration pattern for all the panels which clearly indicates the presence of complex
fluid-structural interaction under resonance conditions.
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