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On the impact of the orifice shape in acoustic liner attenuation
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This work investigates the influence of orifice-edge geometry on the aeroacoustic performance
of perforated acoustic liners exposed to turbulent grazing flow. Two liner geometries are
compared. They differ only for the shape of the facesheet orifices. One has sharp edge orifices,
while the other chamfered edge orifices. The internal diameter, the facesheet thickness and
the cavity depth is the same. High-fidelity lattice-Boltzmann very-large-eddy simulations
are performed and compared with experimental measurements to assess both the acoustic
response and the underlying flow physics. Impedance eduction reveals that the sharp-edged liner
exhibits up to 50% higher acoustic resistance over the investigated frequency range, whereas the
reactance remains broadly similar, apart from a shift in resonance frequency from approximately
1.7 to 1.9 kHz. Flow-field analysis indicates that the chamfered geometry promotes stronger
momentum exchange and weaker shear layers strength above the orifices, effectively behaving
as a more permeable surface. These findings show that small manufacturing-scale variations in
orifice-edge shape can significantly alter both the aerodynamic development and the acoustic
attenuation of liners under grazing flow, highlighting the need to account for edge geometry in
liner design and predictive modeling.

Symbols and Acronyms

𝑍 = Impedance
𝜃 = Resistance
𝜒 = Reactance
𝐿 = Length of the liner
𝑙 = Width of each square cavity
𝜏 = Face-sheet thickness
𝜔𝑝 = Partition wall thickness
𝑑 = Orifice diameter
𝜆 = Cavity depth
𝑓 = Frequency
SPL = Sound Pressure Level
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𝑀 = Mach number
𝐶 𝑓 = Skin-friction coefficient
ˆ = Acoustic-induced quantities

I. Introduction

Acoustic liners are essential for mitigating both tonal and broadband fan noise in modern turbofan engines [1, 2],
a requirement driven by increasingly stringent international noise standards and public demand for quieter air travel.

Traditional liners combine a perforated facesheet, a honeycomb core, and a rigid backing plate, forming a resonant
system designed primarily to target the fan blade passage frequency [2].

The operational principle relies on the classical Helmholtz resonator mechanism, wherein the combined mass of the
air in the orifices and the compliance of the underlying cavity create a resonant acoustic absorber [3]. In the absence of
grazing flow, acoustic energy dissipation mainly occurs through viscous and thermal losses within the necks, as well as
vortex shedding at the perforation edges [4–7]. A key parameter used to characterise liner attenuation is the acoustic
impedance 𝑍 (𝜔), defined in the complex domain as the ratio of the acoustic pressure 𝑝 (such that 𝑝(x, 𝑡) = ℜ(𝑝 𝑒𝑖𝜔𝑡 )),
and the acoustic particle velocity 𝑣̂. The real part of 𝑍 is termed the resistance (𝜃), while the imaginary part is the
reactance (𝜒). Acoustic impedance is a function of frequency, sound pressure level (SPL), and it depends on the detailed
geometry of the liner, including orifice shape, diameter, facesheet thickness and cavity depth [8]. Both experimental
and numerical investigations have demonstrated that variations in these geometric features modify the liner impedance
and the resulting acoustic waves attenuation [9–11]. Advances in acoustic liner design have focused extensively on
optimising orifice shape and distribution to increase broadband absorption, particularly under high SPL representative
of engine conditions [2]. While most prior studies address liners in quiescent or uniform flow conditions, the presence
of a turbulent grazing flow introduces additional complexity. Grazing flow affects the effective acoustic impedance of
liners by causing a blockage effect over the orifice, thus changing the energy dissipation and the acoustic response of the
liner [12, 13].

