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Noise dissipation mechanisms in a multi-cavity acoustic liner
grazed by turbulent flow and acoustic waves

Francesco Scarano ∗, Angelo Paduano† and Francesco Avallone‡

Politecnico di Torino, Corso Duca degli Abruzzi 24, 10122, Torino, Italy

High-fidelity lattice-Boltzmann very-large-eddy simulations are used to analyse the acoustic
energy dissipation mechanisms over a 22-cavities single-degree-of-freedom liner with chamfered
orifices, subjected to grazing turbulent flow and acoustic plane wave at 145 dB. The analysis
extends previous single-cavity investigations by accounting for the streamwise development
of the grazing flow and the associated decay of the sound pressure level (SPL) along the liner.
The results show that, in the absence of grazing flow, acoustic dissipation is dominated by
vortex shedding in the upstream cavities, where the SPL is sufficiently high, and by viscous
effects downstream as the SPL decreases. The dissipation is concentrated in the first portion
of the liner, where nonlinear effects are strongest. When grazing flow is introduced, the flow
topology inside the orifice is significantly modified. A quasi-steady vortex forms in the upstream
portion of the orifice, redistributing the acoustic-induced velocity and concentrating viscous
dissipation on the downstream lip during the inflow phase. At the same time, vortex shedding
becomes phase dependent, contributing to dissipation during inflow and to acoustic energy
generation during outflow, resulting in a net negative contribution. The combined effect leads
to a redistribution of dissipation along the liner, with an approximately uniform streamwise
behaviour arising from the balance between enhanced viscous dissipation and vortex-shedding
generation. These results explain the reduced liner performance in the presence of grazing flow
and highlight the importance of accounting for grazing flow in liner analysis and design.

I. Introduction
Acoustic liners are widely employed in the inlet and bypass ducts of aircraft engines as passive noise control

devices to mitigate fan noise emissions [1, 2]. The developement of ultra-high bypass ratio engines, characterized by
larger fan diameters and reduced rotational speeds, has heightened the relative importance of fan noise to the overall
engine acoustic signature. This noise component consists of discrete tones at the Blade Passing Frequency (BPF) and
broadband contributions arising from turbulence impingement in the fan–stator region [3–5]. The tonal component is
typically dominant and confined within narrow frequency bands, which makes it particularly suitable for attenuation
using acoustic liners.

The simplest liner configuration is the single-degree-of-freedom (SDOF) liner, consisting of a perforated facesheet
backed by a cavity. In the absence of grazing flow, the liner behaves as a Helmholtz resonator whose acoustic response
depends on its geometric parameters and can be tuned to target specific frequencies, such as the BPF [6]. At low sound
pressure levels (SPL), acoustic dissipation is dominated by viscous effects at the orifice walls, as demonstrated by the
numerical analysis of Tam and Kurbatskii [7] in the absence of grazing flow. As the SPL increases, the regime becomes
nonlinear and is characterized by vortex shedding at the orifice neck [8, 9], whereby acoustic energy is converted into
turbulent kinetic energy and eventually dissipated as heat.

High-fidelity simulations by Scarano et al. [10] have provided a detailed characterization of these dissipation
mechanisms in a single-cavity configuration both in presence and in absence of grazing flow. In the absence of
grazing flow, viscous and vortex-shedding contributions act over both inflow and outflow phases, with vortex shedding
dominating at high SPL. When a grazing flow is introduced, the flow topology inside the orifice is significantly altered:
the shear layer at the orifice mouth generates a quasi-steady vortex that confines the acoustic-induced motion to the
downstream portion of the orifice. This modification leads to an increase of viscous dissipation at low SPL and to a
phase-dependent vortex-shedding contribution, which dissipates acoustic energy during inflow and can generate acoustic
energy during outflow. As a result, the net acoustic dissipation is reduced in the presence of grazing flow. However,
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these results were obtained for an isolated cavity and therefore do not account for the streamwise development of the
grazing flow and its cumulative interaction with multiple cavities.

