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Olivier Léon, Fabien Méry, Estelle Piot, Claudia Conte

April 2, 2019

Abstract The near-orifice aerodynamic response of a

single degree of freedom acoustic liner to tonal and

multi-tonal excitation with grazing flow was experimen-

tally studied. A high-magnification PIV setup was de-

signed in order to provide dense 2D velocity field mea-

surements above a millimeter-sized orifice of the liner.

The resonator near-orifice velocity dynamics near and

far from resonance were shown to be significantly dif-

ferent, with dynamic velocity scales well captured by a

lumped-element model that was also satisfactorily ap-

plied to multi-tonal forcing cases. The effects of varying

the forcing acoustic sound pressure level and the tan-

gential flow velocity scale (the friction velocity) were

investigated. It was observed that a “rough-wall” anal-

ogy was not suited to account for the induced aero-

dynamic effects, but that, under certain conditions, a

“transpiration wall” analogy may be adequate.

Keywords High-Magnification PIV · Acoustic liner ·
Acoustic resonator dynamics

1 Introduction

Acoustic liners are largely used in the aeronautical in-

dustry to reduce the environmental noise impact of air-

craft during take-off and landing. Such liners are usually

installed within nacelles and rear ducts of turbofan en-

gines for fan noise mitigation, or on external surfaces for

airframe noise reduction. As illustrated in Fig. 1, con-

ventional acoustic liners are made of honeycomb cav-

ities bonded to a perforated face-sheet and closed by

a rigid back-plate. This layout locally forms a set of

acoustic resonators, that are cavities with small open-

ings, whose geometry can be designed to match noise
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Fig. 1 Schematic of an acoustic liner composed of honey-
comb cavities and topped with a perforated plate.

absorption requirements on a specified frequency band-

width (Motsinger and Kraft 1991).

For aeronautical applications, a long-wavelength ap-

proximation is usually considered (i.e. the dimensions of

the resonator are small compared to the wavelength of

the acoustic waves to be attenuated, H � λa) and the

resonator may be described using a (weakly non-linear)

mass–spring–damper model (Ingard 1953; Rienstra and

Singh 2018): upon external acoustic forcing, the mass of

air in the opening (referred to as the “neck”) moves, ap-

plying a load on the compressible air in the cavity that

acts as a spring. At and near the resonance frequency,

acoustic energy is then mainly dissipated by viscosity

in the neck and by vortex shedding on both sides of the

perforated face-sheet (Zhang and Bodony 2016).

An acoustic liner is commonly characterized by a

normalized complex impedance Z(ω) ≡ p̂(ω)/(ρ0c0v̂(ω))

that can be seen as macroscopic parameter conveniently
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describing the liner response to an external acoustic

forcing, as a function of the angular frequency ω. It

provides a simple boundary condition in the frequency

domain that relates (in terms of amplitude and phase

difference) spatially-averaged acoustic pressure fluctu-

ations p̂ and normal velocity fluctuations v̂ at the wall.

The real part of Z is termed the resistance R and the

imaginary part is referred to as the reactance X.

This dimensionless impedance can be related to an

absorption coefficient α(ω) that measures the ratio of

acoustic energy absorbed (that is dissipated or trans-

ferred to turbulence) by the liner to the energy of a

normal incident acoustic wave, such that

α(ω) = 1−
∣∣∣∣1− Z1 + Z

∣∣∣∣2 . (1)

The aerodynamic (steady-state) response of such

acoustic resonators is characterized by alternating in-

flow and outflow phases at its openings, with ampli-

tudes that depend on the excitation. With no grazing

flow and for low forcing levels, typically such that the

induced fluid particle displacement s in the opening is

smaller than the neck length `∗ (Ing̊ard and Labate

1950) and than the opening diameter d (Rienstra and

Hirschberg 2018), no significant flow separation around

the orifice is observed and acoustic damping is mainly

driven by viscous effects inside and near the opening.

This regime can then be modeled in a linear frame-

work (Melling 1973), such that Z (and thus α) does

not significantly depend on the incident acoustic wave.

It is well established, however, that increased sound in-

tensities (Sivian 1935; Guess 1975) up to levels of prac-

tical interest for aeronautic applications or the addition

of a grazing flow (Kirby and Cummings 1998) generally

lead to non-linear effects. In this regime, the impedance

Z depends on both the intensity of the incident acous-

tic wave and on the characteristic velocity scale of the

grazing flow (typically Uτ , the mean friction velocity),

implying that it cannot be considered as a wall property

only.

These non-linear effects are mainly of hydrodynamic

nature, with losses induced by circulation and turbu-

lence promotion (Cummings 1984). Putting aside graz-

ing flow effects, large sound pressure levels (SPL) in-

duce inflow and outflow phases of significant amplitude,

ultimately yielding “synthetic” jets issued on both sides

of the resonator neck at the acoustic forcing frequency.

The associated vortex shedding induces an increase in

the resistance term R of the resonator, that may yield

an increase in the absorption coefficient α when R is ini-

tially lower than 1, as illustrated in this work in Fig. 3.

Of particular significance, experimental evidence sup-

porting this picture has been reported by Ing̊ard and

Labate (1950) for an orifice of varying geometry placed

in a tube: near-orifice streamlines were then visualized

using smoke illuminated by a light sheet. Furthermore,

Ingard and Ising (1967) relied on hot-wire anemometry

to measure the velocity fluctuations at the orifice of a

single resonator with and without a bias flow, show-

ing a direct link between R and the measured veloc-

ity amplitude for large SPL. More recently, Roche et al

(2009) and Zhang and Bodony (2012) performed Direct

Numerical Simulations (DNS) on an isolated resonator

with large SPL forcing, the latter authors suggesting an

important role played by the orifice boundary layers in

the non-linearity observed.

The addition of a grazing flow on the resonator

also generally leads to an increase of the orifice resis-

tance (Melling 1973). The physical explanation com-

monly provided is based on experiments such as the

ones performed by Baumeister and Rice (1975) and

Rogers and Hersh (1976) on an isolated resonator in

a water tunnel: visualization of the streamlines sug-

gests the formation of a recirculation region at the up-

stream edge of the orifice due to flow separation dur-

ing the inflow phase. This separation yields what is

called a vena contracta that reduces the effective open

area of the resonator orifice. For the outflow phase,

this vena contracta effect was observed to be less pro-

nounced. Charwat and Walker (1983) performed point-

wise velocity measurements inside and above a 2D slot

Helmholtz resonator using a hot-film anemometer to

study its aerodynamic response, highlighting such graz-

ing flow effects. Following these experimental results,

quasi-steady models accounting for these non-linear fea-

tures have been proposed in the literature (Cummings

1984). More recently, an extensive experimental analy-

sis relying on microphone measurements has been per-

formed by Tonon et al (2013) in order to better ac-

count for such flow-induced effects in analytical mod-

els. Zhang and Bodony (2016) relied on direct numerical

simulations (DNS) to further investigate the response

of a simplified but realistic acoustic liner with subsonic

grazing flow and high SPL tonal excitation.

While a significant body of work exists regarding

the physics of isolated Helmholtz resonators, experi-

ments aiming at characterizing the fluid mechanics of

acoustic liners in complex situations (that is with signif-

icant turbulent grazing flow, large sound pressure levels

and multi-harmonic excitation) are scarce: specific facil-

ities are necessary and velocity measurement techniques

with sub-millimeter resolution are required. Recently,

Heuwinkel et al (2010) performed 2D phase-averaged

Particle Image Velocimetry (PIV) above an acoustic

liner to study the effects of both grazing and bias flows

on an acoustic liner. A field of view of about 20d× 28d
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with d = 2.5 mm was used, yielding a measurement res-

olution of about 720 µm. These results were compared

with Laser Doppler Velocimetry (LDV) measurements

performed on a 2D field of about 4d×4d above an orifice

with a spatial resolution of about 100 µm, demonstrat-

ing that such optical measurement techniques are suited

for acoustic liner studies in complex conditions. More

recently, Haufe et al (2014) employed Doppler Global

Velocimetry (DGV) to analyze the flow field above an

acoustic liner with bias flow, while Gürtler et al (2016)

improved this technique by using a high-speed camera.

