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General introduction

Acoustic Control
And Materials




Part 1:Developmenbf Intelligent
Lightweight Material Solutions for Improved
Vibro-Acoustic TransmissidProblems

Felipe/Alves/Rires
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Smart NVH challenges

Noise, Vibration and Harshness challenges

Ecological trend

Sans Mexico 2016: 173
-\
S. Korea 2015:153 " & Brav
>
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——='awee,, oy China 2020™: 117
e »
120 & * el N India 2021: 113
“wx o e
100 TS S~
~ ~ & US 20252:93
EU 2021: 95 Canada 2025:93
=—@== historical performance
=@« cnacted targets
se @+ proposed targets
or targets under study
o
2000 2005 2010 2015 2020 2025

[1]1 China's target reflects gasoline vehicles only. The target may be higher after new energy vehicles are considered.

[2] US standards GHG standards set by EPA, which is slightly different from fuel economy stadards due to low-GWP refrigerant credits.
[3] Gasoline in Brazil contains 22% of ethanol (E22), all data in the chart have been converted to gasoline (EOO) equivalent

[4] Supporting data can be found at: http://www.theicct.org/info-tools/global-passenger-vehicle-standards

M24 Smartdaswenddiderm Meeting leeuven

=)

Reducing emissions

Reducing fuel consumption

Lightweightdesign

Worse NVH properties

Novel NVH solutions



a Aﬁg",ﬁ'{ﬁ Metamaterials

Vibro-acoustic metamaterials

Original vs Metamaterial
thermoformed
twinsheet panel

| FLANDERS oln: .
MMAKE Metamaterial: 3.87 kg

Original: 3.91 kg "
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:Smart Metamaterials

HOW?
) () _

Resonant inclusions on
subwavelength scale

mass

~

m

.
spring

a

TVA: Tuned vibration
absorber

(2)Liu, Z., et al. "Locally resonant sonic materials." science 289.5485 (2000).
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q’ Aﬁgxgﬁ Metamaterials

Vibro-acoustic metamaterials
A Stop band prediction

U BlochFloquetTheorem
U Unit cellmodeling utilizing a FE approach

1000
800 J
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400

o/

Frequency [HZ]

200

K Luc [-]

(3)Goffaux C, et al. Evidenceof Fanolike interferencephenomenan locallyresonantmaterials Physicateviewletters 88.22 (2002).

(4)Brillouin,L Wavepropagationin periodicstructures electricfilters and crystallattices CourierCorporation 2003.

(5)Hussein). ReducedBlochmode expansiorfor periodicmediabandstructure calculations Proceeding®f the RoyalSocietyof LondonA: Mathematical,
Physicahind EngineeringsciencesTheRoyalSociety 2009
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’ i Smart
- ANSWER

Metamaterials

Average
Displacements
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(\’ ANSS',"“?{,{ Objectives

Investigate design parameters that influence stop bands

Footprint of resonators
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U Infinite and Finite problems

A Using modified TVAs

Infinite
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Methodology

Finite
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Aﬁwﬁ Footprints
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ANSWEIE Numerical Results
ol

Jii;

Infinite Plates

Unit cell: 60 m

Bigger footprint
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U Stop bands width x Footprint

- fres = 2000 Hz

Numerical Results
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Smart Numerical Results
NSWER

=

a

Finite Plates

Displacements

Simplysupportecii

Fahy Frank J., and Padardonio Sound and structural vibration: radiation, transmission and response. Elsevier, 2007.
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’ iiSmart Numerical Results

U RMS Displacements
A Resonators tuned to 2000 Hz
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’ i Smart
- ANSWER

Experimental Validation
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’ i Smart Experimental validation

P4 ddddd L

U Finite aluminum beams:

Clamped end
Vs
U

C

30 mm

Point of excitation

X ‘ 30 mm

/" Cross sectional area

800 mm X

40 mm
Young's Modulus Density Poisson's Ratio % Structural Damping
63.14 GPa 2640.80 kg/m’ 0.34 0.01%

Material properties of aluminum.

M24 Smartdaswenddiderm Meeting leeuven 17



=

Smart Experimental validation
NSWER

U Resonators with different footprints:
23,4

Young's Modulus Density

Poisson's Ratio

% Structural Damping

4850 MPa 1188.38 kg/m®

0.31

5%

Material properties oplexiglass
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a Aﬁg"“?gﬁ Experimental validation

U Resonators with different footprints:

Features Resonator 1 Resonator 2
Resonance Frequency [HZz] 1654.87 1654.77
Static mass [g] 1.57 1.79
Added mass 25% 28%
Effective mass [g] 0.81 0.83
SB limits [Hz] 1401 - 1682 1421 — 1697
SB Widths [Hz] 281 276
Footprint 21.50% 40.25%

Resonators features numerically acquired.
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Smart Experimental validation

‘; : I_ — : "u\ .
Samples of laser cut resonators (Left) Type 1 (Right) Type 2.