While most studies have focused on isolated cavities or liners in simplified conditions, real engine liners consist of
multiple interacting cells exposed to a developing turbulent grazing flow. Both experimental and numerical investigations
have shown that geometric features such as orifice diameter, thickness, and distribution affect liner impedance and
acoustic absorption [11–14]. A recent study by Paduano et al. [15] have shown that a multiple cavity acoustic liner can
significantly modify the grazing flow through the coupling between acoustic forcing and turbulent fluctuations. The
presence of the orifices displaces the flow away from the facesheet, leading to a streamwise growth of the boundary
layer displacement thickness and the formation of localised distortions downstream of each cavity. As the flow develops,
the shear layer at the orifice mouth weakens in the downstream direction, modifying the effective interaction between
the acoustic field and the liner. These results demonstrate that the near-wall flow topology varies along the liner and that
the flow field experienced by the acoustic waves is inherently non-uniform, suggesting the importance to extend the
dissipation analysis to a full liner configuration.

The present work extends the analysis of Scarano et al. [10] from a single-cavity configuration to a full SDOF liner,
explicitly accounting for the streamwise development of the turbulent grazing flow. The objective is to investigate
how the combined effects of flow evolution along the liner and the progressive decay of the SPL influence the local
flow–acoustic interaction and the overall noise absorption capability of the liner. A numerical dataset consisting of a
liner with multiple cavities subjected to grazing acoustic waves is employed. The results are compared against the same
configuration in the absence of grazing flow. The acoustic energy dissipation mechanisms are quantified consistently
with Scarano et al. [10]: viscous losses at the orifice walls are evaluated following Tam and Kurbatskii [7], while the
acoustic-to-vortical energy conversion associated with vortex shedding is computed using Howe’s energy corollary
[8]. By analysing the streamwise evolution of these contributions and their relation to the local flow topology and SPL
variation, this study provides new insight into how grazing flow development modifies liner performance at both local
and global scales.

II. Numerical setup and database description
The simulations analyzed in this work are part of a numerical database developed for two companion papers presented

at this conference. While the paper by Paduano et al. [16] provides a detailed description of the numerical setup, solver
formulation, and impedance evaluation, the present study focuses on the analysis of the dissipation mechanisms. For
completeness, the main features of the computational model are summarized below.

The computational domain, shown in Figure 1, reproduces the main characteristics of the Federal University of
Santa Catarina (UFSC) Liner Test Rig. A turbulent grazing flow develops over the liner mounted on the upper wall of a
rectangular duct, with a uniform inlet velocity equal to a Mach number of 0.3 (𝑈0 = 110 m/s) and a pressure outlet
boundary condition.

In the the full dataset reported by Paduano et al. [16], two liner configurations are investigated, differing only in the
orifice-edge geometry: a reference sharp-edged design and a chamfered-edge variant (Figure 1c, d). All other geometric
parameters are identical, including cavity width (𝑙 = 12.46 mm), depth (𝜆 = 38.10 mm), orifice diameter (𝑑 = 1.00 mm),
facesheet thickness (𝜏 = 0.56 mm), and partition wall thickness (𝑤𝑝 = 2.53 mm). Each cavity contains eight orifices,
and a total of 22 cavities are modeled along the streamwise direction. Lateral periodic boundary conditions are applied,
consistent with previous numerical studies that demonstrated negligible influence on the acoustic response [17].

The simulations were performed using the commercial software 3DS Simulia PowerFLOW version 6 using a
high-fidelity lattice Boltzmann/very-large-eddy simulation (LB/VLES) framework. The mesh employs a variable
resolution (VR) approach, with the finest grid level (corresponding to approximately 40 cells) across each orifice
diameter with a total of 𝑂 (108) computational cells. This mesh density was selected based on prior sensitivity studies,
which demonstrated that further refinement yields negligible impact on the simulated results [15]. A two-step simulation
strategy was adopted. First, a statistically converged turbulent flow field was obtained under grazing flow conditions.
Then, a plane acoustic wave of prescribed frequency and amplitude was superimposed using the OptydB toolkit [18].
This method explicitly resolves the nonlinear interaction between the turbulent grazing flow and the imposed acoustic
field, allowing accurate characterization of dissipation mechanisms.

