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Acoustic of porous media

Physics of porous medium
k(W)
div(v) = — ; v=—-—-YV
iv(v) = zw’\/ peP j7
Dynamic permeability

Gaz stiffness

Ac(w) 1 'a‘lz'u;n(w)'yP" 1 [ yP* o>
2 w\-’ 1o w \' T(w)p®

Features of acoustic P, waves

Diffusive at low frequency
(viscous dominated)

Propagative at high frequency
(inertia dominated)

Contrasted porous media



Double porosity media

Porous media - C

2

A 1 [|iwke|yPe , w liwk,|
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Permeability Contrast / Pore size contrast S S S -
[fer| b 2,
=0(+5)=¢e"K1
relo. ~ (27
Homogenization

Auriault et Boutin, TIPM, 1994 ; Boutin et al ,IJSS, 1998



Homogenization

Scaled governing equations

( (iw/p)div(k..Vp.) = —wQ%C in Q¢
y (iw/p)div(e®k,. Vp,) = —w2% in Q,
(iw/p)(ke.Vpe —e?k:.Vp,)n = 0  overT
. pr—p. = 0 over I
C constituent
.V =PO(x) & =~ Impervious micropores
R constituent
1. . ¢ .
{ l—tdlvy(nr.Vy (©Y) = jwp(® Er in Q,

O =P (x) overT

Visco-inertial : diffusive regime



Double porosity model

Macro - description

: 0 ) (¢m(1—c) o |\ —
dive(V®) + wP© e T ope =0
v — —an(w)A.VxP(O)

Non-conventional effect
Source on mass balance
Usual permeability ; Unconventional stiffness, complex valued
Visco-inertial "resonator" : No band gap
Limited dispersion

Enhanced damping



Experimental Evidence
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Porous media with resonators
G G CHCICHCRCRCHC
éggbﬁggggﬁ
chcXcReNeXe X
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C-constituent Porous medium
. . K\W G G
div(v) = —iw—-p v=—(—).Vp CGBOGEGGGG0
P H \
\
Gaz stiffness ;  Dynamic permeability \
\
Q
Ac(w) _ l ""' iwk(w)yP* _ l "a" ~yP¢ >> ] C@
2 w\u Lo w || T(w)p®
R-constituent Helmholtz resonator Wy~ M
Inner resonance by morphological contrast P
| k =)
0 = 27 fo ) =5

8 o
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Inner resonance poro-acoustics

Homogenization Boutin, Jasa, 2013 FREERARXFH R @
P(O) |§| Q’ e @' @' Q
R YA =T FFG T &
FEFEFGTHFSFEFSFSH
(0)
{l div,(V 0))+z' P |Q| -0 GFFFGFHIFXFTEXEEI S
€ IQI
v (VO o0 (Em(l=0) T 1 e _
divy(V'") + iwP ( ~Pe to— (/w0 2r (@) vPe )= 0
v0o — _ fom (W) A.pr(O) e o-- o
L
Helmoltz resonator : Source on mass balance
1—e¢ -1
Usual permeability ; Apparent stiffness E(w) = ( = '+®
E(w) <0 o, <o < w*, E(w,) <<vP°/c E(w*,)>> ~vP/c
Long wavelenght Dispersion Wi = wo \/ 1+ c
Band gaps (1 —c)om



Experiments on Prototype(s)

Spheres of diameter 4cm - Resonator or Impervious clclclclclcheNelcke
CHCICICRCACHCHCHCHC,
Resonnator frequency : 125 Hz ; 314 Hz cHCHCHCHCICHCHCRERC

Same Periodic arrangement; H =13.8cm

Absorption coefficient

Frequency (Hz)

Boutin & Becot, Wave Motion, 2015



Learnings

Same general principles e=2mwI/N =Ny Ac
Carrying constituent (connected) &  Resonant constituent

Forcing motion Forced regime

High contrast

Effect of the resonator

Source term on the macroscopic balance

Mass balance Atypical stiffness
Physics of the resonator
Visco-inertial : No poles Limited dispersion NO band gaps
Enhanced damping

Elasto-inertial system : poles High dispersion and band gaps
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Ribbed Plates

1D - 2D Ribbed plates

L,

Fossat, Boutin, Ichchou ; IJSS, 2018
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Inner resonance ?

At the same frequency

Vibration at large scale in the beam B
Vibration at small scale in the plate P

Conditions of contrasts ?

What is the corresponding plate model ?