Resonator Numerical (Hz) Experimental (Hz) % Standard Deviation
Type 1 1654.87 1655.20 + 3.66 0.22

Type 2 1654.77 1654.30 + 3.64 0.22
Comparison betwee hLiia gESMmeasured resonance frequencies

Test set up to retrieve the resonance frequency of the resonators

M24 Smartdaswenddiderm Meeting leeuven
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’ HiSmart Experimental validation
U Predicted stop bands:

1)
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’ i Smart Experimental validation |m

u Comparison of FRFs of the metamaterial beams:

100 ¢
2 1071
©
E
>
=2 oa2L0
8 10 I y
S W
n
S 103- —Bare \/ .
o d - |——Resonator 1 :
- |——Resonator 2 -
10-4 | | |
500 1000 1500 2000 2500 3000
Frequency [Hz]
Comparison of experimental FRFs for the bare beam and the beams with
resonators.
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. Aﬁng&rﬁ Concluding remarks

U Novel NVH solution;

U Resonance based stop bands;

U Influence of footprint:
A Stop bandsd widths;
A Experiments comply with numerical study;

A Footprint of resonators need to be taken into account.
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r\’ Aﬁé’(ﬁ'{.‘{ Future steps

U Experimentally investigate the footprint concept in 2D finite structures
A Structural vibrations
A Insertion Loss (IL)

U Design and produce a metamaterial fuselage panel as a demonstrator;

U Test and validate the metamaterial panel on the fuselage setup at ADE.

24
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Transmission for reduced Aircraft, surface traNSport,

Workplaces and wind enEng noise (\

S mart Mitigation of flow-induced Acoustic Radiation and =:: <
H
LN
HEns

Part 2:Liner Impedanc€&ontrol,
Stability investigations

Emanuele e Bono
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Thinner nacelle

-

Larger fan
diameter

engines

|

U U \

UHBR engines

Shorter nacelle

-

Ultra-High Bypass Ratiturbofan

Fan noise signature

)
Secondary =
I
flux o
n
Primary
flux

S

<_Target frequency range
1

-

Y.Auregan(LAUM)
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Smart AcousticLiners forTurbofan

ANSWER ECOLE
CENTRALELYON
Inlet i
- | —
g\ Primary duct

SPL (dB)
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Acoustic lining

F (Hz)

Credits SAFRAN Nacell&srkaret al., Internoise2015
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Smart State of the art inindustrial Application
(\ ANSWER E%%HE'RALELYON

Inlet RiREEE
By-pass
- rimary duct
~ N

Acoustic lining

Main limitations:

| A Narrowbandwidth
" ) \ A Toothickfor LF (quartemwavelength
\\ ]/ resonatorg
/ vd ™ \‘ ‘l\\ /{//
] ) & UL g AN\, ® dfor:
Acoustic velocity \\|// & P /'!' '\ 2 Nee _or.
pofies N/ & (([) § | A Widebandconcept
ZIN\ pr- © { .. .
AN E ¢ > 3 | { ) ¥ A Efficient atlower frequencies
Resistive layer | 1 N Vg A1 L2 A R nabléhickn 50mm
Honeycombl \t ll’l'iu{ I(] I | .\\l /,I | easona ickness( )

Hard wa“ s v s g et e

M24 Smarthaswendiderm Meeting leeuven 28



’5 nart State of the art inResearch

©\ ANSWER e con
G! O2dzZAaGA O aSul YIF OSNRI f ¢
— Sound &
| | | l_[ HI | 1 | |
Can be efficient forH < \
Flow

Subwavelength structures

Credits: YAuregan(LAUM)

M24 Smartdaswenddiderm Meeting leeuven 29



a Aﬁg‘}g{ﬁ ProposedActive Concept

Inlet ——
SAFRAN By-pass
e S e T = —— ~ o N rimary duct

>
>
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e

Speaker

Electronic card

M24 Smartdhaswendiderm Meeting [leeuven 30



q E'%Clil'-l—'HALE LYON

U Thedistributedimpedancecontrol law:
A Theoreticalstability.
A The diodeeffect.

U LocallmpedanceControl:stability issue.