A total of forty simulations were carried out, spanning different acoustic frequencies, sound pressure levels and
acoustic propagation directions with respect to the grazing flow. In the present work, we focus on a subset of these cases
to investigate the streamwise evolution of the acoustic energy dissipation along the chamfered liner in presence and in
absence of grazing flow at 145 dB at a source frequency of 1400 Hz. The analysis is performed on a two-dimensional
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Fig. 1 Sketch of the numerical setup (a) 3D geometry, (b) 2D cross-plane of the acoustic liner, (c) sketch of the
orifice shape, (d) facesheet detail of the liners.

streamwise slice extracted from the simulations over the middle of the liner, covering two consecutive orifices per cavity
and the adjacent portions of the cavity and the upper and lower channel. As shown by Scarano et al. [10], where both
two- and three-dimensional analyses were conducted, the two-dimensional representation provides a reliable estimate of
the dissipation mechanisms within the orifice.

III. Data reduction methodology

A. Nomenclature for velocity components
The instantaneous velocity field is denoted by 𝒖′ and decomposed as

𝒖′ = 𝑼 + 𝒖, (1)

where 𝑼 is the mean velocity and 𝒖 the fluctuating component. The velocity vector is 𝒖′ = (𝑢′, 𝑣′, 𝑤′) in the (𝑥, 𝑦, 𝑧)
directions, with 𝑈,𝑉,𝑊 the mean components and 𝑢, 𝑣, 𝑤 the fluctuations. In the presence of acoustic forcing, 𝒖
includes both turbulent fluctuations and the acoustic-induced velocity 𝒖ac, associated with the periodic forcing [19].

B. Acoustic dissipation by viscous effects
The viscous dissipation is evaluated from the instantaneous velocity field following Tam and Kurbatskii [7]. The

local volumetric dissipation density is

Φ(𝒙, 𝑡) = 𝜎𝑖 𝑗

𝜕𝑢′
𝑖

𝜕𝑥 𝑗

, (2)

with viscous stress tensor

𝜎𝑖 𝑗 = 𝜇

(
𝜕𝑢′

𝑖

𝜕𝑥 𝑗

+
𝜕𝑢′

𝑗

𝜕𝑥𝑖

)
, (3)

where 𝜇 is the dynamic viscosity and 𝒙 = (𝑥, 𝑦, 𝑧). The quantity Φ represents the irreversible conversion of mechanical
energy into heat.

To isolate acoustically induced viscous losses, the integration is restricted to a near-wall region of the orifice (up
to ≈ 30 wall units, Δ𝑥/𝑑 < 0.09), excluding background dissipation from the grazing turbulent boundary layer. The
viscous dissipation rate in a control volume 𝑉 is

𝐷 (𝑡) =
∭

𝑉

Φ(𝒙, 𝑡) d𝑉. (4)
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This choice captures near-wall gradients and viscous stresses within the orifice, consistent with resonant liner formulations
[7]. Dissipation associated with turbulent cascade in the bulk flow is not included here and is instead accounted for
through the vortex-shedding contribution.

The phase-dependent dissipation is obtained as 𝐷 (𝜙), and the net viscous energy per period 𝑇 is

𝐸viscous =
1
𝑇

∫ 𝑇

0
𝐷 (𝜙) d𝜙 =

∭
𝑉

𝑒viscous𝑑𝑉. (5)

where 𝑒viscous [W/m3] is the is the time averaged volumetric dissipation density within the domain of the orifice.
All quantities are normalized in wall units using 𝑢𝜏 =

√︁
𝜏𝑤/𝜌 and 𝛿𝜈 = 𝜈/𝑢𝜏 . The normalized forms are

Φ+ =
Φ

𝜌𝑢4
𝜏𝜈

, 𝑒+viscous =
𝑒viscous

𝜌𝑢4
𝜏/𝜈

, 𝐷+ =
𝐷

𝜌𝜈2𝑢𝜏

. (6)

C. Acoustic energy conversion into vortex shedding
The conversion of acoustic energy into vortical motion is quantified using Howe’s corollary [8, 20, 21]. The local

power density is
Π𝑔 (𝒙, 𝑡) = 𝜌 (𝝎 × 𝒖′) · 𝒖ac, (7)

where 𝝎 is the vorticity. The total conversion rate over a control volume 𝑉 is

Π(𝑡) =
∭

𝑉

Π𝑔 (𝒙, 𝑡) d𝑉. (8)

The control volume includes the orifice, cavity, shear layer, and interacting portion of the grazing boundary layer to
capture the dominant acoustic–vortical interactions.

