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Abstract

Passive acoustic liners, used in aeronautic enginelles to reduce radiated fan
noise, have a quarter-wavelength behavior, beaafyserforated sheets backed
by honeycombs (with one or two degrees of freeddinjvever, their acoustic
absorption ability is naturally limited to mediumdahigh frequencies because
of constraints in thickness. The low ratio “plat@ckness/hole diameter”
generates impedance levels dependent on the in@dand pressure level and
the grazing mean flow (by a mechanism of nonlirtkssipation through vortex
shedding), which penalises the optimal designnarB. The aim of this paper is
to overcom this problem by a concept called LEONEEong Elastic Open
Neck Acoustic Resonator”), in which a perforateat@lis coupled with tubes of
variable lengths inserted in a limited volume oback cavity. To do this,
experimental and theoretical studies, using diffetgpes of liners (material
nature, hole diameter, tube length, cavity thickhese described in this paper.
It is shown that the impedance can be preciselgroebed with an analytical
approach based on parallel transfer matrices aéstudmupled to the cavity.
Moreover, the introduction of tubes in a cavity afconventional resonator
generates a significant shift in the frequency eaafabsorption towards lower
frequencies or allows a reduction of cavity thickme The impedance is
practically independent of sound pressure levehbse of a high ratio “tube
length/tube hole diameter”. Finally, a test leamaeroacoustic bench suggests
that a grazing flow at a bulk Mach number of 0.3 hi#tle impact on the
impedance value. These first results allow considethese resonators with
linear behavior as an alternative to classicalmasws, in particular, as needed
for future Ultra High Bypass Ratio engines with ghpand thinner nacelles.

Keywords:

Sound insulation, Transmission resonator, Acoustedance, Local reaction,
Absorbing material
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1 Introduction

Locally reacting liners, as those used in aeronaligngine nacelles, are
generally “sandwich” resonators with a perforati&deplinked to an honeycomb
material above a rigid plate. Their absorption b@racan be described
approximately with the principle of a Helmholtz oeator. The frequency range
of absorption is thus essentially controlled by tihnekness of the honeycomb
cavity (“quarter-wavelength” behavior). Honeycondti€ are necessary to force
wave direction perpendicularly to the perforatedtel It is classical to verify
that the cell diameteatis lower than the minimal half wavelength. Moreqgibke
cell layers are supposed to be rigid (no vibrabodamping). The small size of
the holes (mostly from 0.4 to 2 mm according toustdal needs), absorbs the
energy (through the acoustic boundary layer app@li¢de internal walls) when a
wave is propagated through the resonant cavity].[I;Be impedance can
depend non-linearly on the incident particle velpdéevel (or sound pressure
level) [1]) and on the grazing flow. Acoustic “vimés” of particle velocity can
therein occur at the resonator surface, thus mogjfynpedance. Many studies,
since Ingard in the 1950s [3], have tried to deteenthe influence of various
parameters on the impedance and the absorptioale$.nGaeta and Ahuja [4]
show in particular that to increase the perimetén@hole with the same surface
allows an increase of the absorption at low mageisuof particle velocity (<1
ms™) but has no significant effect for higher veloeiti Above a threshold value
of the ratio Yo/v*” (acoustic or particle velocity/friction velocitf the acoustic
boundary layer) the hole behavior becomes nonAlifigla It appears that the
nonlinear dissipation mechanism of vortex sheddsngrucial for noise levels
greater than 120 dB [6], values unfortunately mlaskier than in an aircraft
engine. Chandrasekharan et al. [7] led impedan@sunements in a tube and
compared results with classical laws of Hersh, Kaafl Candrall & Melling. It
is shown that an increase of ratid '/ r " (plate thickness/hole radius) increases

the frequency band over which there is linear beinanf the plate with the
sound level (between 100 and 150 dB until 6,4 kBpden et al. [8] show that,
for a high pressure level noise at different tonesnodify the sound pressure
level at one particular frequency can generate Ba-linear variation of
impedance at other frequencies. Indeed, if the gimexcitation is periodic
with multiple harmonics, the impedance at a giveqdiency may depend on the
particle velocity at other frequencies. It is provbat a simply linear model of
the impedance cannot be enough to accurately dearca material. That is
the reason why it can be interesting to determmienpedance model taking into
account the non-linearity and to then separatafiaed non-linear parts [9]. In
[10] the ratio Yo/v*” is also introduced as a parameter (similar td¢b single
resonator) to determine a limit of linearity thajpeénds on the Mach Number: 1
for Mach 0.15, 0.3 for Mach 0.3 and 0.1 for Mach10.The grazing flow
produces non-linearity phenomena for lower acougtiocities. In [11], it is
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specifed that the resistance of several samplesr(diameter 140 mm, liner
thickness 1 mm, hole diameter 1.25 mm, porosit® @dd 6.79 %) increases
with the Mach Number (Mach 0 — 0.1 at 1,400 Hzhe¥oet al. [12] have tried to
identify the influence of hole diameter with a gragflow (0<M < 05), and
with a variation of porosity (64% <0< 132%), plate thickness
(051mms|,; <102mm), | ,/d (034<I,/d< 080) and cavity lengthh