U Conclusions.
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o Eg‘w{l{ Thedistributed impedancecontrol law ¥

N
S

ECOLE
CENTRALELYON

Control Law on the Boundary:

- Loudspeakers _
Microphones

@ /

/\ Acoustic domain
> N PT ),
VAR A
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s summary
(-\ CENTRALELYON

U Thedistributedimpedancecontrol law:
A Theoreticalstability.
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’ 5 mart Thedistributed impedancecontrol law:
-\ ANSWER TheoreticalStabllity
U Open Field Propagatidatability
e | EE e o £ )
0Tzzzz/////////z{v/////////////////
Acoustic Domaidfix N ( W ( HT Thisproblemhas ananalyticalsolution
‘ in thefrequencydomainin termsof the
< g%)h(‘r,r:%) - unkownwavenumbers

nA))

Negative for{z. 3
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Freguency domain:

m

Thedistributed impedancecontrol law:
TheoreticalStability

ECOLE
CENTRALELYON

U Ductmode Propagatiorstability

A GRh Fo A Gl 0
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Wave Stability Criteria

Tt
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Thedistributed impedancecontrol law:
TheoreticalStability

u CavityMode Stability

R _Oplxy.d;) 4
B-Qvl . \(n . V‘p(x,y,z ))z=d7_ = T + ZP(X,yadz )
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s summary
(-\ CENTRALELYON

U Thedistributedimpedancecontrol law:

A The DiodeEffect
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Smart
- ANSWER

Dispersiorcurvesrelative to
sectionalduct modes

30

20
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Rt:(kx_} [rad‘m]

'SU 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000

w [rad/s]
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Thedistributed impedancecontrol law:
The DiodeEffect

\ Forward Propagating

plane wavgmissing)

Backward Propagating
plane wave

AAA

ECOLE
CENTRALELYON
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HHTR A distributed impedancecontrol law:
i omart :
ANS.‘?\TA?E”R the Diode Effect @

_ AcoustiDiodesffect
WITH JUST ONE CELL!!!

20
15 v —=Plane Wave along the
— Positive x-direction
(an]
210
=
5 —Plane Waves along the
Negative x-direction
0
200 400 600 800 1000
f [Hz]
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Viiart UNEXPECTED INSTABILITY
| ANSWER in the EXPERIMENTAL APPLICATION

A Increasinghe numberof cellseasilybroughtabout instability... Q\)

A Weneedto do astepo | OweXeedto takeinto accountthe
time delayin the application of the contratself.

Current | o\~ | 10 D|_9|ta|
Amplifier ) Signal
Processor
Signal Numerical
Amplifier | APC | Control
10 10| On
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s summary
(-\‘ ECE%'IERALELYON

U LocallmpedanceControl:stability issue.
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Vs it LocallmpedanceControl:

©\ ANSWER STABILITY ISSUE

CENTRALELYON

A We will analyzenow the LocalmpedanceControl,whichthe
DistributedimpedanceControlideastemsfrom. TheDistributed
ImpedanceControlis justan extension of the Locahpedance

Control.
. . 7N
)

A Therefore firstthing isto analyzethe Stabilityof the Local Contral

If the LocalmpedanceControlis not stable, theDistributed
ImpedanceControl has no chance twe stable!!!

M24 Smarthaswenhdiderm Meeting leeuyen
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’ S mart

LocallmpedanceControl:
STABILITY ISSUE

Gy

ECOLE
CENTRALELYON

A What happensif we considera delayin the application of the LocéhpedanceControl?

— —

T T

—Delay tau = 0 [sec]
—Delay tau = 2e-05 [sec]

Normal Absorption
Coefficientnegative
above3kHz!!!

1//vv

. 05"
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Q
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q') P

8 - 0

- 3
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o

o)

()]

< -0.5¢
1 A S S
102

03

1 4
Frequency [Hz]
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’ Smart LocallmpedanceControl:
-\ ANSWER STABILITY ISSUE
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LocallmpedanceControl:
STABILITY ISSUE

ECOLE
CENTRALELYON

Transmission Loss

—Rigid Lids
Passive Cells
—— Local Control applied
—Local Control applied with FOAM

500 1000 1500 2000
freq (Hz)
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i Smart

ANSWER

U Conclusions.
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Summary

EEEEE
CENTRALELYON
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AAA

g i Smart Conclusions

U The condition for theAcousticdomainto be stable ifcoupledwith a DistributedimpedanceControlled
liner, has beerassessedhroughanalyticaland numericalanalysesTheyretrievedthe sameresult a
limit on theartificial celerity coefficientd .

U The diodeeffecthas beershownnumericallyand experimentally but the tests haveshownclear
instability,

U The firstreasonof instability has beerfoundin the application of the LocéinpedanceControl, onwhich
the DistributediImpedanceControlis rooted.