The phase-averaged quantity is Π+ (𝜙), and the net energy transfer over one period is

𝐸shedding =
1
𝑇

∫ 𝑇

0
Π(𝜙) d𝜙 =

∭
𝑉

𝑒shedding𝑑𝑉. (9)

where 𝑒shedding [W/m3] is the is the time averaged volumetric dissipation density within the domain of the orifice.
The normalized quantities are

Π+
𝑔 =

Π𝑔

𝜌𝑢4
𝜏/𝜈

, 𝑒+shedding =
𝑒shedding

𝜌𝑢4
𝜏/𝜈

Π+ =
Π

𝜌𝜈2𝑢𝜏

. (10)

Positive values indicate absorption of acoustic energy by the vortical field, while negative values indicate generation.

D. Acoustic-induced velocity estimation
The acoustic-induced velocity is extracted using Spectral Proper Orthogonal Decomposition (SPOD) [22], following

Scarano et al. [19]. SPOD is applied to time-resolved velocity fluctuations over multiple acoustic cycles and provides
frequency-dependent modes ranked by energy. The acoustic velocity is reconstructed from the leading mode at the
forcing frequency via a narrow-band selection, isolating the coherent, phase-locked component.

For flows with a single dominant forcing and no additional tonal sources, this approach is equivalent to Coherent
Component Decomposition (CCD) [23]. Compared to classical phase-averaging used in liner studies (e.g. [24, 25]),
SPOD provides a more robust separation between coherent acoustic motion and broadband turbulence in the presence of
grazing flow [19].

The term “acoustic-induced velocity” denotes the component coherent with the forcing frequency, not a strictly
irrotational field. Methods based on Helmholtz decomposition or acoustic equations require full three-dimensional
information and assumptions not satisfied in the present configuration. The SPOD-based approach therefore provides a
consistent and practical estimate of the velocity field relevant to the acoustic energy-transfer analysis.

4



-7 dB

-17 dB

0 5 10 15 20

125

130

135

140

145

cavity

S
P

L
[d

B
]

no flow

M=0.3

Fig. 2 Comparison of SPL decays over the liner with and without grazing flow, source frequency 1400 Hz,
incident SPL = 145 dB.

IV. Results

A. SPL decay
Before analysing the dissipation mechanisms, the streamwise distribution of the overall SPL is presented in figure 2.

The SPL is evaluated in the upstream portion of each cavity within in the location farthest from the wall of the analyzed
domain, so, in presence of grazing flow, it takes into account also the additional pressure fluctuation provided by the
turbulent field.

In the absence of grazing flow, the SPL decreases monotonically along the liner up to cavity 19, indicating progressive
absorption of the incident acoustic energy. As a result, the downstream cavities are exposed to a reduced acoustic
amplitude. A moderate increase in SPL is observed in the last cavities (20-22), which is attributed to impedance sudden
variation (perforated-smooth surface) and the associated reflection of acoustic waves.

When a turbulent grazing flow is introduced, the SPL distribution changes substantially. The first cavity exhibits a
slightly higher SPL compared to the no-flow condition, consistent with grazing flow acting as an additional broadband
noise source [26]. Similarly to the case in absence of grazing flow the change in impedance boundary condition leads to
reflected acoustic waves which increase the SPL over the last cavities. More importantly, the decay of SPL along the
liner is significantly reduced, indicating a degradation of the liner acoustic performance. The total SPL decay decreases
from approximately −17 dB in the absence of flow to −7 dB with grazing flow. This highlights a strong degradation of
the liner performance.

This reduced performance arises from two coupled effects. The interaction between the grazing flow and the acoustic
waves modifies the local flow–acoustic coupling and dissipation mechanisms, this in turn modifies the liner impedance,
altering the balance between transmitted and reflected acoustic energy. The first aspect is investigated in the following
sections through a detailed analysis of the underlying dissipation mechanisms.