( 38Imms<h<762mm ). It appears that /d has no influence on the

impedance up to Mach 0.3. Beyond this Mach number resistance tends to
increase slightly, especially for low valueslgf' d . The resonance frequency

decreases obviously hsncreases. In [13, 14], in order to reduce thgudency
band of the absorption, the concept of a materi#h straight main pores
bearing lateral cavities (dead-ends) is studiede Phesence of dead-ends
significantly alters the acoustical propertieshef tnaterial and can significantly
increase the absorption at low frequencies, becalugdow sound speed in the
main pores and thermal losses in the dead-end.pores

Finally, in order to enlarge the frequency rangalmdorption, different types
of one degree of freedom liners can be stackednstitute two or three degrees
of freedom liners. In such cases, the increas®whd pressure level increases
their resistance and decreases their reactanceli&]presence of grazing flow
even seems to increase the resistance and to bam#uence on the reactance.
Furthermore, it would generate strong sound levels Strouhal Number
(defined with regard to the grazing flow) from ®10.4. The authors develop a
non-linear model of impedance based on Helmholtefdations, in uniform
grazing flow: the non linear terms are only relatito the first cavity.
Nevertheless, the physical law of two or three degrof freedom liners is not
suited to an absorption at the lowest frequenaeseeded for future Ultra High
Bypass Ratio (UHBR) engines with shorter and thinmecelles (frequencies
around 500 Hz).

A possible approach could be to include, in a Halziresonator, a winding
neck extension built at the upper surface for tgraina low frequency [16], or to
link an upper perforated panel with flexible tubesoduced in the cavity, as
proposed by Lu et al. [17].

In these configurations, incident acoustic waves damped in a long
resistive and reactive medium (winding neck extamgil6] or flexible tubes
[17]) before being transmitted in the cavity. Theerface with the cavity
generates a low resonance frequency by a prolangatithe air column length
(end correction of the hole neck). Indeed, the@malvith Helmholtz resonator
shows that, in the case of long tubes, the res@enfitaquency can be governed
by the tube length,e with an effect comparable to cavity thicknelss
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(frequency dependence in ! ~ 1t
\/(l neck + Itube)h \/l tubeh
thickness being negligible compared to the tubgtlen

The interest of this concept has been proven exgetally by these last
authors but without any mathematical model to alfowdetermination of the
absorption frequency range according to dimensipaemeters.

The aim of this paper is therefore, firstly, to lempent a mathematical
model without the hypothesis of a short tube, theotto describe a concept of a
perforated plate coupled with tubes of variableytha that fill a limited volume
of a cavity (LEONAR for “Long Elastic Open Neck Acstic Resonator”), then
to validate this concept with materials having onseveral lengths of flexible
tubes within different cavities. The potentialitiesadditive manufacturing, as
shown for example by Setaki et al. for combinatidmultiple resonators [18],
can also be used in order to manufacture platdstulites and cavity cells in the
same process without classical problems of gluihgdeed, the liner
manufacturing is generally carried out in two staghe process begins firstly
by laser drilling of an upper thin plate to gener#tte desired porosity, and
continues secondly by the bonding of this platethm honeycomb. With this
fabrication method, the glue can fill holes that #yo close to the honeycomb
cells, a problem avoided by 3D printing by additimeanufacturing with
Selective Laser Sintering or Stereolithographydolymers and Selective laser
Melting for metal.

Some configurations are thus simulated and testeddluate the relevance
of theoretical approach and the linearity of bebavs. incident Sound Pressure
Level. The impedance of such a material is alserd@hed in a duct with a high
grazing flow (Mach number 0.3) for comparison with impedance without
flow.

This paper completes previous author's communinat[@9,20].

, the perforated plate

2 Description of LEONAR

The resonator is composed of a perforated platesevholes are connected to
hollow flexible or rigid tubes, inserted in a cagvénded by a rigid wall (Fig. 1).

[

h

Fig. 1. lllustration of resonator with an upper perforapdate (thicknesk,) connected
to hollow flexible tubes inserted in a cavity (thiessh).
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The parameters describing the resonator are, regplgc thicknessl, and
porosity g, of plate, inner radius and outer radius, of the tubes, tube length
and cavity thicknesh. g, is defined as the ratio of the area of holes éottial
area of plate.

Examples of resonators (with tubes in Teflon oPMMA for PolyMethyl
MethAcrylate, also known as Acrylic) are shown beldig. 2 to 5).

Fig. 2. Type 1 samples with a perforated plate connectdaflon tubes of variable
lengths, to be placed above a cavity.

(b)

Fig. 3. Type 2 samples with a perforated plate connectd&®MMA tubes of variable
radius (a) and (b), to be placed above a cavity.

(b)

Fig. 4. Type 3 samples with a perforated plate connectéabtes (a) to be placed above
a cavity ended by a rigid wall (b).
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Fig. 5. Type 3 samples with a perforated plate connectéddes of 2 variable lengths,
partitioned (a) or not (b), to place above a cavity

The propagation of waves along hollow tubes carsli@vn as a linear
combination of propagational, thermal and viscousles [21]. The pressure in
the propagational mode satisfies an ordinary wageagon, while the
temperature and velocity in the other modes satigfysion equations.