They showed that this measurement technique could

be employed to measure velocity spectra in a plane

above a liner orifice with a spatial resolution of about

300 µm. They furthermore quantified the energy trans-

fer between the sound field and the flow.

These prior works have clearly demonstrated the ap-

plicability of optical measurement techniques to inves-

tigate the flow field details above acoustic liners. How-

ever, no systematic experimental analysis of the near-

wall aerodynamic response of such resonators exploring

the effects of the SPL forcing, the grazing flow veloc-

ity or the tonal content of the excitation have been re-

ported to the knowledge of the authors. The purpose of

the present work is thus to provide and analyze detailed

velocity measurements above a conventional acoustic

liner, obtained using a high-magnification PIV setup

designed to reach fine spatial resolutions, for aerody-

namic and acoustic conditions where linear and non-

linear behaviors are observed. This study intends to

provide flow velocity measurements, rather than acous-

tic characteristics of a liner, that could serve to improve

acoustic liner aerodynamic modeling in realistic condi-

tions.

This article is organized as follows. First, details on

the experiments performed are provided in Sect. 2, dis-

cussing the acoustic liner properties and the design of a

high-magnification PIV setup. Second, results obtained

for tonal excitation far from and near resonance are

discussed in Sec. 3. Third, effects induced by variations

in the SPL forcing and the aerodynamic conditions are

presented in Sec. 4 for a multi-tonal excitation. The

conclusions of this work are finally summarized in Sec. 5

2 Experimental setup

2.1 Aero-thermo-acoustic duct

The experiments were performed in the aero-thermo-

acoustic duct B2A at ONERA Toulouse. This facility,

schematically shown in Fig. 2, is designed to study the

acoustic and aerodynamic response of liners with graz-

ing subsonic flows. This duct is a made of a 50 mm× 50 mm

loud-speakers

test cell

air inlet

Mb
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microscope

exponential
outlet
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x

y
z
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Fig. 2 Schematic of the aero-thermo-acoustic duct B2A at
ONERA Toulouse illustrating the 2D high-magnification PIV
setup used for the present study (long-distance microscope,
PIV camera and constant-height laser sheet propagating from
downstream); the inset shows a cross-section of the test-cell.

stainless steel square tube and acts as a waveguide with

a cut-off acoustic frequency of 3450 Hz at ambient tem-

perature. The 200 mm-long test cell is equipped with

two opposing silica windows for optical access. The acous-

tic liner is mounted in the lower wall of this test-section,

centered spanwise, and has an area of 150 mm× 30 mm.

The flow developing in the duct is in a fully turbu-

lent state, with axial velocity fluctuations on the cen-

terline having r.m.s. amplitudes of about 4.5% of the

bulk velocity Ub. The duct termination is made quasi-

anechoic using an exponential outlet connected to a

muffled chamber, yielding acoustic reflection coefficients

smaller than 0.2 for frequencies larger than 500 Hz. Fi-

nally, plane acoustic waves propagating in the duct are

generated by two acoustic drivers located 1.3 m up-

stream of the test section and placed symmetrically on

each side of the duct. These acoustic drivers are used to

generate pure tones and multi-sine signals with acoustic

levels up to 150 dB.

For the present experiment, the flow was regulated

at a static temperature T0 = 20(1) ◦C and the mass-

flow-rate ṁ was varied between 50(1) g/s and 250(1) g/s,

corresponding to bulk Mach numbers Mb ≡ Ub/c0 rang-

ing from 0.05 to 0.24 under normal atmospheric condi-

tions. A speed of sound c0 of about 343 m s−1 is consid-

ered. Using 2h = 50 mm as the characteristic length of

the duct cross-section, a bulk Reynolds number Rb ≡
2Ubh/ν is formed, with ν = 1.51× 10−5 m2 s−1 the

kinematic viscosity of air at T0. This bulk Reynolds

number was thus varied between 5.5×104 and 27.6×104

in the present experiments as listed in Tab. 1.

All the results are expressed in a right-handed carte-

sian reference frame such that the x–axis is oriented

streamwise and the y–axis is vertical as represented in
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Fig. 1 and Fig. 2. The origin O is located on the liner

surface, approximately on the wall bisector, such that

a liner orifice is tangent to the z–axis with its center lo-

cated at x = d/2. The velocity components along these

axis x, y and z are respectively noted u, v and w. Capi-

tal letters refer to (ensemble) mean velocity components

and primes refer to r.m.s. velocity amplitudes.

2.2 Description of the acoustic liner

The acoustic liner used for this study is a conventional

perforate-over-honeycomb single-layer liner, referred to

as a Single Degree of Freedom (SDoF) liner in the liter-

ature. Its geometrical characteristics displayed in Fig. 1

are as follows: the orifices have a diameter d = 1.1 mm;

the perforated facesheet has a porosity σ = πd2/(2LxLz)

= 0.1 and a thickness `∗ = 0.8 mm; the cavities are

hexagonal honeycombs of height H = 30 mm with an

inscribed circle diameterD = 9.6 mm. The cross-sectional

area of a honeycomb cell is then Sh =
√

3D2/2. The

mean number of orifices per honeycomb cell is thus

N = σSh/Sn = 8.4 where Sn = πd2/4 is the orifice

area.

For an isolated acoustic resonator with a single open-

ing, the fundamental resonance frequency ω0 = 2πf0
can be estimated relying for example on the relation

derived by Rienstra and Singh (2018)

κ0 tanκ0 =
HSn
`Sh

with κ0 =
ω0H

c0
, (2)

and where ` = `∗ + δ1 + δ2 is the effective orifice neck

length. This length is the sum of the geometrical neck

length `∗ and two end correction terms δi∈[1,2] ≈ 0.85

(Sn/π)1/2(1− 1.25ξi) that account for the inertia of air

on both sides of the facesheet, at the inner and outer

apertures respectively (Ingard 1953), with ξ1 = d/D

and ξ2 = 0. Accounting for the presence of N orifices

per honeycomb cell and changing the corresponding

boundary condition in the derivations of Rienstra and

Singh (2018), the relation Eq. (2) may be rewritten as

κ0 tanκ0 =
σL

`
. (3)

It is assumed here that the N orifices per cell do not

interact in a significant manner and do not alter the res-

onator dynamics. A discussion on the appropriate mass

end corrections to apply to account for these interac-

tions is provided by Ingard (1953): for the present liner

geometry, it was estimated that such interactions be-

tween two holes could be neglected at first order. Rely-

ing on Eq. (3), one finally gets the resonance frequency

f0 ≈ 1850 Hz.