B. Acoustic-induced velocity
To highlight the modification of the flow topology inside the orifice at different streamwise locations (i.e. for different

cavity numbers), the acoustic-induced velocity in wall units is presented in figures 3 (no flow) and 4 (with grazing
flow) during the inflow (𝜙 = 𝜋/2) and outflow (𝜙 = 3𝜋/2) phases. Contours for cavities 1, 10, and 22 are shown in
subfigures (a-c), while subfigure (d) reports the corresponding velocity profiles for cavities 1, 5, 10, 15, and 22 taken
at the centreline of the orifice (𝑦/𝜏 = 0.5). Subfigure (e) shows the profiles between the first and second orifice for a
selected cavity.

In the absence of grazing flow, the acoustic-induced velocity is relatively evenly distributed within the orifice, with a
maximum located in the upstream half. This behaviour is attributed to the grazing acoustic waves and can be further
enhanced by the chamfered geometry, which promotes flow penetration into the orifice, and differs from sharp-edged
configurations [10, 15, 19]. Similar results were reported by Avallone et al. [27] in absence of grazing flow for normal
impedance tube simulations. Both contour plots and velocity profiles show a progressive decrease in acoustic-induced
velocity in the streamwise direction, consistent with the decay of SPL along the liner. A similar reduction is observed
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between the first and second orifice for upstream cavities, while this effect becomes less pronounced further downstream
where the SPL is already reduced.

This trend is better shown in figure 6, which shows the decrease of 𝑣+𝑎𝑐, averaged across the orifice, along the liner.
The corresponding bulk Reynolds number based on the acoustic-induced velocity, computed during the inflow phase
and averaged over the orifice diameter, also decreases rapidly in the streamwise direction, reaching values 𝑅𝑒𝑎𝑐

𝑏
< 500

downstream of the fifth cavity. This indicates that nonlinear effects associated with high SPL are primarily confined to
the first portion of the liner.

When a turbulent grazing flow is introduced, the flow topology of the acoustic-induced velocity changes markedly,
in agreement with Zhang and Bodony [28] and Paduano et al. [15]. The acoustic-induced velocity becomes concentrated
in the downstream half of the orifice, exhibiting a jet-like structure during both inflow and outflow phases, while the
upstream portion is occupied by a quasi-steady vortex associated with a vena contracta effect. This reduces the effective
porosity of the orifice and increases flow blockage.

As shown in figure 4, the magnitude of 𝑣+𝑎𝑐 still decreases in the streamwise direction, but less markedly than in
the no-flow case, reflecting the reduced SPL decay. Interestingly, the trend between the first and second orifice is
reversed: the acoustic-induced velocity in the second orifice is larger than in the first one (figure 4e). This is attributed
to the combined effect of a weaker SPL decay and the modification of the shear layer by the upstream orifice. The
jetting motion during the outflow phase displaces fluid away from the wall, increasing the displacement thickness and
weakening the shear layer over the downstream orifice [15].

8



-0.5 0 0.5

x=lc

-0.1

0

0.1

0.2

y
=
l c

-0.5 0 0.5

x=lc

-0.1

0

0.1

0.2

y
=
l c

-1

-0.5

0

0.5

1

)
+

? = :
2

in.ow

? = 3:
2

out.ow

cavity 22; local SPL =128 dB

-0.5 0 0.5

x=lc

-0.1

0

0.1

0.2

y
=l

c

-0.5 0 0.5

x=lc

-0.1

0

0.1

0.2

y
=l

c

-1

-0.5

0

0.5

1

)
+

? = :
2

in.ow

? = 3:
2

out.ow

cavity 1; local SPL =143 dB

-0.5 0 0.5

x=lc

-0.1

0

0.1

0.2

y
=
l c

-0.5 0 0.5

x=lc

-0.1

0

0.1

0.2

y
=
l c

-1

-0.5

0

0.5

1

)
+

? = :
2

in.ow

? = 3:
2

out.ow

cavity 5; local SPL =138 dB(a) (b) (c)

(e) cavity 5; local SPL = 138 dB(d) orifice 1

→0.5 0 0.5

→5

0

5

x/d

v
+ a
c

cavity 1

cavity 5

cavity 10

cavity 15

cavity 22

0 !/2 ! 3/2! 2!