Recently, Paduano et al. [13] demonstrated through high-fidelity simulations that an acoustic liner subjected to
acoustic waves modifies the mean flow profile above cavity orifices and consequently affects the local acoustic fields
within. These flow modifications are mainly caused by the presence of orifices and by the interaction between acoustic
wave propagation and the turbulent flow, spatially influencing liner absorption characteristics. The spatial development
of the turbulent grazing flow and acoustic wave directionality further complicates this interaction [13]. However, the
impact of the orifice geometry on the turbulent grazing flow and on the liner performance remains only partially
understood. In particular, there is limited insight into how small variations in the orifice edge profile affect the coupled
hydrodynamic and acoustic fields. This issue is of practical importance, as such variations are often comparable to
those introduced by manufacturing tolerances, deburring processes, or surface finishing techniques. Geometric details
that are typically considered negligible may in fact influence the effective impedance, the shear-layer development above
the perforations, and the acoustic attenuation [14].

The present work addresses this gap by systematically investigating the influence of orifice edge geometry on both
the aeroacoustic performance and the turbulent flow development of liners under realistic grazing-flow conditions. Two
configurations are considered, differing only in the orifice edge shape—sharp-edged and chamfered—while retaining
the same internal diameter, facesheet thickness, and cavity depth. This controlled comparison makes it possible to
isolate the effect of manufacturing-scale geometric variations and to relate them directly to both the acoustic response
and the underlying flow topology. By combining high-fidelity simulations with experimental results, the study aims to
improve the physical understanding of the mechanisms governing liner performance and to provide guidance for the
design of more effective noise-reduction devices.

The remainder of the paper is organised as follows. Section II describes the numerical methodology, Section III
presents the impedance eduction approach, Section IV discusses the results, and Section V summarises the main
conclusions.
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II. Computational method

A. Flow solver
The commercial solver 3DS Simulia PowerFLOW© (version 6) is employed. It is based on the Lattice Boltzmann

Method (LBM), which describes the fluid at a mesoscopic level through particle distribution functions whose moments
recover macroscopic quantities such as density and velocity [15].

In LBM, the evolution of the particle distribution function g follows a discretised form of the Boltzmann equation,
where particle streaming and collisions are solved on a Cartesian lattice. The Bhatnagar–Gross–Krook (BGK)
approximation is used for the collision operator:

Ω(𝑔) = −1
𝜏
(𝑔 − 𝑔𝑒𝑞), (1)

where 𝜏 is the relaxation time and 𝑔𝑒𝑞 is the equilibrium distribution. The D3Q19 lattice scheme is adopted [16].
Macroscopic quantities are obtained as moments of the distribution functions:

𝜌 =
∑︁
𝑖

𝑔𝑖 , 𝜌u =
∑︁
𝑖

𝝃𝒊𝑔𝑖 . (2)

Turbulence is modelled using a Very Large Eddy Simulation (VLES) approach, in which only the largest scales are
resolved. Sub-grid effects are accounted for through a modified relaxation time:

𝜏eff = 𝜏 + 𝐶𝜇

𝑘2/𝜖
(1 + 𝜂2)1/2 , (3)

based on the RNG 𝑘–𝜖 model [17]. In this framework, the turbulence model acts by adjusting the local relaxation
properties of the kinetic equation, rather than directly providing Reynolds stresses as in RANS formulations.

Near-wall effects are treated using a pressure-gradient-enhanced wall model (PGE-WM) [18], which modifies the
classical law of the wall:

𝑢+ =
1
𝜅

ln
(
𝑦+

𝐴

)
+ 𝐵, (4)

where 𝐴 accounts for the local pressure gradient. This correction captures the modification of the velocity profile due to
adverse or favourable pressure gradients.

B. Computational Setup
The computational domain is shown in Figure 1, with coordinate axes defined as 𝑥 (streamwise), 𝑦 (wall-normal),

and 𝑧 (spanwise). Velocity components are denoted as𝑈,𝑉,𝑊 for time-averaged and 𝑢, 𝑣, 𝑤 for instantaneous velocities,
with fluctuations defined as 𝑢′ = 𝑢 −𝑈, and similarly for 𝑣′ and 𝑤′.