Experimentally, the absorption coefficient α of a

liner without grazing flow and for normal incident acous-

tic waves (Eq. (1)) can be estimated in an impedance

103

f [Hz]

0.0

0.2

0.4

0.6

0.8

1.0

α

fl fh f0

L = 110 dB

L = 120 dB
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Fig. 3 Absorption coefficient α of the acoustic liner as a
function of the frequency f of the normal incident acoustic
wave and for several sound pressure levels per tone L; mea-
surements performed with no grazing flow and using a multi-
sine signal composed of 11 pure tones, with frequencies that
are far from (Ω < 1) and near (Ω ≈ 1) the liner resonance
frequency f0.

tube using two-point flush-mounted microphone mea-

surements and a wave-sorting procedure (Bodén and

Åbom 1986). This method was used with a multi-sine

acoustic wave composed of 11 pure tones of equal inten-

sity geometrically distributed over the frequency band-

width response of the liner and for 4 increasing sound

pressure levels (SPL) per tone. This geometric distri-

bution is given by ωi+1 = ωi × 100.1 with ω1 = 2π ×
312 rad s−1. The resulting absorption coefficient distri-

butions are given in Fig. 3. The two distinct response

regimes of the resonator discussed in Sec. 1 can be iden-

tified in these results. The two lowest sound pressure

levels (110 dB and 120 dB) yield similar absorption co-

efficient distributions, representative of a linear regime

in the liner response dynamics. The highest absorp-

tion coefficient measured is obtained for the frequency

fh = 1592 Hz, which is close to the resonance frequency

f0 previously estimated. For the two highest sound pres-

sure levels however (130 dB and 135 dB), significantly

higher absorption coefficients are observed and a slight

shift in the resonance frequency may be guessed. Such

a behavior is the result of non-linear effects induced

by vortex shedding around the orifices on both sides

of the liner facesheet, thus playing a major role in the

resonator dynamics.

The objective of the present experiment is to in-

vestigate the flow dynamics around an orifice of this

liner in both the linear and the non-linear response

regimes. Tonal acoustic excitation around the frequency

fh = 1592 Hz will be considered in Sec. 3 and the results

will be compared to the ones obtained at a frequency

fl = 792 Hz that is far from resonance. Furthermore,

sound pressure levels and bulk Mach number effects will

be investigated in Sec. 4 on the case of a multi-tonal
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Fig. 4 Close-up of the PIV setup around the B2A
50 mm× 50 mm duct; the PIV laser sheet coming from down-
stream is oriented in the (xy) plane containing the vertical
symmetry axis of the duct cross-section (z = 0); the flow is at
a bulk Mach number Mb and the plane acoustic waves carried
by the turbulent flow have individual levels L.

laser beam in the horizontal (xz) plane
laser beam in the vertical (xy) plane

L1

L2 L3

O1 O2 O3

φ0
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Fig. 5 Schematic of the optical setup used to generate the
PIV laser-sheet; (L1L2) forms a Galilean beam expander in
the horizontal plane and (L2L3) forms a Keplerian beam ex-
pander in the vertical plane; L1 is a cylindrical lens of fo-
cal length f1 = −100 mm; L2 and L3 are spherical lenses
with f2 = 500 mm and f3 = 2000 mm; the three lenses are
separated by the distances O1O2 = 400 mm and O2O3 =
2500 mm; the laser beam diameter is φ0 ≈ 6 mm with a di-
vergence of about 1 mrad, yielding beam waists w2 = 0.5 mm
and w3 = 0.4 mm; the height of the final laser sheet is
h3 = 24 mm.

acoustic excitation similar to the one used to produce

Fig. 3, thus featuring excitation near resonance.

2.3 High-magnification PIV setup

In order to perform non-intrusive measurements of the

velocity fields close to an orifice of the liner with a high

spatial resolution, a high-magnification planar Particle

Image Velocimetry (PIV) setup was designed following

the work of Kähler et al (2006). A schematic of the

setup installed around the B2A duct test-cell is given

in Fig. 2 and a close-up in Fig. 4. A double-pulse laser

beam was generated using a Nd:YAG PIV laser (Quan-

tel, BSL, 200 mJ per pulse) emitting at a wavelength

λ = 532 nm. This laser beam was shaped into a laser

sheet using a set of three cylindrical and spherical lenses

combined to form the optical arrangement schemati-

cally displayed in Fig. 5. This optical setup provided a

laser sheet of almost constant height h3 = 24 mm, fo-

cused in the B2A test-cell over the acoustic liner with an

approximate beam-waist w3 = 0.4 mm, oriented in the

(xy) plane perpendicular to the liner surface and such

that it contained a row of liner orifices along z = 0.

The objective of this optical setup was twofold: first,

to generate a laser sheet in the (xy) plane to perform

2D PIV measurements; second, to use almost parallel

rays of light to avoid reflections that would prevent PIV

measurements close to the liner surface. Using a laser

sheet normally incident on the liner was not observed

to meet this second requirement. This constant-height

laser sheet also provides a high light intensity, that is

necessary when working with small numerical apertures

(typically around 0.1 here). In order to improve the

signal-to-noise ratio and to reduce laser light reflections

observed by the PIV camera, a thin layer of rhodamine

paint was applied on the acoustic liner surface and a

band-pass optical filter centered on λ = 532 nm and of

10 nm bandwidth was mounted on the camera lens. As

shown in Fig. 6, almost no reflection is observed on the

particle images while still providing illuminated parti-

cles very close to the surface.

These seeding particles were generated using a poly-

disperse aerosol generator (Topas ATM210) and DEHS

oil (Di-Ethyl-Hexyl-Sebacat). According to the manu-

facturer, the mean diameter of the particles generated

by this system is around dp = 0.3 µm. A mean par-

ticle relaxation time can then be estimated by τp =

d2pρp/(18µ0) ≈ 0.27 µs. The gas flow characteristic time

scale may be estimated using the resonance frequency

of the liner 1/f0 ≈ 540 µs, or by a more stringent time

scale based on the maximum shear at a liner orifice

τg = d/v′max ≈ 27 µs where d is the diameter of the

liner orifices and v′max ∼ 10Uτmax is the maximum ver-

tical velocity fluctuation measured in the present ex-

periments (see Sect. 4). The Stokes number obtained

Sk = τp/τg ≈ 0.01 is then sufficiently low to consider

these particles as reliable flow tracers. As highlighted

in Fig. 4, these particles were locally injected into the

duct flow by filling one of the first upstream honeycomb

cavities of the acoustic liner. This generally ensured a

sufficiently dense seeding of the flow at the location

where high-magnification PIV measurements were per-

formed (approximately 100 mm downstream), although

intermittent seeding could sometimes be observed in the

top half part of the PIV images. As shown in Sect. 2.5,

this protocol did not seem to introduce significant dis-

turbances into the flow field.

The particles were imaged using a 4 MPx PIV cam-

era (LaVision, SX4M) placed normally to the laser sheet

and equipped with a long-distance microscope (Infinity
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Fig. 6 Example of a particle image obtained with the high-
magnification PIV setup and displayed using an inverted col-
ormap; the dashed line highlights the location of the wall; the
inset provides a close-up of images of particles.

K2 DistaMax with a CF-2 lens). A magnification fac-

tor of about 2 was obtained with a working distance

of about 160 mm, leading to dimensions of the mea-

surement area of 4.9 mm× 6.5 mm (that is 4.5d× 5.9d)

and a spatial resolution of 2.74 µm/pixel. The calibra-

tion of this setup was performed using a 2D precision

calibration plate (Edmund Optics Grid Distortion Tar-

get 62-950) and a pinhole camera model, accounting

for optical aberrations, typically leading to a r.m.s. cal-

ibration error of 0.3 pixel. The camera was focused on

this calibration plate that was initially aligned on a

row of liner orifices: the exact transverse location of
the focusing plane is expected to lie within ±0.1 mm

with respect to the orifices centers. The depth of focus

of this setup is approximately df = 40 µm, ten times

smaller than the estimated laser sheet width w3. As

a consequence, illuminated particles that are not per-

fectly in the focusing plane are imaged with significant

blur, yielding large bright particle images and dimmer

ring-like patterns together with well focused particle

images as shown in Fig. 6. Such patterns and large par-

ticle images have been observed by Kähler et al (2012a)

who also pointed-out the role of optical aberrations in

these images. These out-of-focus particles are thus ex-

pected to play a significant role in the PIV correlation

process, suggesting that the transverse spatial resolu-

tion of the measurement is likely larger than the exact

depth of focus previously given: a conservative criterion

could be to consider that the velocity fields presented in

this study are the result of an intrinsic averaging over

a width of 5df ≈ 0.2 mm, that is approximately 0.18d

where d is the liner orifices diameter.