To simplify the mathematical description, soundgagation is considered in
narrow channels between plane parallel plates atgzhby a distancézr;).

The pressure field is mainly due to the propagational mode, for hariméime
dependence (expressed dy satisfies the classical equation:

D2p+(‘—;’j p=0 (1)

which has solutions in the form
p(x,r) = Acos@,r) (€% +e7™) 2)

with r=0 at the centen; = r, at the boundaries, andq being, respectively the
complex transverse and axial wavenumbers, related b

o =[ﬁ’j -q? 3)

We assume that the wavelength of waveésmuch larger thanrdi.e. A>137
mm up to 2500 Hz (at ambient air conditions), coragao 1 mm for typical
liner hole diameter) and therefore without viscerthal effectsg, = 0. On the
other hand, to account for these effects congistieterminingg, # 0 from the
wall boundary conditions of zero total tangentielocity and zero temperature
fluctuation.

Thus, g, parameter common to all modes, can be inferremn fithe
mathematical expression of transverse velocitiestdypropagational, thermal
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and viscous modes. Indeed, as the sum of transvelmeties must vanish at the
inner boundaries, the transverse propagation congtath the assumption of

narrow channelsg,r. << or codq,r,)=1) is given by [21]:

2
2 W\ (y=IF(k,r )+ F (k1) tan(X)
=—— where =2\ 4
N (cj 1-F(k,r) "= @
with
K = 1+] h _ | 2K i
N _TW ereg, = - (thermal boundary layer thickness) (5)
h p
_1+] _2u .
K, —TWherecSV = _|=E= (viscous boundary layer thickness) (6)
v pw

¢, K, Cp, pandy, are respectively sound speed, heat conductiofficieat,
specific heat at constant pressure, density andrdigviscosity.

In narrow channels, the average axial velocitythagollowing form:

= 0Pl e -] @)

Finally, the complex propagation constant in theal direction of the
channelq is determined simply by [21] :

o=( ) [P ©

c 1-F(k,r)

For circular tubes, the functiom(x):tar)((x), introduced in Egs. (4), (7) and

(8) to determine the transverse and axial propagatonstants, are generally
replaced by Bessel functions [26]. In low frequenmye can nevertheless keep
this function and replaae by r, /2 in these equations, without significant

differences in the configurations of resonators.

Subsequently, we assume that (Fig. 6):

e continuity of pressure and mass flow between thmeguand surrounding
cavity is verified at the end of tubes,

» transmitted waves propagate in rigid cavity, withany loss, mainly in the
direction of the thickness, as for a classical nasor.
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Reflected waves Incident waves Reflected waves

(a) (b)
Fig. 6. Physical configuration (a) with an upper perfodgptate connected to hollow
tubes (lengthy) inserted in a cavity (thicknes$ — Simulated configuration (b) with an
equivalent thick perforated plate (thicknéysnserted in a cavity (thickne&s.

One can easily define the different transfer matricelated to elementary
components (Fig. 6 (b)), as follows:

T codkh)  jecsin(kh) )
@~ sin(kh)/ oc - cogkh)

cofdl)  j— 2 sin(al,)

Ttube = (1_ f ) q(l_ fV) (10)

jq—vsm(qlt) COE(q|t)

Pw
1 0

Ttubes/ca\t'y = |:O 1/ o.p:| (11)

T, T
SO’ Ttotal = |:—I—1:L T12:| = TtubeTtubes/ca\t'chavity (12)

21 22

The specific impedance at the structure surfagg @iis given by the plate
porosity g, and normalized by the fluid impedanoe

oy Tn) pco,

Classical inductive and resistive end correctioas also be added for a
specific impedance, i.e., [22], but the effects rlatively negligible for long
tubes and low frequencies.

One can also extend the concept with configuratiammnprising
simultaneously comprised of several tube lengthdifferent cavities (with a
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partition) or in the same cavity (without partit)difrig. 7). One considers, as an
example, 2 tube lengths (tubes “1” and “2”") witle #ame hole distribution (i.e.
a porositygp):

« with partition (Fig. 7 (a)), for which tubes “1” dn*2” are in different
cavities:

The global specific impedance is then derived frominhdividual specific
impedance Eg. (13) of each tube group (cells witesu‘l” or “2”), by an
admittance average:

7z
s partion _ 2 (1 4)

oc 11
[ T
Az

« without a partition (Fig. 7 (b)), for which tubeg™and “2” are in the same
cavity:

It consists of determing the global tube admittamoaetrixY,,, from
individual tube transfer matriceg,,.,, (Eg. (10)), as follows:
Ytube = Ytubel + Ytubez (15)
Tubez  Twbaz- Tubeer ~ Twben-Twbezz
i - Ttubel.z Ttubel.z
With Y e for mO{12;, (16)
1 — Ttubel.l
Ttubel.z Ttubel.z i

then to CompUté-tubes/ca\ly’
Ty from Eq. (12):

the global transfer matriX, , . from Eq. (15) and

tube

1 0
Ttubes/ca\ty = |:0 2/0. } (17)
p
_ Ytub922 1
Y Y
T ube — tubel2 tubel2 (18)
o Ytubel.Z'Ytubte _Ytubel.l'YtubeZZ Ytubal
YtubeLZ Ytubel2 i
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The impedanceormalizedto oc is expressed by:

Zs no partition — _(h} 2 (19)
oy T ) peo,

Finally, the reflection and absorption coefficientespectivelyR and a ,
relative to a normal incident excitation are expegsby:

R=Zs=/C (20)
Zs+ pc

cr=1—|R|2 (21)

from specific impedances (Egs. (13), (14) and (19))

Incident waves Reflected waves Incident waves
Z

s partition v i Zs no partition

(b)
Fig. 7. Physical configurations with an upper perforatkedegpconnected to two types of
hollow tubes (lengthk; andly,) inserted in two cavities (a) or in the same caflily

3 Validation

The validation is led in an impedance tube on &s$ypf resonator for which
the tubes are flexible or rigid, with variable tutaelii and lengths and with or
without rear partition.

A test is also conducted in presence of a highiggafow for comparison.

The characteristics are specified below for typeantl 2. However for
confidentiality, absolute values cannot be giventige 3 and only relative
values are indicated.

3.1 Typeland 2 Resonator

The impedance is obtained in an impedance tubeumsinted with 3
microphones for pressure measurements. On the ibp@ide of the tube, the
loudspeaker generates a broadband random noisegai®gl in plane waves

10
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from 100 to 2,500 Hz and from 100 to 145 dB. Thendard measurement
method for two microphones is used in accordantie meferences [23-25]. The
three microphones taken by pair allow satisfyingtthtal frequency range.

First tests have been conducted for type 1 samyhese characteristics are
specified in Table 1.

Tablel
Characteristics of type 1 samples.

Ip Op ri Io It h |t /I’I
(mm) (%) (mm) (mm) (mm) (mm)
1 1.92 0.35 0.55 10 35.9 28

20 57
30 86
60 171
90 257

It appears that these materials have a linear b@hawdependent of the
incident acoustic pressure level, which is repregem of a constant impedance
and absorption coefficient (ex. for sample wig20 mm in Fig. 8), while a
sample with only the perforated plate (without sbgenerates a large variation
of absorption (Fig. 9). Non-linearity is due to astc vortices around the holes
for a low ratio of “| //r;” [6,7]. Therefore, artificially increasing thegpe

thickness, by extending the tubes, prevents theepee of vortices. In the
present case, the ratio is between 28 to 25% @ 1 samples, compared with
1.8 for the perforated plate, which guaranteeditigar behavior regardless the
excitation configuration.

One can notice, also, that the frequency rangesdmption is very different:
around 260 Hz, for the resonator with tubes, v80@,Hz for the classical
resonator. On the other hand, the rises in mediwguéncy range are not
controlled. The comparison of absorption coefficigar all samples (Fig. 10)
confirms that the length of the tube allows shdtithe frequency range of
absorption (resonator thickness lower thi#B0). Nevertheless, an increase in
length can be associated with a reduction of altieorpoefficient, i.e. if [, > h,

essentially because of a significant reductionaviity volume.

11
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Fig. 8. Effect of Soud Pressure Level (dB) on absorptmefiicient for a type 1 sample
with I; =20 mm andh = 35.9 mm.
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Frequency (Hz)
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Fig. 9. Effect of Soud Pressure Level (dB) on absorptioefficient for a classical

resonator with a thin perforated platg €4.7 %,r,=0.55 mm]J, =1 mm) above a cavity
of 35.9 mm thickness.

Simulations of reactance are led using Eq. (13)séseralsamples. The
satisfying comparison with experimental resultsegivmore confidence in
determining the frequency range of absorption,tireao "0" reactance (Fig.

12



1 11), compared to the classical Helmholtz formulato Lu et al. [17] approach
2 applied to long tubes.

1
0,9
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0,7 R
06 Ly
8 05 S
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' " U \ \
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0 500 1000 1500 2000 2500
Frequency (Hz)
—— Classical resonator
— —Type 1- tubes 10 mm
--— Type 1- tubes 20 mm
Type 1 - tubes 30 mm
Type 1- tubes 80 mm
I R S—— Type 1- tubes 90 mm
4  Fig. 10. Effect of tube length (between 10 to 90 mm) osoaption coefficient for type
5 1 samples, vs. classical resonator (cf. Fig. 9).
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£ 300
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2 "
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i 250
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0 Experimentation  Simulation Helmholtz Luetal. [17]
6 +Type 1-tubes 10 mm mType 1- tubes 20 mm Type 1 - tubes 30 mm
7 Fig. 11. Comparison of simulated and experimental frequenaf “0” reactance for
8 Type 1 samples with variable tube lengths (10,2030 mm) — comparison with
9 Helmholtz and Lu et al. [17] formulations.
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The simulation of reactance from Eq. (13) for tubssisfying the
characteristics of Table 1 but placed in front ofged background (Fig. 12), i.e.
without a cavity (“closed end” tubes), shows tha thaximum absorption is
obtained at high frequencies (from 2,760 Hz). Uistlappears that the coupling
with the surrounding cavity is predominant to gatelan absorption in the low
frequency range.