0

2000

4000

6000

ω

D
+

cavity 1

cavity 5

cavity 10

cavity 15

cavity 22

0 !/2 ! 3/2! 2!

1000

2000

3000

ω
D

+

orifice 1

orifice 2

Fig. 7 Contour of the viscous dissipation density Φ+ in inflow and outflow phases at 𝑀 = 0. , forcing frequency
equal to 1400 Hz,incident SPL = 145 dB; (a) cavity 1, (b) cavity 10, (c) cavity 22; viscous dissipation rate 𝐷+ as a
function of the phase, 𝜙, (d) first orifice, effect of changing the cavity (e) cavity 10, comparison between orifice 1
and 2.

This effect is illustrated in figure 5(a), which shows contours of the normalized mean shear

𝜕𝑈/𝜕𝑦
𝑢𝜏/𝛿𝜈

. (11)

Only the grazing-flow case is reported, as the mean shear is relevant only in the presence of a mean flow. The second
orifice clearly exhibits a weaker shear layer compared to the first one. This trend is confirmed in figure 5(b), where the
shear averaged across the orifice diameter shows a systematic reduction for the second orifice.

The streamwise evolution of the shear indicates a rapid decrease of the shear over the first cavities, followed by a more
gradual increase in the second half of the liner. This is result of the combined effects of boundary-layer development
and SPL decay. As a consequence, although the acoustic-induced velocity decreases along the liner, the reduction
is less pronounced than in the no-flow case. In particular, for the second orifice the bulk Reynolds number remains
above 𝑅𝑒𝑎𝑐

𝑏
≈ 500 along the entire liner, indicating that nonlinear effects persist downstream and are sustained by the

interaction of the acoustic waves with the grazing flow.

C. Acoustic dissipation by viscous effects at the mouth of the orifice
Figures 7 and 8 show the contours of the viscous dissipation density in wall units for the cases without and with

grazing flow, respectively. Subfigures (a-c) report the contours during the inflow and outflow phases for cavities 1, 10,
and 22 .

In the absence of grazing flow, symmetric boundary layers develop along the upstream and downstream edges of the
orifice. As a result, viscous dissipation during the inflow and outflow phases is comparable, with a slight predominance
during the outflow phase. This asymmetry is attributed to the sharp edge encountered during outflow, which promotes
the formation of a thicker shear layer and enhances local dissipation. The dissipation decreases in the streamwise
direction due to the decay of SPL and the corresponding reduction of 𝑣+𝑎𝑐. This trend is illustrated in subfigure (d),
which reports the integrated dissipation for cavities 1, 5, 10, 15, and 22. Two lobes are observed, associated with inflow
and outflow, whose magnitude progressively decreases downstream. Similarly to the behaviour of 𝑣+𝑎𝑐, the second
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orifice within a cavity exhibits lower viscous dissipation than the first one due to the local SPL reduction.
This symmetry is broken when grazing flow is introduced (figure 8). The upstream edge of the orifice exhibits a

marked reduction in Φ+ due to the formation of a vena contracta and the presence of a quasi-steady vortex occupying
the upstream half of the orifice. Conversely, the downstream wall experiences stronger shear as the flow is deflected
towards the downstream lip. As a result, viscous dissipation becomes concentrated along the downstream edge and
predominantly during the inflow phase.

Figure 8(d) reports the phase-dependent viscous dissipation rate integrated along the orifice walls for selected cavities
(1, 5, 10, 15, and 22). In the presence of grazing flow, the inflow-phase dissipation is significantly amplified with respect
to the no-flow case due to the impingement of the acoustic-induced flow on the downstream edge. High-frequency
fluctuations indicate intermittent penetration of turbulent structures into the orifice. In contrast, the outflow-phase
dissipation becomes negligible, reflecting the partial blockage induced by the overlying shear layer. Consequently, the
dissipation pattern becomes strongly asymmetric and governed by the interaction between acoustic forcing and the
grazing turbulent flow. Consistently with the behaviour of the acoustic-induced velocity, the viscous dissipation in the
second orifice is higher than in the first one, due to the locally increased 𝑣+𝑎𝑐 resulting from the weakened shear layer.