The acoustic liner is positioned along the centre of the top wall of a rectangular duct. Two liner geometries are
considered: one with sharp-edged orifices and one with chamfered edges, as illustrated in Figure 1 (c, d). The two
configurations differ only in the orifice edge profile, which results in different effective diameters at the grazing-flow
interface, equal to 𝑑 = 1.00 mm and 𝑑 = 1.20 mm, respectively, while maintaining the same internal diameter
𝐷 = 1.00 mm. These variations are representative of realistic manufacturing tolerances, such as those arising from
additive manufacturing processes. In particular, while the internal diameter is preserved, modifications to the orifice
edge shape alter the effective opening perceived by the grazing flow. As a result, although the nominal porosity
based on the internal diameter remains constant at 4.00%, the porosity perceived by the grazing flow is higher for
the chamfered configuration, reaching approximately 5.86%. Apart from these differences in edge shaping, all other
geometric parameters are identical. Each cavity measures 𝑙 = 12.46 mm in width and 𝜆 = 38.10 mm in depth. Each
cavity contains eight orifices (see Figure 1e), partition walls of thickness 𝑤𝑝 = 2.53 mm, and a facesheet of thickness
𝜏 = 0.64 mm. The channel cross-section has a height 𝐻 = 40.00 mm and a width of 𝑙 + 𝑤𝑝 .

Upstream of the liner, a zig-zag trip, 0.24 mm in height and 2.00 mm in length, was installed on both the top and
bottom walls at 𝑥 = −1599.00 mm to replicate the experimentally measured velocity profile [19]. To prevent acoustic
reflections at the duct outlet, sponge regions were introduced in which viscosity was progressively increased by a factor
of 100, as shown in Figure 1 (a). All duct walls are adiabatic. At the inlet, a uniform velocity corresponding to Mach
0.3 was imposed, leading to a centerline velocity of 𝑈0 = 110 m/s in the lined section. A pressure boundary condition
was set at the outlet.
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Fig. 1 Sketch of the numerical setup (a) 3D geometry, (b) 2D cross-plane of the acoustic liner, (c, d) sketch of the
edge shapes of the two geometries tested, (e) facesheet detail of the liners.

The present simulations have been compared with experiments conducted on the same liner geometries at the Federal
University of Santa Catarina (UFSC) and will be presented in a companion paper at this conference. The computational
domain replicates the main features of the UFSC Liner Test Rig used in the experiments. The numerical model employs
a single row of 22 cavities, compared to the experimental 8 × 18 cavity layout, but maintains an identical orifice count
per cavity and equivalent porosity. Periodic boundary conditions are applied laterally, in contrast to the experimental
rectangular duct (100 × 40 mm2), a modelling choice previously shown to have negligible impact on the predicted
acoustic response [13, 20].

C. Mesh and simulation strategy
A Variable Resolution (VR) mesh was utilised, symmetric about the channel centerline. The finest grid level

(VR=7) covered the facesheet, orifices, and portions of the cavity backing, employing a minimum cell size of
Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.02𝑑—corresponding to approximately 50 cells across the orifice diameter. This mesh density was
selected based on prior sensitivity studies, which demonstrated that further refinement yields negligible impact on the
simulated results [13].

Simulations were executed in two phases. First, flow-only calculations were performed under grazing flow conditions
until statistical convergence was reached. The convergence was assessed in terms of the mean velocity profiles and
second-order statistics at the beginning of the lined section. Subsequently, plane acoustic waves of prescribed frequency
and amplitude were superimposed on instantaneous flow fields using the OptydB toolkit [21]. In the acoustic simulation,
the pressure field was sampled over a time window sufficient to ensure converged spectral amplitudes at the forcing
frequency.

This two-step approach explicitly accounts for the interaction between acoustic waves and unsteady turbulence
[13, 22], unlike approaches where the acoustic perturbation is linearised around the mean flow solution [12, 23].
Moreover, this methodology captures the inherently nonlinear response of the liner when exposed to a grazing acoustic
wave at 145 dB, since the interaction between the unsteady turbulence and the imposed acoustic field is directly resolved
rather than assumed linear a priori. The main drawback of this approach is the requirement for the computational domain
to be sufficiently long to accommodate at least ten acoustic wavelengths of the lowest frequency of interest. However,
this method significantly reduces computational costs when evaluating multiple configurations, making it an efficient
choice for parametric studies. Moreover, it has already been successfully applied and validated in previous works [13].