2.4 PIV acquisitions and post-processing

A number of N = 1000 PIV image pairs was acquired at

a frequency of 10 Hz for every measurement sequence.

The PIV double-pulse time delay was varied as a func-

tion of the bulk velocity such that a mean particle

displacement of about 10 px would be obtained. These

time delays typically ranged from 0.3 µs to 4 µs. Post-

processing of the particle images was performed us-

ing the ONERA in-house PIV software FOLKI-PIV

(Champagnat et al 2011) allowing an accurate and fast

evaluation of dense PIV velocity fields using Graph-

ics Processing Units (GPUs) and an optical flow ap-

proach. An interrogation window size of 31 px was used

in the processing, leading to a spatial resolution of the

measured velocity fields in the (xy) plane of 85 µm,

equivalent to 0.08d. A particular attention was given

to the convergence of the algorithm and interrogation

windows where the correlation score was lower than

30 % were discarded in the computation of the flow

statistics. It can be noted that a window-correlation

approach was considered as sufficient enough for the

present study aiming at analyzing the velocity fields

near liner orifices, but that a finer spatial resolution

could be attained relying on a Particle Tracking Ve-

locimetry (PTV) approach as proposed by Kähler et al

(2012b) for example.

As usual for PIV, the estimation of the measure-

ment uncertainty is not trivial. Because of the high

turbulence rate of the flows here studied, the veloc-

ity fluctuations were observed to be significantly larger

than the random instantaneous uncertainties estimated

relying on the work of Wieneke (2015). This implies
that the global uncertainty of statistical quantities is

dominated by the previous choice of the sample size

N (Sciacchitano and Wieneke 2016). To evaluate the

statistical uncertainties associated with the mean and

r.m.s. velocity fields measured, it is common to make

a simplifying assumption of normally distributed veloc-

ities. In the present work, it was preferred to rely on

a more general bootstrap method (Efron and Tibshi-

rani 1994) in order to evaluate 95% confidence intervals

(CI). Overall, for the most unfavorable cases showing

large velocity fluctuations (a high bulk Mach number

Mb = 0.24 or a large SPL excitation L = 140 dB), the

largest bounds of the 95% CI obtained on both mean

and r.m.s. velocity results were of ±0.8 m s−1. For the

most favorable case (the no-liner case at a low bulk

Mach number Mb = 0.05), bounds of about ±0.2 m s−1

were evaluated. These estimated uncertainties are con-

sidered as satisfactory for the present discussion, the

effects observed having significantly larger amplitudes.

It can be noted however that in order to compare these
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PIV results with simulations one should consider in ad-

dition to these measurement uncertainties the filtering

effect of the measurement process (induced by the pla-

nar and transverse spatial resolution) and the uncer-

tainty on the exact location of the measurement plane

with respect to the liner orifices among other sources of

global uncertainty or error.

2.5 Validation of the near-wall PIV measurements

In order to evaluate the validity of the velocity mea-

surements obtained with this PIV setup, preliminary

tests over a rigid smooth wall were performed. Five

bulk Reynolds numbers Rb listed in Tab. 1 were in-

vestigated. The mean axial velocity profiles obtained

(averaged over the sample population and along the

axial direction x) are given in Fig. 7 in wall-units, thus

such that U+ ≡ U/Uτ and y+ ≡ yUτ/ν, where Uτ is

the friction velocity. On this figure are also plotted the

law of the wall U+ = y+ and the logarithmic law, with

κ = 0.42 and A = 5.4. These values for the log-law

parameters are close to classical ones given for circular

pipe flows (McKeon et al 2004) and were found to fit

reasonably well the data for y+ > 70. Nonetheless, a

careful examination shows that slight deviations from

this log-law appear for the largest values of y/h which

might be the result of a small velocity bias introduced

by a scarcer and intermittent seeding in this region of

the flow. Still, these deviations are minute and mainly

appear away from the wall, where the influence of the

acoustic liner will not be investigated. For validation of

the data points in the buffer layer, a DNS result ob-

tained by Pirozzoli et al (2018) for a turbulent flow in a

square duct at a bulk Reynolds number Rb = 4×104 is

also represented in Fig 7. As in the present experiment,

this profile is taken along the duct wall bisector (z = 0)

and is made dimensionless using a global mean friction

velocity. Because of the lower bulk Reynolds number

associated with this numerical result, the part of this

profile representative of the wake region should not be

expected to coincide with the data points obtained at

higher values of Rb.

A satisfactory collapse of all the measured mean ax-

ial velocity profiles is observed. Furthermore, these re-

sults compare favorably with the law of the wall for

y+ < 8, with the DNS profile in the buffer layer and

with the log-law for y+ > 70. For the lowest bulk

Reynolds number, the first valid data point appears to

be close to y+ = 3. These results thus provide some

confidence in the soundness of this PIV setup.

The estimates of the friction velocity Uτ required

to provide the velocity profiles in inner variables shown

in Fig. 7 were evaluated following two approaches. In
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4
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4

Fig. 7 Mean axial velocity profiles in wall units U+ = f(y+)
measured by high-magnification PIV at five bulk Reynolds
numbers Rb on a smooth wall in the B2A duct test-cell; :
log-law U+ = 1/κ log(y+) + A with κ = 0.42 and A = 5.4;

: law of the wall U+ = y+; : DNS result by Pirozzoli
et al (2018) at Rb = 4× 104.

the first one, a Clauser-type method was considered,

assuming a log-law in the mean axial velocity profiles

with the Kármán and the additive constants κ and A

previously given: a best fit to the data for y+ > 70

provided an estimate for the parameter Uτ . The values

obtained following this approach are reported in Fig. 8

with open symbols. One issue with this method resides

in the reduced extent of the log region in the present

data and on the slight velocity bias previously observed

for the largest y values. In the second approach, we

relied on Prandtl’s friction law for smooth pipes that

reads

1√
fD

= 2.0 log10

(
RDh

√
fD

)
− 0.8 (4)

where fD = 4Cf = 8(Uτ/Ub)
2 is the average (Darcy)

friction factor and RDh is the Reynolds number based

on the hydraulic diameter Dh. For square ducts, tak-

ing Dh = 2h leads to satisfactory estimates of Uτ using

Eq. 4 (Pirozzoli et al 2018). Refined estimates may be

obtained using slight corrections that have been pro-

posed in the literature (Jones 1976; Duan et al 2012),

but they were not found to significantly modify the

present results, nor was the use of a more recent ver-

sion of the friction law for high Reynolds number flows

(McKeon et al 2005). The estimates of the global fric-

tion velocities Uτ obtained with this second approach

are reported in Fig. 8 using filled markers. As observed

in this figure, the two methods provide values of Uτ that

are in fair agreement, with relative differences lower

than ±5%. In the following, all variables presented in

wall-units will be evaluated using values of Uτ obtained

with Prandtl’s friction law. These estimated values are

referred to as Uτ0 and are listed in Tab. 1.
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Fig. 8 Estimates of the mean friction velocity Uτ at five bulk
Reynolds numbers Rb listed in Tab. 1 using two methods: (a)
Prandtl’s friction law and (b) a fit of the theoretical log-law
defined in Fig. 7 on the mean axial velocity profiles (Clauser-
type method); for the last method, vertical error-bars with a
relative amplitude of ±5% are shown.