D. Acoustic dissipation by vortex shedding
Figures 9 and 10(a–c) present the instantaneous acoustic power density Π+

𝑔 associated with the exchange of energy
between the acoustic field and vortical motions, in the absence and presence of grazing flow, respectively. Positive values
of Π+

𝑔 (red) indicate acoustic energy dissipated through vortex shedding, whereas negative values (blue) correspond to
acoustic energy generation.

In the absence of grazing flow, two well-defined regions of positive Π+
𝑔 appear near the orifice mouth during both

inflow and outflow phases. These regions correspond to region of conversion of acoustic energy into the formation and
roll-up of vortices driven by the acoustic-induced velocity. Cavity 5 is reported, as further downstream the shedding
contribution becomes negligible due to the reduced SPL and low 𝑅𝑒𝑎𝑐

𝑏
. Similarly to viscous dissipation, the outflow

phase exhibits a slightly stronger contribution due to the sharp edge encountered by the flow, which promotes vortex
formation. This behaviour is confirmed in subfigure (d), where the cycle-resolved shedding rates Π+ are reported for
selected cavities. Two distinct lobes are observed, associated with inflow and outflow phases. The magnitude of the
shedding contribution decreases rapidly in the streamwise direction and becomes negligible downstream of cavity 5,
consistent with the decay of SPL and the transition toward a linear regime in which vortex-shedding effects are weak [7].
Differences between the first and second orifice are negligible in this configuration.

When a turbulent grazing flow is introduced, the acoustic–vortical energy exchange becomes strongly phase
dependent. The magnitude of Π+

𝑔 increases significantly due to the enhanced effect of the grazing flow [10], and its
spatial distribution becomes highly asymmetric. A quasi-steady recirculation in the upstream portion of the orifice shifts
the vortex-shedding activity toward the downstream side, reflecting the modified flow topology. During the inflow phase,
Π+
𝑔 is predominantly positive, indicating acoustic energy transfer to vortical structures. The generated vortices are

rapidly advected into the cavity by the acoustic-induced velocity. During the outflow phase, Π+
𝑔 becomes predominantly

negative: the jet-like outflow from the orifice interacts with the turbulent grazing flow in a manner analogous to a jet in
crossflow, generating vorticity that feeds energy back into the acoustic field. The phase-resolved shedding rates are
shown in figures 10(d,e). The inflow phase yields a positive contribution (net dissipation), whereas the outflow phase
yields a negative contribution (net generation). Although both contributions are more than an order of magnitude larger
than in the no-flow case, their imbalance results in a net negative cycle-averaged contribution for all cavities.

As the streamwise position increases, the magnitude of the acoustic energy conversion decreases due to the SPL
decay but less markedly compared to the no-flow case. Consistently with the behaviour observed for viscous dissipation,
the shedding contribution is higher for the second orifice than for the first one (subfigure e), due to the locally increased
acoustic-induced velocity associated with the weakened shear layer.

E. Time-averaged volumetric dissipation density as a function of the streamwise coordinate
Figure 11 summarises the streamwise evolution of the time-averaged volumetric dissipation density, 𝑒+. The values

are scaled to represent the full three-dimensional orifice, following the approach of Scarano et al. [10]. Subfigure (a)
shows the case without grazing flow, while subfigure (b) corresponds to the case with grazing flow. The contributions of
the two orifices within each cavity are shown separately, while circle markers denote the cumulative contribution of
both orifices. Shaded markers represent the vortex-shedding contribution, whereas unshaded regions correspond to
viscous dissipation.
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Fig. 9 Contour of the power density transferred between acoustic and vortical field, Π+
𝑔 , in inflow and outflow

phases at 𝑀 = 0 , forcing frequency equal to 1400 Hz, incident SPL = 145 dB (a) cavity 1, (b) cavity 10, (c) cavity
22; rate of the acoustic energy dissipation by vortex shedding Π+ as a function of the phase, 𝜙, (d) first orifice,
effect of changing the cavity (e) cavity 10, comparison between orifice 1 and 2.