In total, twenty-four distinct simulations were conducted, varying wave frequency, SPL, and the location of the
acoustic source (upstream or downstream of the liners) to provide a comprehensive characterisation of liner performance.
For conciseness, the results presented herein focus on cases corresponding to acoustic waves with SPL equal to 130 and
145 dB, three representative frequencies, and an upstream source location.
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Fig. 2 Representation of the acoustic field in the mode matching method and schematic view of the test rig.
Adapted from [26].

III. Impedance Eduction technique

1. Mode Matching method
The Mode Matching (MM) technique is an inverse impedance eduction method in which the liner impedance is

obtained by minimising the discrepancy between the measured acoustic field and an analytical solution. The method
was introduced by Elnady and Bodén [24] and later validated by Elnady et al. [25].

The MM approach requires pressure measurements upstream and downstream of the liner, as sketched in Figure
2. The acoustic field in the hard-wall sections is represented as a modal expansion, with waves propagating both
upstream and downstream. In the present configuration, only plane waves propagate in these sections, since the
investigated frequencies are below the first cut-on frequency. The acoustic sponge layers prevent reflections from the
duct termination; therefore, only the incident and liner-scattered waves are retained in the reconstruction of the acoustic
field. Viscothermal losses are included through a correction of the plane-wave axial wavenumber.

The modal amplitudes are obtained from the pressure measurements by solving an over-determined least-squares
system using eleven microphones in each hard-wall section. These amplitudes are then used as input to the MM model.
Starting from an initial impedance estimate provided by the semi-empirical model of Yu et al. [27], the liner impedance
is iteratively determined using the Levenberg–Marquardt algorithm [28, 29]. The converged value is retained as the
educed liner impedance.

2. In-situ technique
The in-situ technique, also referred to as the Dean’s method, was first proposed by Dean [30]. It provides a point-wise

estimate of the liner impedance from unsteady pressure measurements at the facesheet and at the cavity backplate.
The method assumes that the acoustic wavelength is much larger than the cavity width, that the liner behaves locally
reactively, and that the acoustic waves entering the cavity are reflected at the rigid backplate.

Under these assumptions, the pressure field inside the cavity is described as a standing wave, and the impedance is
obtained from the transfer function between the facesheet and backplate pressure signals. This technique is widely
used for liners under grazing-flow conditions [31, 32]. In contrast to impedance eduction methods, it does not require a
flow-based boundary condition to account for near-wall acoustic–flow interactions. However, its sensitivity to the probe
location has been previously reported [13]. Since the simulations provide pressure data over the entire liner surface, the
minimum, maximum, and mean impedance values across the cavities are also extracted.

IV. Results and Discussion

A. Acoustic behaviour
The comparison between the two geometries begins with the streamwise distribution of the SPL in the channel for

the two facesheet geometries shown in Figure 3. Each profile is normalised by the incident level, to isolate the relative
attenuation across the lined section. At the lowest frequency considered, 𝑓 = 800 Hz (Figure 3(a)), both configurations
display weak attenuation. This limited decay is attributed to the large acoustic wavelength compared with the liner
length, which restricts spatial attenuation within the treated region. As the frequency increases to 1400 Hz (Figure
3(b)) and 2000 Hz (Figure 3(c)) the SPL decreases more rapidly. The chamfered liner exhibits the larger decay at all
frequencies, providing nearly 4 dB of additional attenuation at 2000 Hz compared with the sharp-edged geometry. This
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Fig. 3 Streamwise SPL decay over the liner for both facesheet geometries. (a) 𝑓 = 800 Hz, (b) 𝑓 = 1400 Hz, and
(c) 𝑓 = 2000 Hz. The results are normalised by the incident value, M = 0.3, upstream source.

trend persists across all tested SPL levels, including the lower SPL case (130 dB).