3 Velocity fields near and far from resonance

3.1 No acoustic forcing

Before analyzing the aerodynamic response of the liner

to an acoustic excitation, details on the effect of the

liner orifices on the near-wall flow with no acoustic forc-

ing are presented. PIV measurements were performed

above the acoustic liner mounted in the B2A duct test-

cell for the five bulk Reynolds numbers Rb listed in

Tab. 1. These measurements, are compared with the

smooth-wall case (Sect. 2.5) in Fig. 9, showing the mean

axial velocity profiles in wall-units, with Uτ = Uτ0, for

two values of Rb. No appreciable differences between

the smooth case and the liner case can be observed in

this figure, suggesting that the present liner geometry

does not induce any significant mean flow modification

and that the friction velocity Uτ is not significantly

altered. In terms of apparent surface roughness, this

result shows that the Hama roughness function ∆U+

is close to zero for the flow conditions studied, within

measurement uncertainty. Similarly, no significant dif-

ferences were observed on the mean vertical velocity

profiles V (y) and on the fluctuations u′(y) and v′(y).

This suggests that the self-generated oscillations of the

separated shear-layers in the orifices composing this

acoustic liner are not dynamically important, contrary

to the isolated Helmholtz resonator cases experimen-

tally studied by Ozalp et al (2003) and Ma et al (2009)

using PIV.
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4

w/ liner, Rb = 27.6 × 10
4

smooth, Rb = 27.6 × 10
4

DNS Rb = 4 × 10
4

Fig. 9 Comparison of the mean axial velocity profiles in
wall units U+ = f(y+) (using the global friction velocity
Uτ0) measured on a smooth wall and above the acoustic liner
without acoustic forcing at two bulk Reynolds numbers Rb
(Tab. 1); refer to Fig. 7 for the definition of the dashed lines.

3.2 Tonal excitation near and far from resonance

The aerodynamic response of the liner is first analyzed

for tonal excitation near and far from the resonance fre-

quency f0 estimated in Sect. 2.2. The objective of this

section is to quantitatively illustrate the velocity fields

above a liner orifice with a grazing flow in these two

different response regimes. For this purpose, only one

bulk Reynolds number Rb = 5.5× 104 (corresponding

to Mb = 0.048) and one sound pressure level L = 132 dB

are considered in this section. The effect of varying

these two parameters will be described in Sect. 4. For

the sound level L selected, the liner is expected to pro-

vide an aerodynamic response characteristic of its non-

linear regime (in a no-flow configuration) as defined in

Sec. 2.2.

As indicated in Fig. 3, the two forcing frequencies

selected are fl = 792 Hz and fh = 1592 Hz, respectively

located far from and near the estimated resonance fre-

quency of the liner. Introducing the frequency parame-

ter Ω ≡ ω/ω0, one gets Ωl ≈ 0.4 and Ωh ≈ 0.9. Fig. 10

shows the mean and r.m.s. vertical velocity fields (resp.

V and v′) obtained for the two forcing frequencies.

These velocity amplitudes are made dimensionless us-

ing the global friction velocity Uτ0 defined in Sect. 2.5,

even though the liner response is likely to change the

value of the global friction velocity. This issue was not

explored: the objective of this scaling is to provide a

sense of the order of magnitude of the aerodynamic re-

sponse of the liner with respect to the characteristic

velocity scale at the wall. Indeed, following the work of

Goldman and Panton (1976), it is believed that since in

the present case the ratio d/h = 0.044� 1 the relevant

velocity scale for the liner dynamics is more likely Uτ
than Ub.
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ṁ Ub Uτ0 Cf0 Mb Rb Rτ0 d+

(g s−1) (m s−1) (m s−1) (×10−3) (×104) (×103)
50 16.6 0.84 5.12 0.048 5.5 1.39 61
100 33.2 1.56 4.41 0.097 11.0 2.59 114
150 49.8 2.25 4.08 0.145 16.5 3.74 164
200 66.4 2.92 3.86 0.194 22.1 4.85 213
250 83.0 3.57 3.70 0.242 27.6 5.93 261

Table 1 Summary of the flow parameters as a function of the mass-flow-rate ṁ = ρUbA set in the B2A square duct of
cross-section A = 4h2; Ub is the bulk velocity, Uτ0 the friction velocity evaluated using Prandtl’s friction law (Eq. (4)),
Cf0 = 2(Uτ0/Ub)2 is the friction coefficient based on Uτ0, Mb is the bulk Mach number, Rb ≡ 2hUb/ν is the bulk Reynolds
number, Rτ0 ≡ hUτ0/ν is the friction Reynolds number based on Uτ0 and d+ ≡ dUτ0/ν is the liner orifice diameter in
wall-unit.
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Fig. 10 Comparison of the vertical mean (first row) and r.m.s. (second row) velocity amplitudes above two orifices of the liner
for two tonal acoustic excitation fl = 792 Hz and fh = 1592 Hz that are respectively far from (Ωl = fl/f0 = 0.4) and near
(Ωh = fh/f0 = 0.9) the (no-flow) liner resonance frequency f0 = 1850 Hz; results obtained with a grazing flow at Mb = 0.048
and made dimensionless using the global friction velocity Uτ0.

Away from resonance, for Ω = 0.4, the mean ver-

tical velocity field (Fig. 10a) shows an extended re-

gion of negative velocities above the two orifices ob-

served. A smaller region of positive vertical velocities

follows downstream, imposed by the conservation of

mass through an orifice. This average picture suggests a

low to intermediate inflow/outflow regime as described

by Baumeister and Rice (1975) and Tonon et al (2013).

The vertical velocity fluctuation field shown in Fig. 10c

suggests that the activity is mostly concentrated in the

downstream half of the orifice section, with an ampli-

tude two times larger than the no-liner friction velocity

Uτ0.

Near resonance, for Ω = 0.9, the mean vertical ve-

locity field depicted in Fig. 10b shows a more strongly

polarized distribution compared to Fig. 10a, with a con-

centrated region of negative velocity near the upstream

edge of the orifices and a larger pocket of positive veloc-

ity near the downstream edge. In between, a core region

of positive but almost null values is observed. This is

representative of an intense inflow/outflow regime in-

ducing large shear stresses at the orifice edges, with

the formation of a synthetic jet that is advected down-

stream by the main flow. The vertical velocity fluctu-

ations shown in Fig. 10d are more intense compared

to the case Ω = 0.4 by a factor of two, with a peak

amplitude located in the upstream half of the orifice

section.

