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Passive acoustic liners, used in aeronautic engacelles to reduce radiated fan noise, have a
Quarter-wavelength behavior. The simplest systerasSDOF-type (Single Degree Of Free-
dom) and composed of a perforated sheet backedhdmeycomb. So, their acoustic absorption
ability is naturally limited to one frequency rangeund the Helmholtz frequency, and mainly
governed by honeycomb thickness. To widen the &rqu range of absorption, manufacturers
double the concept, called 2DOF (Double Degreer@gfom), with an internal layer upper an-
other honeycomb. The interaction between both Bysie designed to avoid a discontinuity in
frequency. One constraint is the limited thicknefsglobal system which reduces the space ded-
icated to each honeycomb, and can shift the abeorpwards higher frequencies. A possible
approach could be also to link each perforatedrlayith hollow tubes introduced in honey-
combs, to shift resonance frequencies to loweruiagies by a prolongation of air column
lengths. This approach is inspired by a previougept called LEONAR ("Long Elastic Open
Neck Acoustic Resonator), SDOF system in whichtthal thickness can reach a value lower
than A/30. The presence of honeycomb on both sides ahtkenal perforated layer allows al-
so, by tubes crossing the two cavities, to incrélasdube length by keeping the liner thickness.
The aim of this paper is to describe mathematidalyprinciple of a 2DOF LEONAR, to lead a
parametric analysis and to validate experimeniallynpedance tube its behavior according to
Sound Pressure Level and frequency. Comparisonaciieved with classical 2DOF systems
used for aeronautic applications, to show its athgas (absorption in a wide and low frequen-
cy range, materials by design, robust modellindnwétspect to conditions of excitation) and its
limitations (manufacturing by 3D printing).
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1. Introduction

Locally reacting liners, as those used in aeronaligngine nacelles, are generally “sandwich”
resonators with a perforated plate linked to a oomb material above a rigid plate (called SDOF
for Single Degree Of Freedom). Their absorptiondvédr can be described approximately with the
principle of an Helmholtz resonator. The frequerayge of absorption is so essentially controlled
by the thickness of the honeycomb cavity (with aid@er-wavelength" behavior). The small size
of holes (mostly from 0,4 to 2 mm according to istlial needs), absorbs the energy (thanks to the
acoustic boundary layer applied at the internalsyathen a wave is propagated through the reso-
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nant cavity [1,2]. In order to absorb in severalginency bands, different types of SDOF liners can
be piled up to constitute 2DOF or 3FOF liners [8gvertheless, their physical law is not suited to
an absorption to the lowest frequencies, as nefmddture Ultra High Bypass Ratio (UHBR) en-
gines with shorter and thinner nacelles (frequena®und 500 Hz). A possible approach could be
to link each perforated layer with hollow tubesragluced in honeycombs, to shift resonance fre-
guencies to lower frequencies by a prolongatioaiotolumn lengths. This approach is inspired by
a previous concept of SDOF resonator called LEONARNg Elastic Open Neck Acoustic Reso-
nator) [4,5].

This paper describes mathematically the principla 8DOF LEONAR and shows, with many
experimental and simulated comparisons, their pisiem aeronautics for absorption in low fre-
guency band.

2. Description of 2DOF LEONAR

The resonator is composed of a double system \eitfogated plates, whose holes are connected
to hollow flexible tubes, inserted in cavities ampened at the end (Figures 1 and 2). The tubes
linked to down plate can be fit flush with the doplate surface (Figure 1 - left) or inserted partly
in the higher cavity (Figure 1 — right).
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Figure 1: 2D illustration of 2DOF LEONAR with hollotubes in cavities — down tubes flush with the
down plate surface (left) or inserted partly in kigher cavity (right).

Figure 2: 3D illustration of 2DOF LEONAR with hollotubes in cylindrical cavities — configuration
with down tubes inserted partly in the higher cavit

The parameters describing the resonator are reghgcihe plate porosity,, the inner and out-
er tube radius; andre, the tube lengthlg andly, and the cavity thicknessagandhs..

The propagation of waves along hollow tubes cashmsvn as a linear combination of “propaga-
tional", "thermal" and "viscous" modes [6]. We as®uthat the wavelength of waves is much larger
than the inner diameter of a tube.

To simplify the mathematical description, the theof sound propagation is shown in narrow
channels with plane parallel plates (distance).2

The pressure field in presence of visco-thermaatéfis solution of the classical equation:

Dﬂo{‘—é’j p=0 (1)
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and can be expressed as following along channedfibn x):

p(x,r) = Acos@,r) (€™ +e %) (2)
with gr the propagation constant in the transverse daedaf the channel.

As the associated transverse velocity must vartisheainner boundaries, the transverse propa-
gation constant (with the assumptiongpf, << ) id given by:

¢ =[2] -l el

c

Sl v g
with

- ki, :% whereg, = 2K

h

(thermal boundary layer thickness)
w
p

- Kk, :? whereg, = /;—’Z) ( viscous boundary layer thickness).