1. Educed impedance
To further quantify the effect of the orifice edge profile on the acoustic properties of the liner, Figure 4 compares the

resistance and reactance obtained using the MM technique for both liner geometries at two SPL levels, 130 dB and
145 dB. Numerical results, experimental measurements, and predictions from the semi-empirical model of Yu et al. [27]
are shown for reference.

In all cases, the resistance exhibits a weak dependence on frequency, while the reactance increases, in agreement
with trends reported in the literature [19, 33]. The close agreement between numerical and experimental results confirms
the ability of the numerical framework to accurately reproduce the frequency-dependent impedance behaviour.

The semi-empirical model, in its original formulation, shows no sensitivity to changes in the orifice edge geometry,
as it does not explicitly account for edge-shape effects [27]. To approximate this effect, the model has been applied using
two different porosity values corresponding to the effective opening perceived by the grazing flow, namely 𝜎 = 4.0%
for the sharp-edged configuration and 𝜎 = 5.86% for the chamfered one, despite the identical internal orifice diameter
in both cases.

For both geometries, the resistance and reactance exhibit only a mild dependence on SPL, consistent with previous
studies [13, 34]. However, a clear and systematic difference is observed between the two configurations: the sharp-
edged geometry consistently exhibits higher resistance across all frequencies and SPLs. In particular, the chamfered
configuration yields approximately 40% lower resistance than the sharp-edged one at 800 Hz, with the difference
increasing to about 50% at 1400 and 2000 Hz.

This reduction in resistance is consistent with a larger effective opening exposed to the grazing flow and with the
weaker shear-layer intensity observed in the flow-field analysis. In contrast, the reactance remains relatively similar
between the two geometries over most of the frequency range, as expected since both configurations share the same
cavity depth [8]. However, a shift in resonance frequency is observed, from approximately 1.7 kHz for the sharp-edged
geometry to 1.9 kHz for the chamfered one. This shift can be attributed to a change in the effective acoustic mass near
the orifice opening, which modifies the end correction [3].

These results indicate that modifications of the orifice edge shape affect both the resistive and reactive components
of the impedance in a way that is analogous to a change in porosity, even though the internal orifice diameter remains
unchanged. This behaviour is further illustrated in Figure 5, which reports the ratio of resistance and reactance between
the two geometries for the case at 145 dB. Predictions from the semi-empirical model are also included using the
adjusted porosity values described above.

With this correction, the semi-empirical model predicts a resistance ratio between the two geometries that is in good
agreement with both numerical and experimental results, indicating that the dominant effect of edge modification on the
resistive component can be captured through an effective change in porosity. In contrast, the reactance ratio remains
close to unity over most of the frequency range, except in the interval between 1700 and 2000 Hz, where differences in
resonance frequency between the two geometries produce an oscillatory behaviour. Although the model reproduces the
general trend of the reactance ratio, it exhibits a systematic shift towards lower frequencies compared to the reference
data.
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Fig. 4 Resistance and reactance obtained from numerical simulations, experiments, and the semi-empirical
model proposed by Yu et al. [27]. (a)–(b) SPL = 130 dB; (c)–(d) SPL = 145 dB, M = 0.3, upstream source.

Fig. 5 Ratio of resistance (a) and reactance (b) between sharp-edged and chamfered geometries for 𝑆𝑃𝐿 = 145 dB,
𝑀 = 0.3, upstream acoustic source.
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Fig. 6 In-situ impedance distribution at 𝑀 = 0.3, 𝑓 = 1400 Hz, and SPL = 130 dB. (a)–(b) Resistance and
(c)–(d) reactance for sharp-edged (left) and chamfered (right) geometries.

Fig. 7 In-situ impedance distribution at 𝑀 = 0.3, 𝑓 = 1400 Hz, and SPL = 145 dB. (a)–(b) Resistance and
(c)–(d) reactance for sharp-edged (left) and chamfered (right) geometries.

This discrepancy highlights that porosity adjustments alone are not sufficient to fully capture the frequency-dependent
behaviour of the impedance. In particular, the reactive component is also governed by geometry-dependent end effects
and by the local flow–acoustic interaction at the orifice, which are not accounted for in the semi-empirical formulation.