As pointed out by Zhang and Bodony (2016), the

velocity scale of the in-orifice dynamics is not obvious

in such a complex case where both the grazing flow and

the acoustic forcing can play a role. A combined effect
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may be expected and several velocity scales may be con-

sidered (Goldman and Panton 1976): the bulk velocity

Ub, the friction velocity Uτ , the acoustic velocity of the

incident sound field p′/(ρ0c0) and the sound-induced

velocity of the resonator. Based on DNS, Zhang and

Bodony (2016) proposed for their results the following

velocity scale,

ṽz ≡ v′a∞ + u′ + 0.6Uτ , (5)

where u′ is the r.m.s. value of the axial velocity fluctu-

ations (hypothetically transported into the orifice) and

v′a∞ is the sound induced in-orifice velocity amplitude

defined by

v′a∞ ≡
p′

ρ0ω`
. (6)

The incident acoustic pressure r.m.s. amplitude p′ is

related to the sound pressure level L (in dB) by

p′ = pref10L/20 (7)

with pref = 20 µPa. The definition provided by Eq. (6) is

actually a high-frequency limit deduced from a lumped-

element model of a Helmholtz resonator with no grazing

flow (see Morse et al (1948) for example) that reads

v′a =
p′

ρ0ω`

1√[(
ω0

ω

)2 − 1
]2

+
(
ω0

ωQ

)2 . (8)

In this expression Q ≡ ω0/γ is the resonator quality

factor that is inversely proportional to the damping co-

efficient γ of the system and thus to the orifice resis-

tance (Ingard 1953). The present value of the Q-factor

is not precisely known and is most likely a function of

the tangential flow velocity since it is well known that
a grazing flow generally increases a liner resistance due

to a reduction of the effective orifice area (Rogers and

Hersh 1976). A typical value for such a resonator with

no grazing flow is about 10. Non-linear effects that are

induced by a high SPL and a grazing flow will signifi-

cantly increase the orifice resistance and thus decrease

the value of Q by typically a factor 10, yielding Q ≈ 1.

We may then expect such a value to have the correct or-

der of magnitude and to change with increasing values

of Uτ .

The velocity scales obtained using Eq. (5), Eq. (6)

and Eq. (8) are summarized and compared in Tab. 2 to

the velocity fluctuations measured and noted v′max: a

unit ratio indicates similar amplitudes. For the present

study, relying on the velocity scale defined in Eq. (5)

leads to over-estimated sound-induced in-orifice veloc-

ity amplitudes for the two frequencies considered. For

the case far from resonance (Ω = 0.4), as one could ex-

pect, the high-frequency limit given by Eq. (6) is inad-

equate, whereas for the case near resonance (Ω = 0.9)

the contributions associated with a grazing flow effect

do not seem as relevant as in the work of Zhang and

Bodony (2016) who mainly considered high-frequency

excitation. Relying on Eq. (8), however, appears to pro-

vide satisfactory estimates in both cases for a value of

Q set to 1, suggesting that this velocity scale estimate

is appropriate for the present results.

We finally note that the recent work of Rienstra and

Singh (2018) that intends to solve the non-linear system

of equations for a Helmholtz resonator without grazing

flow might also be used in order to estimate the velocity

amplitudes at the orifice. This was not performed here

for conciseness.

3.3 Phase-averaged velocity fields

Still considering the case of a bulk Mach number Mb =

0.048 with a tonal excitation at L = 132 dB, phase-

locked PIV measurements were performed at 8 phase

angles φ with respect to the harmonic signal driving the

loud-speakers in order to provide a mean description of

the near-wall liner response for the two forced cases

Ω = 0.4 and Ω = 0.9. Mean (phase-averaged) vertical

velocity fields, referred to as Vφ, at four phase angles

are shown in Fig. 11, illustrating the inflow and outflow

phases for the case near resonance. Note that the phase

reference is arbitrary and that it was adjusted such that

φ = 0 corresponds approximately to the beginning of

the inflow cycle at the orifice considered. The outflow

phase is characterized by a velocity amplitude larger

than the inflow one, resulting in an asymmetry of the

in-orifice flow dynamics, consistent with the slight posi-

tive values observed in Fig. 10b above the orifice center.

Such a biased in-orifice flow has been also reported in

the work of Zhang and Bodony (2016) with DNS re-

sults obtained for high-frequency excitation Ω > 2 and

clearly finds its origin in the asymmetry of the flow

conditions on both sides of the orifice.

Velocity profiles extracted from these phase-averaged

vertical velocity fields along an horizontal line located

at y = 0.07d, that is close to the liner surface, are shown

in Fig. 12 for the two forcing cases. Far from resonance

(Fig. 12a), both the inflow and the outflow phases show

peak velocities in the downstream half of the orifice

section, which is consistent with the classical picture

of a vena contracta induced by the grazing flow sep-

arating at the upstream orifice edge and reducing the

effective orifice section (Rogers and Hersh 1976). Fol-

lowing Tonon et al (2013), this regime could be termed

as a low to intermediate inflow/outflow regime. Near

resonance however (Fig. 12b), the velocity profiles dis-

play a milder streamwise asymmetry suggesting that

the vena contracta effect induced by the grazing flow is
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Ω v′max/Uτ0 v′a∞/v
′
max ṽz/v′max v′a/v

′
max v′a/Uτ0

(PIV) (Eq. (6)) (Eq. (5)) (Eq. (8))
0.4 1.95 4.60 6.34 0.91 1.77
0.9 4.2 1.06 1.87 0.87 3.65

Table 2 Comparison of in-orifice velocity scales for the case of tonal acoustic forcing far from and near resonance at L = 132 dB
with a grazing flow at Mb = 0.048.
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Fig. 11 Phase-averaged vertical velocity fields Vφ obtained
for an acoustic forcing near resonance (Ω = 0.9) with L =
132 dB and a grazing flow at Mb = 0.048; φ refers to the
phase angle with respect to the acoustic excitation, such that
φ = 0 corresponds approximately to the beginning of the
inflow cycle.
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Fig. 12 Phase-averaged mean vertical velocity profiles
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0.07 above an orifice for the two forcing cases (a) far from
and (b) near resonance, with L = 132 dB and Mb = 0.048.

less pronounced and that the in-orifice flow dynamics

is mainly driven by the acoustic resonance. This high

inflow/outflow regime approaches a pure bias flow situ-

ation, where vena contracta effects are rather associated

with symmetric flow separation at the orifice edges.

These observations finally highlight that in order to

satisfactorily model the in-orifice flow dynamics for such

an acoustic liner in situations where typically v′max/Uτ0 >

2 at the resonance, different inflow/outflow regimes need

to be considered as a function of Ω.

4 Effect of Mb and L on the liner response to a

multi-tonal excitation

The liner response analyzed in the previous section high-

lighted some details of the flow dynamics for a specific

set of global friction velocity Uτ0 (driven by Mb or Rb)
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and sound pressure level L at one forcing frequency.

This section intends to provide details on the effect of

varying these two parameters on the velocity field above

an orifice. Furthermore, a multi-tonal excitation com-

posed of the same 11 pure tones used in Sect. 2.2 is

considered. Each tone is set to the same incident SPL

that will be noted L in the following: the overall SPL

LOA is then approximately equal to L+10.4. This choice

is of interest for two main reasons. First, acoustic lin-

ers are usually employed in complex situations where

multi-tonal excitation can be found, as in fan applica-

tions; it is not clear however whether a liner response

depends on the spectral content of the excitation or

not and quantitative data are required to explore this

point. Second, to the knowledge of the authors, there

are no results in the literature discussing the appropri-

ate velocity scale to consider at a liner orifice under

multi-tonal excitation. An attempt to address this last

point is thus presented.

4.1 Effect of the sound pressure level

The mean and r.m.s. vertical velocity fields measured

above an orifice for increasing values of SPL per tone

L ∈ [120, 125, 140] dB are shown in Fig. 13, for a bulk

Mach number Mb = 0.048. A fourth case corresponding

to L = 132 dB is shown in the following Sect. 4.2 in

Fig. 16 but is not reproduced here for conciseness. It

can be observed that the lowest SPL per tone provides

mean and r.m.s. velocity fields that are quite similar

to the ones obtained for single-tone excitation near res-

onance in the previous section (see Fig. 10b and d).