The mechanical system

Two small parameters
Beam ¢, =[/L<<1

Plate e, =d/D<<1

Possible contrasts ?

Thickness d/I

Modulus E /Ep

Density Pp/ Po




Inner resonance conditions

Resonances
Beam E I, 0* U =p,lb w,2U w2 = O(E 2/ p,LY)
Plate EJ,0°U=p,do,U w,?= O(E d?/p,D*
m0w) = g (§) o)’
b= A%y Ey pp \T L

“Non-homogeneous” kinematics

=2 Non-symmetric beam/plate coupling

Beam : forcing ; Plate : forced

=> 0T, =T, E,l,U/L*=O(E], &,U) = O d*/D%U

=> E,l/L4=O(E,d%/D



Requirements

Scaling

E, [4/L4 = O(E,d*/D?)

Ev pp

Geometrical contrast

Slenderness

Thickness
Mechanical contrast

Modulus

Density

2o (9) =00 < =

e=¢,=1/L=¢,=d/D

d/l =D/L=0(e)

Ep/ E,=O(e)

Pp/Pp=0(1)

Similar

Thin & narrow plate

Soft plate

Similar



IS
I

Asymptotic process

Beam
ON ‘ gr
agr O
Plate
W (XmpX5)

2

\

8,(1 T3 + /U\(S?E’,)z :—/\bw /UX1)

8X1M3—|— /y30'-,-12 —T3:

ad?U(xy)

Ms = —Eply—
:

(v, (T) = —\puw

div,, (M) + T =0

M= E}l,(1 = vp)e_(Vow) + vpDawl,)

AND w=U(x;) onT

= ¢o(x,) U(xy)



Coupling

Plate: Moment M = / y3c7(T1)2 = (clampingonI': 0, =0)

— (3)
Force F = /r T 530

Integration of plate dynamic balance
WXy, %) = Py(xg) U(xy)

F = /ra‘(932)3 = —Pp(,‘)2 U(Xl) fx2 (z)ol(X2)

=»  Effective apparent inertia (w)



Effective hybrid beam-plate model

=p Active beams U(x;) #0

E I, 0% U = 0 (Ay, + A, D<¢,>)U(x)

2 1 . o+ _ 0D ,
(Yu) = 6* coth(6*) — cot(6*)’ o= R wh,/ (E' L)

=P Passive beams U(x;) =0

E' 1, 0w = A j0?w(x,)

w(xy, Xp) =0on T

W(X1, Xp) = (dg(xp) - 1)exp(ikx,)

Symetric eigenmode : Guided wave



Inner resonance effect

Heterogenous Kinematics
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Figure 4: Real part of the effective mass of the plate ( ) and effective mass of the whole structure (—). Static

mass of the plate (— o —), static mass of the beam and ( ), Static mass of the whole structure (— x —)
with structural damping 5 = 0.5%
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Hybrid beam-plate model - Torsion

=p Active beams 06(x;) # 0

-
-

G020 = —w? (ppJy +ApD3J3) 6 +

g+ 1 coth(d*) + cot(6*) — 2/6* Ct = (26%)? coth(d*) + cot(d*)

© = (26%)2  coth(6*) — cot(s%) coth(é*) — cot(5*)

=p Passive beams 06(x;) =0
E' 1, 0% ow = A 0*w(x,)
0 ,W(Xy, xp) =0onT
W(xy, %) = 0(x3) explikx)

Non symmetric eigen mode : Guided wave



X1

Nombre d’'onde k [m"]

Theory versus direct WFEM computation
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Theory versus direct WFEM computation
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# Modes

Slow
Wave
(guided)

Fast
Wave

x1

Nombre d’onde k [m"]

Theory versus direct WFEM computation
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Theory versus direct WFEM computation
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x1

Nombre d’onde k . [m™]

Theory versus direct WFEM computation
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Suspentes
Pot vibrant

Treillis

en aluminium

Plaque interne

en plexiglas

Conditionneur

Amplificateur
du pot vibrant

Experiments

Portique

Téte d'impédance




Nombre d’onde k
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Learnings

Same general principles g =2mI/A ~hy/ A
Carrying constituent (connected) & Resonant constituent
Forcing motion Forced regime
High contrast

Codynamic regime and asymetric coupling

Effect of the resonator
Source term on the macroscopic balance

Momentum balance Unconventional mass

1D specificity
Existence of guided slow waves

Stop band in torsion with unconventional mass and spring