This discrepancy highlights that modifying the surface porosity alone is not sufficient to fully capture the frequency-
dependent behaviour of the impedance. In particular, the edge shape also affects the acoustic end correction and
the local flow–acoustic interaction at the orifice entrance, which influence the effective oscillating mass of the fluid
and, consequently, the resonance characteristics [3]. Therefore, while porosity adjustments can account for first-order
changes in resistance, a more complete description of the impedance requires incorporating the detailed geometry and
the associated near-orifice flow dynamics.

2. Local impedance distribution
The impedance maps obtained using the in-situ technique [30] are displayed in Figures 6 and 7. For each cavity, the

impedance was determined from the pressure at the facesheet and the backplate to resolve spatial variations in both
resistance and reactance. Reported mean values (𝜃mean, 𝜒mean) correspond to the average across the entire facesheet.

The in-situ impedance maps confirm the global trends identified by the MM technique, namely a substantially lower
mean resistance for the chamfered configuration, and a weak dependence of impedance on SPL. At 145 dB (Figure 6),
the sharp-edged liner shows a mean resistance approximately twice that of the chamfered configuration (𝜃mean ≈ 1.84 vs.
0.98). The mean reactance, on the other hand, differs only slightly between the two geometries (𝜒mean ≈ −0.52 and
−0.46). The same trends are observed at 130 dB, consistent with the MM results reported in Figure 4.

Beyond these global values, the in-situ maps reveal a distinct spatial organisation within each cavity. In particular,
the resistance exhibits a periodic increase in the streamwise direction, with lower values near the upstream orifice and
higher values toward the downstream side of each cavity. A similar, although less pronounced, pattern is also observed
for the reactance. This behaviour might be caused by the local surface SPL, which depends on the local amplitude of the
acoustic wave and the surface pressure fluctuations altered by the presence of the orifices [13], as it will be described
later. This result explain the high sensitivity of Dean’s method to the facesheet probe location.
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(a) (b)

(c) (d)

Chamfered Sharp

Fig. 8 Mean streamwise velocity in wall units (𝑈+) for the two facesheet geometries changing the SPL value
(𝑆𝑃𝐿 = 130, 145 dB (a, b) at 𝑓 = 1400 Hz) and changing frequency at SPL = 145 dB (c, d). All cases share the
same Mach number equal to 0.3.

B. Flow field over the liner
The variation in acoustic response indicates that the grazing flow interacts differently with the two facesheet

geometries, despite identical internal orifice diameter and cavity parameters. To better understand these differences, the
mean and fluctuating velocity fields are analysed.

Figure 8(a) shows the mean streamwise velocity profiles in wall units at the downstream end of the liner. These
results are compared with a smooth-wall reference case with the same channel geometry and bulk Mach number [13].
The friction velocity is estimated from the streamwise pressure gradient obtained between the inlet and outlet of the
liner section. The wall shear stress is computed as 𝜏𝑤 = −ℎ(𝑑𝑝/𝑑𝑥), and the corresponding skin-friction coefficient is
given by 𝐶 𝑓 = 𝜏𝑤/(1/2𝜌𝑈2

𝑏
), where 𝑈𝑏 is the bulk velocity.

Both configurations exhibit a downward shift of the logarithmic region compared to the smooth-wall case, indicating
an increase in near-wall momentum deficit. This shift increases with SPL and shows only a weak dependence on
frequency. Notably, the chamfered configuration consistently produces a larger downward shift than the sharp-edged one.
Similar behaviour has been reported for liners with different porosities [35], where increased surface permeability leads
to a stronger impact on the grazing flow. To further quantify this effect, the streamwise development of the boundary
layer is analysed by comparing the flow-only case with the acoustically forced case (𝑆𝑃𝐿 = 145 dB, 𝑓 = 1400 Hz), as
shown in Figure 9.