In the absence of grazing flow, both viscous and vortex-shedding contributions decrease monotonically along the liner,
reflecting the progressive reduction of SPL in the streamwise direction. This reduction weakens the acoustic-induced
velocity within the orifices and leads to lower dissipation rates. Vortex shedding is dominant in the first three cavities,
where the SPL exceeds approximately 140 dB, indicating a strongly nonlinear regime. The viscous contribution
dominates on the second half of the liner, in agreement with low-SPL or weakly nonlinear regimes [7]. The intersection
of the cumulative viscous and shedding contributions marks the transition toward a regime where viscous dissipation
prevails. This threshold is consistent with the single-cavity results reported by Scarano et al. [10].

When the turbulent grazing flow is introduced, the vortex-shedding contribution becomes negative for all cavities,
indicating a net generation of acoustic energy. Its magnitude is largest on the first cavities and decreases downstream
following the SPL decay. In contrast, the viscous contribution is enhanced over the entire liner compared to the no-flow
case, due to the increased flow impingement on the downstream lip of the orifice. It decreases in the streamwise direction
with a trend similar to that of the acoustic-induced velocity, although with a different slope compared to the no-flow
case, suggesting that flow-induced effects partially compensate for the SPL decay. The second orifice contributes more
significantly to both viscous dissipation and vortex-shedding generation, consistently with the locally increased 𝑣+𝑎𝑐.

The cumulative time-averaged volumetric dissipation density, obtained by combining viscous and vortex-shedding
contributions, is reported in figure 12. In the absence of grazing flow, the acoustic dissipation is concentrated in the
upstream portion of the liner, where nonlinear effects and vortex shedding are dominant, and decreases downstream
with the SPL decay. This indicates that most of the acoustic energy is dissipated within the first ten cavities.

In contrast, when grazing flow is present, the net dissipation remains approximately constant along the liner. This
behaviour results from a balance between enhanced viscous dissipation and negative vortex-shedding contributions.
The increase in viscous dissipation, driven by higher local acoustic-induced velocities and flow impingement, is offset
by the acoustic energy generation occurring during the outflow phase due to the interaction with the grazing flow. These
findings highlight that the spatial distribution of dissipation mechanisms is fundamentally altered by the presence of
grazing flow.
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V. Concluding remarks
This work analyzes the dissipation mechanisms over a 22-cavity acoustic liner with chamfered orifices using a

high-fidelity dataset obtained from LBM/VLES simulations. The analysis is performed along the full liner, allowing the
effect of the streamwise development of the grazing flow and the associated SPL decay to be taken into account.

The results highlight the strong influence of grazing flow on the dissipation mechanisms. In the absence of flow,
viscous and vortex-shedding contributions are symmetric between inflow and outflow phases, with vortex shedding
dominating in the upstream cavities at high SPL and viscous dissipation prevailing downstream as the SPL decreases.

When grazing flow is introduced, the flow topology inside the orifice is significantly modified. The formation
of a quasi-steady vortex in the upstream portion of the orifice alters the distribution of the acoustic-induced velocity,
leading to a concentration of viscous dissipation on the downstream lip during the inflow phase. At the same time,
vortex shedding becomes strongly phase dependent: it contributes to dissipation during inflow and to acoustic energy
generation during outflow. As a result, the net contribution of vortex shedding becomes negative over the entire liner.

The combined effect of these mechanisms leads to a substantial modification of the spatial distribution of dissipation.
While in the absence of grazing flow the dissipation is concentrated in the upstream portion of the liner, in the presence
of flow it remains approximately constant along the liner due to a balance between enhanced viscous dissipation and
vortex-shedding generation. This implies that, with current liner designs, a sufficiently long liner is required to achieve
effective noise absorption in the presence of grazing flow.

These findings explain the degradation of liner performance in the presence of grazing flow. The results indicate that
current liner designs are not optimized to operate under grazing flow conditions, and that improvements should explicitly
account for flow-induced effects, including the modification of the shear layer and the phase-dependent behaviour of
vortex shedding. In particular, the optimization of orifice geometry and their spatial distribution appears essential to
enhance overall acoustic dissipation.
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