400
300

-900
-1000

200 e —
100 R |
0 == ] !

S 400 0l 10002000 —3dea—anpn—E000  s000 - 7000 80oal edon 16600
_@ -~ / | e
5 -200
© / L~ \ /
g -300 ; // -
= -400 / ;
Q 500 {4 / p
“ 500 |

-700 ’ L

-800 [

Frequency (Hz)

——Type 1 -"closed end" tubes 10 mm
— —Type 1 - "closed end" tubes 20 mm
Type 1 -"closed end" tubes 30 mm

Fig. 12. Simulated reactanggormalizedto oc for type 1 samples with variable
“closed end” tube lengths (10, 20 and 30 mm).

The damping relative to propagation along the tubesso well estimated as
shown on the simulated absorption coefficient valirem Eq. (21) (Fig. 13).
Furthermore, results would be similar to the Stmsmnd Champoux [26]
formulation applied to long circular tubes.

Secondly, samples with variable tube radii, asifipedn Table 2, are tested
for two cavity thicknesses. Once again, the rgtio; is much higher than for a
classical resonator.

Table2
Characteristics of type 2 samples.

|p Op I lo Iy h It /ri
(mm) () (mm) (mm) (mm) (mm)
1 3.7 0.6 0.8 15 20 25
3.9 1.0 1.2 30 15

14



1 One can note, in Fig. 14, that to reduce the radicreases the absorption in

2 the main frequency range (440 and 560 Hz). Moreoa®rin Fig. 10, several
3 peaks appears in medium frequency range.
1
0,9
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— -Experimentation Type 1 - tubes 20 mm
Experimentation Type 1 - tubes 30 mm
—— Simulation Type 1 - tubes 10 mm
~—-Simulation Type 1 - tubes 20 mm
4 - Simulation Type 1 - tubes 20 mm
5 Fig. 13. Comparison of simulated and experimental absarmaefficients for type 1
6 samples with variable tube lengths (10, 20 and 8().m
7
1
0,9
0,8
0,7
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04 : PaRy
03 { - '\VI
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0
0 500 1000 1500 2000 2500
Frequency (Hz)
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9  Fig. 14. Effect of tubes of variable internal radius (Om&ld mm) and cavity thickness
10 (20 and 30 mm) on absorption coefficient for typgathples (experimentation).
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The radius effect is confirmed by following simudats of the absorption
coefficient (Fig. 15) even if differences appeaghdar. On the other hand, other
regions of absorption are not predicted. One magispect the influence of a
residual vibration applied to tubes but prelimineBM simulations of structural
resonance with tube elasticity have not been cenau

1
0,9 //\ /\
0,8 { i T
! 1 A
0,7 Y
| R
0,6 / S aAe
505 . / '\\ \
[ o v
0,4 /’ / / i
03 JER
02 i
g R
0,1 // '"'&:\,'—:LM
0 _’_; B R g e
0 500 1000 1500 2000 2500
Frequency (Hz)
— Type 2 - ;=0.6 mm - h=20 mm
— Type 2 - r,=0.6 mm - h=30 mm
--- Type 2 - ;=1.0 mm - h=20 mm
————— Type 2 - ;=1.0 mm - h=30 mm

Fig. 15. Effect of tubes of variable internal radius (Orgld mm) and cavity thickness
(20 and 30 mm) on absorption coefficients for t2mamples (simulation).

3.2 Type 3 Resonators

3.2.1 Testsin impedance tube
Fig. 16 and 17 show a comparison of simulated aedsured absorption

coefficients in an impedance tube for 2 configumagi of a resonator defined by

the following characteristics:

*  “Mono tubes” configuration : (so-called) long th@gube “1”) or (so-called)
short tubes (tube “2” cf. Fig. 4) with a lengthicadf 3.
Other characteristics are identical for these 2ma®rs, i.e. the plate
porosity gy, the inner and outer tube radius, respectivegndre, and the
cavity thicknes$. The (so-called) long tubes have a length lowanttine
thickness of cavity in order to use fully the effetcavity volume.

* “Double tubes” configuration: (so-called) long asldort tubes introduced
simultaneously (Fig. 5). In this case, the totaiosdy is doubled.
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Two samples are tested:

» with a partition, for which tubes “1” and “2” are different cavities,
» without a partition, for which tubes “1” and “2"ain the same cavity.

One can notice, for “mono tubes” (Fig. 16), an habsorption with an
equivalent level regardless the frequency of irdieasd a coherence between
experiments and simulations (from Eq. (13)). Ondttesr hand, the frequency
range can shift significantly.

The simultaneous use of two tube lengths (“doultibes$” configuration) in a
same cavity increases the medium frequency of pbear(Fig. 17), without
extending the frequency range, which is not intanggor target applications.
However if the two lengths of tube are locatedvwo different cells, there are
two frequency area of high absorption around tlgudency range without
partition. Thus, a distribution with several lengtbf tube in independent cells
can allow for an extension of the frequency ramgeyith two or three degrees
of freedom liners, but with a low cavity thicknes#oreover, it can be observed
that simulations (with Eq. (14) or Eq. (19)) aepresentative of physical
phenomena, regardless the tested configurations.