In the absence of acoustic forcing, both geometries exhibit a rapid increase in boundary-layer thickness 𝛿 over the
initial portion of the liner, followed by a gradual approach to a plateau downstream. At the liner exit, the chamfered

9



Fig. 9 Streamwise evolution of the boundary-layer thickness 𝛿 and displacement thickness 𝛿∗, normalised by
upstream smooth-wall values. Cases without acoustic forcing are compared with cases at 𝑆𝑃𝐿 = 145 dB and
𝑓 = 1400 Hz, with an upstream acoustic source. All cases correspond to a Mach number of 𝑀 = 0.3.

configuration shows a boundary-layer thickness approximately 6% larger than that of the sharp-edged case.
When acoustic forcing is introduced, an overall increase in boundary-layer growth is observed for both geometries.

However, the relative difference between the two configurations remains essentially unchanged.
A similar behaviour is observed for the displacement thickness 𝛿∗, which increases along the streamwise direction

and is further enhanced under acoustic forcing. The chamfered geometry consistently exhibits a larger displacement
thickness, with an increase of approximately 5% compared to the sharp-edged case.

These results indicate that the chamfered geometry promotes a stronger exchange of momentum between the cavity
flow and the outer stream, which increases when the acoustic forcing is present, leading to enhanced boundary-layer
displacement thickness growth. This increased flow mixing suggests a higher effective permeability of the facesheet,
despite identical nominal geometric parameters [36, 37].

1. Near-wall organisation and shear-layer dynamics
To explain the physical mechanism underlying the enhanced near-wall velocity deficit, contours of the standard

deviation of the streamwise and wall-normal velocity components for the sixth cavity are shown in Figure 10. These
fields provide insight into the unsteady flow structures developing within and above the liner orifices.

The increase in near-wall momentum deficit observed in Figure 8 can be directly linked to modifications of the
flow topology both inside and above the liner orifices. The presence of the perforated surface enhances streamwise
velocity fluctuations in the near-wall region and generates strong wall-normal fluctuations within the orifices. The
flow predominantly enters the orifice from its downstream side and impinges on the downstream corner, creating a
recirculating structure in the first half as shown by Avallone et al. [21].

At low acoustic forcing (130 dB), these modifications remain relatively weak, and the flow field closely resembles
the unforced case, consistent with the modest changes in the mean velocity profiles. In contrast, at high forcing levels
(145 dB), a marked amplification of both streamwise and wall-normal fluctuations is observed. This behaviour is
associated with periodic ejection and ingestion of fluid through the orifices [36], driven by the acoustic pressure field.
These oscillatory motions enhance the exchange of mass and momentum between the cavity and the grazing flow,
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Fig. 10 Contours of the standard deviation of the streamwise (a, c, e, g, i, m) and wall-normal (b, d, f, h,
l, n) velocity components over the sixth cavity. Chamfered (a, b, e, f, i, l) and sharp-edged (c, d, g, h, m, n)
configurations are compared at different SPLs for 𝑓 = 1.4 kHz and M = 0.3.

intensifying the impingement on the downstream corner and strengthening the local shear layer.
The acoustic-induced motion also alters the near-wall flow downstream of the orifice (see Figures 10(g–h)), promoting

stronger interaction between the inner and outer regions of the turbulent flow. This results in enhanced turbulent mixing
and increased momentum transport away from the wall and increased displacement thickness. Such mechanisms provide
a physical explanation for the observed downward shift of the velocity profiles [38].

A clear dependence on orifice geometry is also observed. The chamfered configuration exhibits more intense and
spatially extended velocity fluctuations compared to the sharp-edged case. This indicates a more effective coupling
between the cavity flow and the outer boundary layer. As a result, the chamfered geometry enhances near-wall mixing and
produces a larger momentum deficit, consistent with the trends observed in the mean velocity profiles and boundary-layer
development.

Overall, these results highlight that the near-wall flow organisation is strongly controlled by the interaction between
acoustic forcing and orifice geometry. The edge shape alters the porosity, which governs the development of the shear
layer and the efficiency of flow exchange through the perforations, thereby playing a key role in both the aerodynamic
and acoustic behaviour of the liner.