U Theinstability of the Local Control has be@&xplainednumericallyby thedelayin the digitally-
implementedControlchain Experimentatests haveconfirmedthe validity of this conclusion.
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@)

i Smart CurrentWork
ANSWER

U Test andoptimizedifferent Control Law,
stabilizingthe system by the application
of aporouslayer in front of thecells

U SynthesizearobustControl Lawthrough
AdvancedAutomaticControl techniques
baseduponthe 'O method. It will take
into accountthe delayfrom the beginning
of the Control design.
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Transmission for reduced Aircraft, surface traNSport,

Workplaces and wind enEng noise (‘\ ANSWER

S mart Mitigation of flow-induced Acoustic Radiation and =:: <
H
LN
HEns

Part 3:Gradient metamaterials,
MDOF oscillator and wax@nversion liner

Thomas LAURENCE
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zsmart
- ANSWER

Generalities about interfaces

7
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l

:Smart Generalities about interfaces
NSWER

B
>

U Interaction with an interface of specific impedanioe
-Y ’?‘ﬁ) g
compared to the specific impedance of the fldid ” &

N

U Reflection coefficient in normal incidence: ; .

w w U

W W

IR N

< R
U Absorption coefficient:
p Y
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l

Smart Generalities about interfaces
NSWER

B
>

U SneliDescartes Law (SDL):

N

P N

L N

OB+ OB+ m §

\

Valid for an homogeneous impedance 0, N
\O

Ny 0, K
C What happens for a controlled N
iInhomogeneous impedance ? §

C How can we create an inhomogeneous Q N\
impedance ? N\
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’ Eiff's’hfa‘rt Multiple Degrees Of Freedom Oscillator

NSWER

9
D>

i MDOF sensebased shunted loudspeaker

Currentequatlon(Newton)

W0 Yn 6471
Can be tuned to a target specific impedance
by adjustingQ & (1):

_”- JLJJ
& T 0 ) givesthe specificimpedance®

C Offersthe possibilityto have aninhomogeneous
impedance

C Activeresonator canbe changedon thefly
C Virtuallyanyimpedanceis achievable
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Source: [Rivet, Thesis]

54



X Aﬁg’v\?{ﬁ Generalized Snell Descartes Law

i Gradientbased metamaterials :
Gradient property over the material (for example a surface)

U Helicalwavefrontgeneration,
oYy Z2N¥WIFE NBTE SOUAZYX

U Phase gradieninetasurfaces
wave manipulators. —

S S

U Based on generalized SDL
with a reflection phase

A
0%
Y T
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| ’ Smart Generalized Snell Descartes Law

o Gradientbased metamaterials :

They mostly use passive cells.

=

1 Reflected Incident
waves

ya

AVES

= o
= (=) €=

Sound hard boundaries

300nm 1 50nm 0

C Could we combine this approach and MDOF active oscillators ?
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i Definition of the target impedance with a criteria on the reflection coefficient

phase, and implementation of the control |dn8

U Frequency shift of the resonators along the surface :

Impédance
amplitude
1500 I
o 1000 [
kel
=
a
€
® 500
———max nuM, , =4.3855
tot
max nqu =3.0364
0 L I
50 100 250 500
frequency (Hz)
phase
w2 [
@
@
20
[=%
e —
e L L
50 100 250 500

frequency (Hz)
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Phase (rad)

100

Smart MDOF target impedance

Impedance

210 250 297

frequency (Hz)

100

frequency (Hz)

210 250 297

500

500
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phase (rad)
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MDOF target impedance

U The phaseargetisexactlymet !

-

amplitude

amplitude
o o
o (o=}

I
~
T

o
)

o

50 100

250 500
frequency (Hz)

phase

-3n/2

50 100

250 500

frequency (Hz)
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cell number

[
I
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e

1 L L L L L

1 6

1

1

16

21 26 31 36 41 46 51

cell number
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Smart Wave redirection

U First simple applicationanomalouseflection(standard application in thitterature).
0 Good simulatioresults over a largdrequencyband.

U Needfor experimentalresults

Far Field: Far-field sound pressure level (dB) Far Field: Far-field sound pressure level (dB)

gigs — Sans Contrdle, f = 350 Hz
105° 75° — Avec contrdle, f = 350 Hz

Metasurfaceplane

M24 SmartdaswenMdiderm Meeting leeuven

59



A Condition from generalized SDL:

OB+ »p

C No reflection for a given incidence and a given phase gradient !

With anoptimized
gradient, in aduct:
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A Condition from generalized SDL:
A 3 N .
QQ
C No reflection for a given incidence and a given phase gradient !

With anoptimized
gradient, in aduct
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