0,; /N s
O 8 / \ l// \\\\
07 /P S
06 // \( N
TR /AR AN S
0,3 / 7 N S
0.2 /! > 4 —— gt ——
071 wF Vo = = e ————
0 P2

200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)
—Experimentation Type 3 - Mono tubes "1"

— Simulation Type 3 - Mono tubes "1"
— -Experimentation Type 3 - Mono tubes "2"
---Simulation Type 3 - Mono tubes "2"

Fig. 16. Comparison of simulated and experimental absarmtaefficients for type 3
samples - “mono tubes” configuration.
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Fig. 17. Comparison of simulated and experimental absarmtaefficients for type 3
samples - “double tubes” configurations without anth a partition (cf. Fig. 7).

3.2.2 Testsin an aeroacoustic bench

Finally, a sample of “mono tubes” with (so-calleshort tubes has been
manufactured to be tested with grazing flow indlkeoacoustic test bench B2A
(Fig. 18).

The Aero-Thermo-Acoustic test bench is specificaligd to perform in-duct
flow Laser Doppler Velocimetry (LDV) or pressure aserements along an
acoustic liner in presence of a grazing flow [Z&}:0 loudspeakers can generate
plane waves, up to 3,000 Hz, in the wind tunnadgsrsection of 50x50 mm?2)
with a turbulent flow (maximum bulk Mach number £ The testing cell can
contain, in its lower part, a sample of materiabéostudied (30 x 150 mm?2 or 50
x 150 mm?2). In the present case, the acoustic pre$ld is acquired upstream,
in front of and downstream of the sample, on theosjie wall (Fig. 19).

™,

Static pressure tabs |- |
»’ ™ k.,_/ & 2
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AII’ ill'ﬂ ir fl

k. i direction
e
\ 3

Loudspeakers

Testing cell \‘.\ -

Sample holder —

l‘iﬂ mm]' '
Liner holder

(a) (b)
Fig. 18. Aero-acoustic bench B2A (a) with testing cell (b).

Exponential horn '
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2 Fig. 19. Location of microphones on the upper wall ofitegtell (filled circles).
3 Computations rely on the resolution of the 2D Inez=d Euler equations in
4  the harmonic domain, spatially discretized by @aiiginuous Galerkin scheme
5 [28], which presents advantageous properties.,Hirst weakly dispersive and
6 dissipative. Additionally, boundary conditions amaposed through fluxes,
7  which is particularly robust and straightforward.
8 A measurement of the acoustic transmission lofissisled without grazing
9 flow, by separation of upstream and downstream wawvih two pairs of
10 microphones located on both sides of the test(Ea]l 20).
mic. 1 mic. 2 mic. 3 mic. 4
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liner
11
12  Fig. 20. Location of upstream and downstream microphonesdparation of upstream
13 and downstream waves, on either side of the liner.
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It appears on Fig. 21 that the maximum of Transioms&oss is reached
around 1,000 Hz, the frequency of maximum absomptdserved in the
impedance tube (cf. Fig. 15).
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400 600 800 1000 1200 1400 1600
Frequency (Hz)

dB
o

Fig. 21. Transmission Loss (dB) for a type 3 sample - “mturizes” configuration -
(so-called) short tubes (tube “2"), without grazftayv.

The Fig. 22 then shows simulated and measuredyseefislds at 1,000 Hz,
with a grazing flow at bulk Mach number 0.3. Thegedance deduced by direct
simulation and comparison with measured data in B2Alose to values
measured in the impedance tube (so without floug. (&3).
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Fig. 22. Comparison of simulated and experimental presgeids (dB) along the
testing cell for a type 3 sample - “mono tubes”fauration — (so-called) short tubes
(tube “2"), at 1,000 Hz and bulk Mach number 0.3.
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Fig. 23. Impedance normalized o deduced from tests in B2A at bulk Mach number

0.3 and in impedance tube, for a type 3 sampleontmubes” configuration - so-called
short tubes (tube “27).
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These results confirm the linear behavior of LEON#Ronator vs. grazing
flow, contrary to a classical resonator with thensaporosity. Nevertheless,
complementaty tests must be conducted (by impedaduetion [28] or by
micro- LDV field [29]), in particular with grazinfjow for other ratios|, /r,, to

confirm the absence of acoustic vortices.

3 Conclusions

Experimental and theoretical studies have showhn tti& introduction of
tubes in a cavity of a conventional resonator gaesra significant shift in the
frequency range of absorption towards lower fregie= due to a prolongation
of the air column length provided by the presentéubes. In this case, the
thickness can reach a value lower thd0.

Despite the simplicity of the theoretical approatife impedance can be
precisely determined with parallel transfer masiad tubes coupled to the
cavity. Nevertheless, the formulation must take iatcount the specificity of
long tubes (the “thin” plate assumption is notdv@anymore).

It appears, through tests in an impedance tubet ttie impedance is
practically independent of sound pressure level, ifr, >15. Moreover, a test

led for one type or resonator in an aeroacoustictvéas shown that a grazing
flow at a bulk Mach number of 0.3 has little impact the impedance value,
which is an advantage for an aeronautic applicafidrese first results allow
considering these resonators with linear behawsoaraalternative to classical
resonators.