Complementary contours of 𝜈( |𝑑𝑈/𝑑𝑦 |)1/2, displayed in Figure 11, further illustrate the local shear intensity
immediately above the first cavity for the cases without acoustic forcing. The sharp-edged geometry produces more
elongated shear layers, whereas the chamfered configuration yields weaker, and more confined shear structures. As the
flow develops downstream, the shear-layer intensity decreases in both cases, but more rapidly for the chamfered liner.

Figure 11(c) reports the streamwise evolution of the mean shear-layer intensity, computed at 𝑦/ℎ = 0 for the first
and second orifice of each cavity in the flow-only case. Both geometries exhibit a decreasing trend along the liner, with
the second orifice consistently showing lower shear intensity than the first. This behaviour can be linked to the flow field
organisation shown in Figure 10: the second orifice is exposed to higher streamwise velocity and stronger wall-normal
fluctuations, which displace the flow away from the wall and reduce the local velocity gradient, thereby weakening
the shear layer. This effect is more pronounced in the chamfered configuration, where enhanced momentum mixing
between the cavity and the outer region amplifies these fluctuations.

These differences directly affect the interaction between the grazing flow and the perforated surface. In particular, the
stronger shear layers associated with the sharp-edged geometry increase the local blockage effect, limiting the penetration
of acoustic-induced flow into the cavity. In contrast, the reduced shear in the chamfered configuration facilitates a more
efficient exchange of acoustic-induced mass flow. This result in a different acoustic dissipation mechanism depending
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Fig. 11 Shear-layer intensity represented by 𝜈( |𝑑𝑈/𝑑𝑦 |)1/2 for the first cavity: (a) chamfered and (b) sharp-edged
geometry. (c) Streamwise distribution of the mean shear-layer intensity over the first and second orifice of each
cavity for both geometries. Results correspond to the flow-only case with M = 0.3.

on the geometry and on the local SPL and shear-layer strength [39]. From a macroscopic perspective, this behaviour can
be interpreted as a change in the effective porosity perceived by the grazing flow. Although the internal diameter of the
orifices is identical, the chamfered geometry behaves as a more permeable surface, while the sharp-edged configuration
acts as a more obstructed one.

V. Conclusion
High-fidelity simulations, supported by experimental comparison, were conducted to investigate the influence of

orifice-edge geometry on the acoustic and aerodynamic performance of a perforated liner under turbulent grazing flow.
Two configurations were analysed, sharp-edged and chamfered, while keeping all other geometric and flow parameters
constant, allowing the isolated effect of edge shape to be assessed.

Across the entire operating range, the sharp-edged liner consistently exhibited up to 50% higher acoustic resistance
than its chamfered counterpart, whereas the reactance remained largely unchanged, apart from a shift in resonance
frequency from 1.7 kHz to 1.9 kHz. Correspondingly, the chamfered liner provided up to 4 dB higher attenuation near
resonance.

The flow-field analysis provides insight into the mechanisms which might underlie these differences. The chamfered
geometry acts as a more permeable surface promoting a larger near-wall momentum deficit, a slightly thicker boundary
layer displacement thickness, and enhanced interaction between the inner and outer regions of the flow. These features
are associated with a weaker and less extended shear layer above the cavities. In contrast, the sharp-edged geometry
generates stronger, more extended shear layers and increased flow blockage at the orifice entrance. This difference in
flow topology might provide a consistent explanation for the lower resistance and higher acoustic absorption observed in
the chamfered configuration.

Overall, the results demonstrate that small geometric variations at the orifice edge, such as those arising from
manufacturing tolerances or finishing processes, can significantly alter both the aerodynamic development and the
acoustic performance of liners operating under grazing flow.

These insights emphasise the need to account for edge geometry in both liner design and modelling approaches.
Future work will focus on quantifying the relationship between local shear-layer characteristics, effective porosity, and
acoustic impedance, with the aim of developing predictive models that directly link detailed geometric features to
aeroacoustic performance.
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