Increasing L leads to progressively larger and more in-

tense mean flow deformations. Vertical velocity fluctu-

ations also significantly increase, up to a similar value

of v′max/Uτ0 ≈ 8.5 at the two highest L, as reported in

Tab. 3. This observation is not fully explained, but two

alternatives may be proposed: first, this might indicate

an upper bound or a nonlinear limiting process; second,

the two cases considered might yield resistance terms

almost symmetrically located below and above the opti-

mal one leading to maximum absorption, thus yielding

similar in-orifice dynamics. This point requires further

investigation with possible connections to make with

the behavior of the acoustic liner impedance. A more

quantitative picture is provided in Fig. 14 that shows

r.m.s. velocity profiles extracted along a line close to the

orifice at y/d = 0.07. We note that these profiles may

appear almost symmetric with respect to the orifice axis

but a careful inspection shows that higher fluctuations

are generally observed in the upstream half of the orifice

section, suggesting here again an inflow/outflow activ-

L v′max/Uτ0 v′a/v
′
max v′a/Uτ0

(dB) (PIV) (Eq. (9))
120 3.3 0.64 2.12
125 4.5 0.84 3.77
132 8.7 0.97 8.44
140 8.4 2.52 21.20

Table 3 Measured vertical r.m.s. velocity amplitudes v′max

above an orifice compared with the velocity amplitude esti-
mate v′a given by Eq. (9) with an acoustic excitation com-
posed of 11 pure tones, for an increasing SPL per tone L and
for Mb = 0.048.

ity more intense in this region for the present aerody-

namic condition.

As observed in Fig. 14 for L = 132 dB, the r.m.s.

vertical velocity amplitude of the resonator with a multi-

tonal excitation is clearly larger compared to the single-

tone excitation case presented in Sec. 3.2. A simple way

of modeling such a multi-tonal forcing consists in as-

suming that each tone contributes independently of the

others to the vertical velocity variance at the orifice.

The global r.m.s. velocity amplitude v′a induced by the

multi-tonal excitation is then given by

v′a =

√∑
i

v′2a (ωi) , (9)

where one may use Eq. (8) to evaluate the velocity

variance v′2a (ωi) induced by a tonal excitation at fre-

quency ωi. To evaluate the validity of this velocity es-

timate, a single value of Q = 1 is considered, as in

Sec. 3.2, regardless of the frequency and of the SPL. Re-

sults obtained following this approach are summarized

in Tab. 3. It can be observed that satisfactory orders

of magnitude are obtained for L = 125 dB and 132 dB,

leading to ratios v′a/v
′
max close to unity. We furthermore

note that the value of v′a/Uτ0 for the case L = 125 dB is

similar to the one obtained in Sec. 3.2 with a tonal exci-

tation near resonance at L = 132 dB: this is consistent

with the similarity observed previously between the as-

sociated velocity fields. However, the lowest SPL per

tone L = 120 dB leads to a low velocity estimate, while

the highest case L = 140 dB provides an estimate that

is too large. This may indicate that the value for Q con-

sidered is too low for the former case and too high for

the latter. This trend bears some physical sense since

non-linearities appearing with increasing SPL tend to

increase the orifice resistance and thus decrease the Q-

factor.

These results shown in Tab. 3 also highlight that the

aerodynamic response of the liner under these condi-

tions is significant compared to the tangential flow, with

vertical velocity amplitudes v′max easily larger than the

main flow velocity scale at the wall Uτ0. To further ex-

plore the implications of this aerodynamic response on
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Fig. 13 Contours of mean (first column) and r.m.s. (second column) vertical velocity made dimensionless using the global
friction velocity Uτ0 above an orifice of the liner at a bulk Mach number Mb = 0.048 and with multi-tonal excitation (11 pure
tones with frequencies distributed as in Sec. 2.2) at three different sound pressure levels per tone L.

−0.50 −0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

x/d

0

2

4

6

8

v
′ /
U
τ
0

y/d = 0.07

L = 120 dB

L = 125 dB

L = 132 dB

L = 140 dB

tonal L = 132 dB

Fig. 14 Profiles of r.m.s. vertical velocity extracted from
Fig. 13 along an horizontal line located at y/d = 0.07; is also
displayed the profile obtained for the single-tone excitation
case shown in Fig. 10.

the main flow, Fig. 15 shows the profiles of streamwise-

averaged axial and vertical mean velocity together with

the no-liner case. This streamwise-averaging operation

was performed over the length Lx corresponding to the

streamwise separation distance of two consecutive ori-

fices. Examining Fig. 15a, one may attempt to draw a

parallel with the aerodynamic effect of surface rough-

ness for the two lowest values of L (120 dB and 125 dB):

the classical log-law appears to be vertically shifted by a

quantity ∆U+ that would be the Hama roughness func-

tion in roughness studies. We argue against this idea

that a change of slope in the log region can be observed,

more pronounced as L is increased. Furthermore, sig-

nificant distortions of both axial and vertical velocity

profiles are seen for increasing values of L. This suggests

that such a “rough-wall” analogy is not adequate, or at
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profiles are compared to the no-liner case ( ); in (a), are also displayed the law of the wall and the log-law as defined in
Fig. 7.

least significantly limited. It is thus concluded that, for

the conditions here studied, the aerodynamic effect of

a liner under acoustic excitation may not be accurately

modeled relying on strategies like the equivalent sand-

grain roughness (Jiménez 2004). Nonetheless, since the

planar measurements analyzed here may provide an in-

complete picture of the homogenization process, this

issue may need to be further investigated by consid-

ering velocity profiles averaged over a periodic volume

above a liner cell.

Finally, Fig. 15b displays the mean vertical velocity

profiles V /Uτ0. For the no-liner case, as a consequence

of secondary motions in the duct corners, a linear in-

crease starting from zero is observed along a wall bi-

sector up to y/h = 0.14, which is consistent with re-

sults reported in the literature (Pirozzoli et al 2018).

Interestingly, an extended plateau of positive vertical

velocity near the liner surface is obtained for the two

cases L = 120 dB and 125 dB. This observation suggests

that a more suited analogy could then be made with a

transpiration effect at the wall. This point is further

developed in the next section.

4.2 Effect of the bulk Mach number

The effect of increasing the bulk Mach number Mb and

thus the global friction velocity Uτ0 is analyzed in this

section. The multi-tonal excitation case with L = 132 dB

is considered and Mb is varied from 0.05 to 0.24. Mean

and r.m.s. vertical velocity maps are shown in Fig. 16,

for only the first three Mach numbers for conciseness.

An increase of Mb yields a progressive reduction of

the region of influence (or penetration length) of the

sound-induced synthetic jet: the associated turbulent

dynamics is progressively confined at the aperture and

convected downstream, which is particularly evident on

the r.m.s. velocity fields of Fig. 16. The vertical velocity

fluctuations are swept and brought closer to the surface

of the liner as Mb is increased. The location of maxi-

mum vertical velocity fluctuation at the aperture is also

progressively moved from the upstream half of the ori-

fice section to the downstream one. This suggests that

separation at the upstream edge of the aperture has

intensified, likely promoting a vena contracta effect in

the orifice. This is particularly highlighted in Fig. 17a

that shows r.m.s. vertical velocity profiles along the hor-

izontal line y/d = 0.07: an almost symmetric profile is

observed for Mb = 0.05 while for Mb = 0.24 it is signif-

icantly biased downstream.

As shown in Fig. 17a, the increase of the bulk Mach

number does not change the order of magnitude of the

vertical velocity fluctuations at the orifice. An increase

of about 1 m s−1 is observed for Mb varying from 0.05

to 0.24. We preferentially relate this trend to the vena

contracta effect in the orifice that reduces the effec-

tive aperture cross-section, thus increasing the sound-

induced velocity fluctuation amplitude in the orifice.