Finally, industrial requirements of robustness aleéning for aeronautical
liners must be satisfied similar to these of clealsiesonators.

Acknowledgements

The research presented in this paper was led aofptre French project
ANR MANSART (Matériaux sANdwicheS ARchiTectures).
Many thanks for the manufacturing achieved by \&di@(ATECA).

References

[1] A. Cummings, Acoustic Nonlinearities And Powersses At Orifices, AIAA J. 22
(1984) 786-792.

[2] C.K.W. Tam, K.A. Kurbatskii, K.K. Ahuja, R.JGaeta, A Numerical and
Experimental Investigation of the Dissipation Megisans of Resonant Acoustic Liners,
in: Proc. ' AIAA/CEAS Aeroacoustics Conference, Maastricht, 200

[3] U. Ingard , S. Labate, Acoustic Circulation &ffs and the Nonlinear Impedance of
Orifices, J. Acoust. Soc.AnR2 (1950), 211-219.

[4] R.J. Gaeta, and K.K. Ahuja, Effect of Orifice&be on Acoustic Impedance, in: Proc.
39th AIAA Aerospace Sciences Meeting & Exhibit, Be2001.

[5] A.L. Goldman, R.L. Panton, Measurement of #t®ustic impedance of an orifice
under a turbulent boundary layer, J. Acoust. Soc.80n(1976), 1397-1404.

22



R
NROOONOUITAWNR

13

[6] J-M. Roche, L. Leylekian, F. Vuillot, 2D-axisymetric and 3D computational study
of the acoustic absorption of resonant linersPiruc. Internoise 2008, Shanghai, 2008.
[71 V. Chandrasekharan, M. Sheplak, L. CattafeBtgperimental Study of Acoustic
Impedance of MEMS-Based Micro-Perforated Liners, Rroc. 13' AIAA/CEAS
Aeroacoustics Conference, Cambridge, 2006.

[8] H.Boden, Y. Guo, H.B. Tozun, Investigationrafnlinear acoustic for perforates, in:
Proc. 18 International Congress on Sound and VibrationnWé 2006.

[9] H. Boden, Acoustic Characterisation of Perfesatusing Non-linear System
Identification Techniques, in: Proc. 12\IAA/CEAS Aeroacoustics Conference, Roma,
2007.

[10] C. Malmary, S. Carbonne, Y. Auregan, V. Paggelcoustic Impedance
Measurement with Grazing Flow, in: Pro¢! RIAA/ICEAS Aeroacoustics Conference,
Maastricht, 2001.

[11] C. Heuwinkel, L. Enghardt, I. Rohle, Experin@ninvestigation of the acoustic
damping of perforated liners with bias flow, in:oer 13" AIAA/ICEAS Aeroacoustics
Conference, Roma, 2007.

[12] M.G. Jones, M.B. Tracy, W.R. Watson, T.L. fe#r;, Effects of liner geometry on
acoustic impedance, in: Proc" &IAA/CEAS Aeroacoustics Conference and Exhibit,
Breckenridge, Colorado, 2002.

[13] T. Dupont, P. Leclaire, O. Sicot, X. L. Gorig, Panneton, Acoustic properties of
air-saturated porous materials containing deadpendsity, J. App. Physics 110(9) 2011,
094903-094903.

[14] P. Leclaire, O. Umnova, T. Dupont, R. Pannetdxtoustical properties of
air-saturated porous material with periodicallytiilimited dead-end pores, J. Acoust.
Soc.Am. 137(4) (2015), 1772-1782.

[15] A. S. Hersh, B. Walker, J. W. Celano, Effect Grazing Flow and SPL On
Impedance Of 2-Dof Resonators, in: PrdéABAA/CEAS Aeroacoustics Conference And
Exhibit, Breckenridge, 2002.

[16] S. Nakanishi, Sound absorption of Helmholtzomator included a winding built-in
neck extension, in: Proc. Internoise 2016, Hamb204 6.

[17] Y. Lu, H. Tang, J. Tian, H. Li, J. Yang, Therforated Panel Resonator with Flexible
Tube Bundles and Its Sound Absorption Measurement®roc. Internoise 2007, Istanbul,
2007.

[18] F. Setaki, M. Tenpierik, A.van Timmeren, M. ifin, New Sound Absorption
Materials: Using Additive Manufacturing for Comp&ite, Broadband Sound Absorption
at Low Frequencies, in: Proc. Internoise 2016, Hangpb2016.

[19] F. Simon, Low frequency sound absorption abreators with flexible tubes, in: Proc.
ICA 2013, Montréal, 2013.

[20] F. Simon, Long elastic open neck acousticmasar in flow, in: Proc. Internoise 2016,
Hambourg, 2016.

[21] U. Ingard, Notes on “Sound absorption techgglo Version 94-02, ISBN
0-931784-28-X, 1994.

[22] T. H. Melling, The acoustic impedance of peates at medium and high sound
pressure level, J. Sound Vib. 29(1) (1973),1-65.