\

The average axial velocity has the following form:

= - Fllon e -e ). @

2
As g° = (C—UJ -q?, the complex propagation constant in the axia¢alion of the channe] is
c
determined simply by:
o= )T )

c 1-F(k,r,) ®)
For circular tubes, should be replaced by 2 equations (3), (4) and (5).

Then, one assumes that (Figure 3):

« the continuity of pressure and mass flow betwedesuand surrounding cavities is veri-
fied at the end of tubes,

the transmitted waves propagate in rigid cavit@ghout loss, mainly in the direction of
thickness, as for a classical resonator.
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Figure 3: Real (left) and simulated (right) 2D@Swnators
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One can define easily the different transfer matrielated to elementary components of 2DOF,
as follows:
T [ cos(khy) ipc sin(k hy)
cavity 1 = [i sin(k hy)/pc  cos(k hy) ]
T [ cos(khy) ipc sin(k h,)
cavity 2 = [i sin(k hy)/pc  cos(k hy) ]

cos(q l¢1) i—q(l — ) sin(q ltl)-
Teube1 = 1— ’
iu sin(q ly1) cos(q l¢1)
| pw P -
cos(q lyy) im sin(q liz)
Ttube 2 = 1— ’
l'% sin(q ltz) COS(C[ ltz)

1 0
TTubes/cavity = [0 1/0p]

1 0
TCavity/tubes = [0 O—p]

(6)
T11 T12

So, Teotar = Ty, Tzz] = Trupe1 X TTubes/cavity X Tcavity 1 X TCavity/tubes X Ttubes 2 X

TTubes/cavity X Tcavity 2 (7)

The specific impedance of the structure is givamks to the plate porosity:

;o Ty o,

Classical inductive and resistive end correctioas also be added in specific imped-
ance, i.e, [7], but the effects are relatively ingigle for long tubes and low frequencies.

3. Theoretical and experimental study

The validation is led on different 2DOF configuoats (Figure 4), i.e. variable cavity lengths and
PTFE tubes of variable lengths are specified inl§ b

The impedance is obtained in an impedance tubepeadiwith three microphones for pressure
measurements (standard measurement method in aocerdith [8,9]). On the opposite side of the
tube, the loudspeaker generates a broadband rands@ propagated in plane waves from 200 to
4,000 Hz.

As this type of tube have a linear behaviour adogrtb the incident acoustic pressure level [4],
only one sound pressure level is delivered, thaaip110 dB.

Indeed, non-linearity are due to acoustic vorti@esind the holes on a plate for a high ratio of "
r,/1," (hole radius / plate thickness). So, to incread#icially the plate thickness, by the exten-

sion of tubes, prevent the presence of vortices.
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Table 1: Characteristics of samples

Oy ri le l1 lo hy ho
(%) (mm) (mm) (mm) (mm) (mm) (mm)
4 0.35 0.55 5 5 7 7
10 10 12 12
20 20 17 17
22 22

Figure 4: Components of 2DOF LEONAR - perforatéatgs connected to tubes: view from cavity side
(left) / view from opposite side (right)

In Figure 5-a, is shown the absorption coefficiith down tubes flush with the down plate sur-
face, for different values of down cavity thicknesg12, 17 and 22 mm). One can notice that the
behaviour of these 2DOF resonators is relativell} identified by this simple model, that is to say,
in the two main frequency ranges of absorptiont(up600 Hz). Nevertheless, appears a third ener-
getic band whose the physics is not included.

Moreover, for a given pair of single resonatorgithespective location (top or down) is an im-
portant parameter in medium frequency range (Fi§uaeFigure 5-b).

To insert tubes by 5 mm in the higher cavity (Feg6) has a negligible effect in low and medi-
um frequency range. Nevertheless, discrepanciesaafyetween simulations and experimentations
with insertion by 15 mm in the higher cavity of i (Figure 7). This can be partially explained
by interactions between top and down flexible tulbémnever, it is noticeable that an insertion has
the advantage of allowing for increasing the lergftdown tubes for a small down cavity length (if
required by operating conditions), while providilogv frequency bands of absorption. Finally, if
tube lengths are inverted for unchanged cavitytlen@grigure 8), resonators with shorter top tubes
and longer down tubes (i.e. 10 mm) are preferredniarge the frequency range towards higher
frequencies.

4. Conclusion

This experimental and theoretical study has shawat application of LEONAR principle to
2DOF resonators offers the advantage to producaratiosn in several frequency bands, as for clas-
sical 2DOF resonators. Moreover, the introductibtubes in two cavities of a conventional resona-
tor generates a significant shift of the frequeraryge of absorption towards lower frequencies, thus
by a prolongation of air column length. So, thekhiess can reach a value lower tA#20 (com-
pared to\/4).

Despite the simplicity of theoretical approach, #fsorption coefficient (or the impedance) can
be determined with dimensional parameters, whialmpe optimisations processes (in particular
because the behaviour is linear according to spueskure level).

Finally, while these particular materials have beesmnufactured manually, their architectural
design is suited to 3D printing by stereolithognapdind so can be applied to an industrial applica-
tion as the aeronautics [5].
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Figure 5: Comparison between simulated and expetahabsorption coefficients with down tubes flush
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