Comparatively, it was observed (but not shown here)

that the turbulence intensity of the main flow near the

surface has increased by almost a factor 10: contrary to

the work of Zhang and Bodony (2016), the present re-

sults indicate that if a turbulence-related velocity scale

should be included in the in-orifice dynamics velocity

scale previously defined by Eq. (9), a prefactor signifi-

cantly lower than 1 should be considered.

While the amplitude of the in-orifice velocity fluc-

tuations has not significantly increased with Mb, the

global velocity scale of the main flow at the wall Uτ0
has been multiplied by a factor of 4. The ratio v′/Uτ0
along the horizontal line at y/d = 0.07 is represented

in Fig. 17b, showing the reduced aerodynamic influ-

ence of the resonator for increasing Mb: the in-orifice

velocity scale gradually becomes comparable with Uτ0.
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Fig. 16 Maps of mean (first column) and r.m.s. (second column) vertical velocity made dimensionless using the global friction
velocity Uτ0 above an orifice of the liner for three bulk Mach numbers Mb ∈ [0.05, 0.1, 0.15]; acoustic forcing is provided
by a multi-tonal excitation (11 pure tones with frequencies distributed as in Sec. 2.2) with a sound pressure level per tone
L = 132 dB.
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liner global friction velocity Uτ0) for three bulk Mach numbers Mb and for a multi-tonal acoustic excitation at L = 132 dB; in
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Mb v′max/Uτ0 v′a/v
′
max v′a/Uτ0

(PIV) (Eq. (9))
0.05 8.7 0.97 8.44
0.10 5.0 0.91 4.54
0.15 4.1 0.77 3.15
0.24 2.6 0.76 1.99

Table 4 Measured vertical r.m.s. velocity amplitudes v′max

above an orifice compared with the velocity amplitude esti-
mate v′a given by Eq. (9) with an acoustic excitation com-
posed of 11 pure tones at a SPL per tone L = 132 dB and for
an increasing bulk Mach number Mb.

This is highlighted in Tab. 4, where v′max/Uτ0 ≈ 2.6

for Mb = 0.24. It is furthermore observed in Tab. 4

that the ratio v′a/v
′
max obtained assuming Q = 1 is still

close to one, but moves away from unity with increas-

ing Mb. Analyzing this trend in terms of resistance be-

havior is more difficult than in Sec. 4.1: increasing the

tangential flow velocity scale Uτ0 and thus intensifying

the vena contract effects are known to increase the res-

onator resistance, but also to reduce the effective aper-

ture area and the effective orifice neck length ` (Kirby

and Cummings 1998), terms that play a significant role

in Eq. (8). Such a discussion requiring further details on

the acoustic properties of the resonator is however out

of the scope of the present work and is not continued.

As in Sec. 4.1, the aerodynamic effect of the liner

may be analyzed relying on streamwise-averaged mean

axial and vertical velocity profiles, which are displayed

in Fig. 18 in wall units and respectively referred to as
U and V . For the lowest bulk Mach number Mb = 0.05,

clear differences exist compared to the no-liner case:

the vertical velocity profile V shows a large peak near

the wall yielding a significant deviation from the log-

law on the axial velocity profile U . For the highest bulk

Mach number Mb = 0.24, these mean velocity profiles

are very similar to the no-liner case, suggesting that,

in a spatially averaged manner, the liner response has

no significant influence on the main flow. In-between,

for Mb = 0.15, the average effect of the liner response

translates to an almost constant vertical velocity com-

ponent at the wall: as suggested in Sec. 4.1, an analogy

in such an intermediate case may then be drawn with

a uniform transpiration effect at the wall. As shown in

the literature (Krogstad and Kourakine 2000), such a

uniform injection leads to a modification of the classi-

cal log law found in turbulent boundary layers in such

a way that

U+ = U+
0 +

1

κ′
log

(
y+

y+0

)
+
V +
w

4

[
1

κ
log

(
y+

y+0

)]2
(10)

where κ′ ≡ κ/
√

1 + U+
0 V

+
w , Vw is the mean injection

velocity and U+
0 and y+0 are integration constants. As

shown in Fig. 18a, a satisfactory fit to the averaged ax-

ial velocity profile for Mb = 0.15 is obtained using this

expression. The two lowest SPL cases shown in Fig. 15

and the tonal excitation case near resonance discussed

in Sec. 3.2 were also found be correctly fitted by such

an expression. It is then suggested that, under certain

conditions, the aerodynamic effect of an acoustic liner

may be satisfactorily modeled relying on such a “wall-

transpiration” analogy. An expected difficulty should

then be found in the evaluation of the associated pa-

rameters that are the mean injection velocity and the

equivalent friction velocity, which represents a complete

study on its own.

Overall, based on the values of v′max/Uτ0 obtained

in this work and reported in Tab. 2, Tab. 3 and Tab. 4,

it was observed that for about v′max/Uτ0 < 2 no signifi-

cant aerodynamic effect (in a streamwise average sense)

was associated with the liner response; for v′max/Uτ0 >
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5 large streamwise-average mean flow distortions ap-

peared; in-between, for 2 < v′max/Uτ0 < 5, the streamwise-

average mean vertical velocity distribution was observed

to be relatively uniform near the wall, suggesting that a

wall-transpiration analogy might be relevant, while be-

ing obviously inexact. The bounds here proposed may

be case-dependent and, as noted in Sect. 4.1, these con-

clusions are drawn from planar PIV measurements: fu-

ture work should then consider numerical or experimen-

tal results obtained in a volume above a liner orifice.

5 Conclusion

This experimental work focused on the aerodynamic re-

sponse of a conventional acoustic liner with a grazing

flow. It was shown that a high-magnification PIV setup

could be successfully used to measure the velocity dy-

namics near a millimeter-sized liner orifice. A system-

atic analysis of the effects of the forcing frequency, the

forcing sound pressure level and the tangential flow ve-

locity was then conducted.

The present results indicate different aerodynamic

response regimes depending mainly on two parameters:

the frequency parameter Ω = f/f0 and the ratio v′/Uτ .

Acoustic excitation near resonance (Ω ≈ 1) naturally

yields to an intense aerodynamic response of the acous-

tic resonator, which may lead to in-orifice velocity scales

v′ much larger than the tangential velocity scale Uτ .

This behavior can thus profoundly alter the in-orifice

aerodynamics with a large reduction of the vena-contracta

effect induced by the grazing flow. Away from reso-

nance, this vena contract effect is likely to play a more

significant role.

The ratio of the near-orifice resonance-related veloc-

ity scale v′ to the friction velocity Uτ was observed to

provide a convenient way of categorizing the different

cases in terms of their global aerodynamic effects. For

low values, typically v′/Uτ < 2, little changes were ob-

served on the mean, streamwise-averaged velocity pro-

files. For large values, typically greater than 5, large

mean flow distortions were observed. These are the re-

sult of synthetic jets formed at the liner orifices and able

to penetrate deeply in the main flow. An intermediate

regime was reported, for which a “transpiration wall”

analogy rather than a “rough-wall” analogy appeared

adequate. This point however requires further investi-

gation and both numerical and experimental comple-

mentary analysis should be considered.

Finally, it was verified that a near-orifice velocity

scale estimate based on a lumped-element method could

be adequate for both tonal and multi-tonal acoustic ex-

citation cases. One may then rely on such an estimate

to evaluate v′ for a specific case (given a SPL and an

aerodynamic condition) and deduce a value for the ratio

v′/Uτ assuming a known friction velocity, then provid-

ing an estimate of the aerodynamic regime based on

the above discussion. This approach lacks today some

ingredients, such as an explicit and robust estimation

of the Q-factor of the acoustic resonator that depends

on the SPL and the vena contracta effects, and a con-

firmation of the relevance of the bounds proposed on

v′/Uτ . Future work should then intend to clarify these

points.
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