[23] Standard Test Method for Impedance and Absampif Acoustical Materials Using a
Tube, Two Microphones, and a Digital Frequency Asal System, American Society for
Testing and Materials Designation, E 1050 — 90.

[24] J. Y. Chung, D. A. Blaser, Transfer functioretimod of measuring in duct acoustic
properties - | Theory Il Experiment, J. Acoust. 2on. 68(3) (1980), 907-921.

[25] H. Boden, M. Abom, Influence of errors on th&o microphones method for
measuring acoustics properties in ducts, J. Ac&mt.Am. 79(2) (1986), 541-549.

23



[

P OOWOLO~NOOITAWNE

[26] M. R. Stinson, Y. Champoux, Propagation of mbwand the assignment of shape
factors in model porous materials having simplesppeometries, J. Acoust. Soc.Am. 91
(2) 1992, 685-695.

[27] A. Minotti, F. Simon, F. Gantié, Characteripat of an acoustic liner by means of
Laser Doppler Velocimetry in a subsonic flow, AgyosSci. Technol. (2007),
doi:10.1016/j.ast.2007.09.007.

[28] J. Primus, E. Piot, F. Simon, An adjoint-bdseethod for liner impedance eduction:
validation and numerical investigation, J. Sount.\A32 (2013) 58-75.

[29] E. Piot, F. Micheli, F. Simon, LDA investigati of the acoustic field above a
perforated liner with grazing and bias flow, inoBrInternoise 2009, Ottawa, 2009.

24



N -

10

11
12
13
14
15
16

17
18

19
20
21

22
23

24
25
26

27
28

29
30

31
32

33
34

Fig. 1. lllustration of resonator with an upper perforaptate (thickness,) connected
to hollow flexible tubes inserted in a cavity (thiessh).

Fig. 2. Type 1 samples with a perforated plate conneae€beflon tubes of variable
lengths, to place above a cavity.

Fig. 3. Type 2 samples with a perforated plate connecddMMA tubes of variable
radius (a) and (b), to place above a cavity.

Fig. 4. Type 3 samples with a perforated plate connectadites (a) to place above a
cavity ended by a rigid wall (b).

Fig. 5. Type 3 samples with a perforated plate connectéddtes of 2 variable lengths,
partitioned (a) or not (b), to place above a cavity

Fig. 6. Physical configuration (a) with an upper perfodaptate connected to hollow
tubes (lengthy) inserted in a cavity (thicknes$ — Simulated configuration (b) with an
equivalent thick perforated plate (thickné¥$nserted in a cavity (thickness.

Fig. 7. Physical configurations with an upper perforatiedegpconnected to two types of
hollow tubes (lengthk, and I,,) inserted in two cavities (a) or in the same caflly

Fig. 8. Effect of Soud Pressure Level (dB) on absorptmefficient for a type 1 sample
with I, =20 mm andh = 35.9 mm.

Fig. 9. Effect of Soud Pressure Level (dB) on absorptosfficient for a classical
resonator with a thin perforated platg £4.7 %,r.=0.55 mm/J, =1 mm) above a cavity
of 35.9 mm thickness.

Fig. 10. Effect of tube length (between 10 to 90 mm) osaaption coefficient for type
1 samples, vs. classical resonator (cf. Fig. 9).

Fig. 11. Comparison of simulated and experimental frequenoif “0” reactance for
Type 1 samples with variable tube lengths (10, @0 20 mm) — comparison with
Helmholtz and Lu et al. [17] formulations.

Fig. 12. Simulated reactance normalizego for type 1 samples with variable “closed
end” tube lengths (10, 20 and 30 mm).

Fig. 13. Comparison of simulated and experimental absarptmefficients for type 1
samples with variable tube lengths (10, 20 and 8().m

Fig. 14. Effect of tubes of variable internal radius (Or@ld mm) and cavity thickness
(20 and 30 mm) on absorption coefficient for typgathples (experimentation).

Fig. 15. Effect of tubes of variable internal radius (Or@ld mm) and cavity thickness
(20 and 30 mm) on absorption coefficient for typgafhples (simulation).

25



N -

11
12
13

14

15
16

17

Fig. 16. Comparison of simulated and experimental absaorptmefficients for type 3
samples - configuration “mono tubes”.

Fig. 17. Comparison of simulated and experimental absaorptaefficients for type 3
samples - configuration “double tubes” without avith partition (cf. Fig. 7).

Fig. 18. Aero-acoustic bench B2A (a) with testing cell (b).
Fig. 19. Location of microphones on the upper wall ofitegtell (filled circles).

Fig. 20. Location of upstream and downstream microphonesdparation of upstream
and downstream waves, on either side of the liner.

Fig. 21. Transmission Loss (dB) for a type 3 sample - @urftion “mono tubes”
so-called short tubes (tube “27), without grazifmn.

Fig. 22. Comparison of simulated and experimental presfatds (dB) along the
testing cell for a type 3 sample - configuratiorofm tubes” so-called short tubes (tube
“2”), at 1,000 Hz and bulk Mach number 0.3.

Fig. 23. Impedance normalized ¢ deduced from tests in B2A at bulk Mach number

0.3 and in impedance tube, for a type 3 samplefigaration “mono tubes” so-called
short tubes (tube “27).
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