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Motivations

Noise reduction in the context of
structural acoustic applications

Continue W. Larbi 's work at LMSSC on
dissipative interfaces modelisation

Extend to applications including 3D
modelisation (porous media)

Develop computation-efficient methods to
treat large structural acoustic problems
(reduction methods)

Implement models into efficient / open
source FE software:

FEAP (R.L. Taylor), Fortran
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f reduction method

Elements implementation
(Us — pr) coupling element
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(Us — pf) coupling element

Elasto acoustic coupling: [Us, pr|

Problem equations:

([l ] [t M)y [4]
(K] 2 ] o]

Coupling on s through Neumann BC:
fbs = frs = CoF PF
foo = frg =0
for = for = w?pocd C - Us
with:
Cr = frsF(Ns)T"NFdS

Implementation - Frequency domain:

Kss Ko —GCF Mss Mso
Kgs Keg 0 — w2 Mes M99
0 0 Kr cCE o

0
0
Kr

Us
0s
PF

fbs
fro
foF
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(Us — pf) coupling element

Elasto acoustic coupling: [Us, pr|

Problem equations:

([l to] o lpe wel)[4] =[]
([Ke]  —w? [Me]) [pr] = [for]

Coupling on s through Neumann BC:

fbs = frs = CoF PF

foo = frg =0

for = for = w?pocd C - Us
with:

Cr = frsF(Ns)T"NFdS

Implementation - Frequency domain:

0 0 —Cr 0 00 Us 0
00 0 |—-w?|0 00 fs| = |0
0 0 0 CE o0 o0 pF 0
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(Us — pf) coupling element

Frequency response of a cavity coupled with a plate
Elasto-acoustic coupled cavity:

(1m* 1m % 1m) cavity

(]_0 * 10 % ]_0) acoustic elements Mean quadratic velocity of plate coupled with cavity (Panneton)
121
(1m = 1m) plate on one face & 0
110
(10 = 10) shell elements =
. & 100 i
(10 % 10) quad coupling elts S Ll
i i ) k] 90 T il
Normal unit excitation force g 80 oA I\ /U \
S AV, i vy
. g J
Coupled cavity mesh: o 10 ]
£ w0
F E
T 50
]
g 40
30 L
0 100 200 300 400 500
Frequency (Hz)

[R. Panneton, Modélisation numérique tridimensionnelle par

éléments finis des milieux poroélastiques, Ph.D Thesis, 1996]
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f reduction method
( 000 O
(us — uf) porous element

Elements implementation

(us — ur) porous element

Reduction methods for structural acoustic problems 7/28



(us — ug) porous element

Us-Uf porous element implementation

Implementation - Frequency domain:
Kss Ksr . wz Mess Mer Us _ fbs
Ks K Mg Mg ur for
with:
Mss = pss [q, NS NsdV Material parameters:

My = be [q, NI NedV In vacuo frame: Es, v, ps

. Fluid: po, 7, Pr, n, P
Mss = psf fQ NsTNde = Mf?s— H po T "
P Biot porous: aeo, ¢, o, A, N

Koo = [o, (VNs)T DV NsdV
Kir = Jo, (VN7)T DV N dV
Kor = Jo, (VNs)TQUNrdV = K[

fos Neumann BC on frame
for Neumann BC on fluid phase

[J.- F. Allard, Propagation of Sound in Porous Media: Modelling Sound Absorbing Materials, Elsevier Science

Publishers Ltd, London, 1993]
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(us — ug) porous element

Us-Uf porous element implementation

with:

Implementation - Frequency domain:

(5 <]

Mss = pss [q, NS NsdV

My = br [q, NI NedV

My = psr fo, NI NedV = M]
:fQP(VNS)TDSVNSdV
= fQP(VNf)TDfVNfdv
= fQP(VNs)TQVNde =

fos Neumann BC on frame
for Neumann BC on fluid phase

v ][5

Material parameters:

In vacuo frame: Es, v, ps
Fluid: po, v, Pr, m, Po
Biot porous: aeo, ¢, o, A, N

Detailed expressions:

ﬁss:P5+pa /U¢2 GEU)
~ G(w
pre = épo + pa — ’U¢2
ps = —pa + iog? L

with:

= ¢po (Qtoo — 1) )
]2

G(w)= [H%}
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(us — ug) porous element

Us-Uf porous element implementation

Implementation - Frequency domain:

(Rl D )= 2]

Mss = fss [q, NS NsdV Material parameters:
My = be [q, NI NedV In vacuo frame: Es, v, ps

. Fluid: po, 7, Pr, n, P
My = s Jo, NI NedV = M] P07 P O
P Biot porous: aeo, ¢, o, A, N

:fQP(VNS)TDSVNSdV
fo (VNR)T BV NrdV Detailed expressions:
= Jap f ; ~f 13 o0 = Deca + Oer
= VNs)" QVN¢dV = - -
fQP( s) f o = QT€5 + Df&f
fps Neumann BC on frame with:
for Neumann BC on fluid phase D, (Es, v, $,7, Po, A\, N, &, too, 1, po, w, PF)

Df (¢7’Y7 P07A7A/70'704007777P07W7Pr)
é(¢7’77P07A7Al7a7a007777p07w7Pr)

8 /28



(us — ug) porous element

Normal incidence impedance of porous covered wall

Frame Fluid

Poroelastic layer on rigid wall: Es — 800.8kPa CoV=1343m/5
. . vs = 0.4 v =14
Material properties: pe = 30kg/m? Pr—071
Infinite lateral dimensions po = 1.21kg/m*

. L =1.84 - 10 °Ns/m?
Unit plane wave excitation / i s/m

Normal incidence
7.62cm thick porous layer

Porous
$=0.9

Wall acoustic normal incidence impedance

o = 25kNs/m*
Qoo = 7.8
N =226pum
N = 226pum

—~ 8000 T
£ \ Re(Z) Computed - 10 elmt =
. . @ 7000 Fe Im(Z) Computed - 10 elmt = 1
Problem illustration: 3 \ Re(2) Computed - 1 elmt - - - - -
by 6000 r § Im(Z) Computed - 1 elmt - - - - - ]
© 5000 | \ Re(Z) Exact ——
ks 4000 Im(Z) Exact ——
= i N
Rigid wall E 3000 Lq
o ™
g 2000 e
8 1000 SRRl
Q -2 N
Normal incidence g
x=0

-1000

plane wave (x=-L)

100
Frequency (Hz)

[J.-F. Deii, W. Larbi, R. Ohayon, Vibration and transient response of structural-acoustic interior coupled systems

with dissipative interface, CMAME, 2008]
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f reduction method

(us — uf) — pg coupling element

Elements implementation

(us — ur) — pr coupling element
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(us — uf) — pf coupling element

Poro acoustic coupling: [(us, uf), pr]

Problem equations:

(ffe o] e W] -[2
([Ke]  —w? [Me]) [pr] = [for]

Coupling on I'pr through Neumann BC:
fos = frs = (1 — $)Csr pPF
for = fre = 9Cr PF
foF = fpp = procg ((1 — qb) Cs-,r:u5 + quﬂ-Cu,r)
with:
Cr = frPF(Ns)T"NFdS
Cr = frPF(Nf)T”NFdS

Implementation - Frequency domain:

Kss st — (1 — ¢) CsF Mss Msf 0 Us fbs
Kes  Kg —¢CfF — wz Mg Mg 0 ur| = | for
0 0 K (1-¢)CF ¢Cqk K PF for
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(us — uf) — pf coupling element

Poro acoustic coupling: [(us, uf), pr]

Problem equations:

(ffe o] e W] -[2
([Ke]  —w? [Me]) [pr] = [for]

Coupling on I'pr through Neumann BC:
fos = frs = (1 — $)Csr pPF
for = fre = 9Cr PF
foF = fpp = procg ((1 — qb) Cs-,r:u5 + quﬂ-Cu,r)
with:
Cr = frPF(Ns)T"NFdS
Cr = frPF(Nf)T”NFdS

Implementation - Frequency domain:

0 0 —(1—9)Cs 0 0 0 Us 0
0 0 —¢CfF —w2 0 0 0 ur| = |0
00 0 (1-¢)CF ¢CE 0f) |pe 0




(us — uf) — pf coupling element

Frequency response of partly treated rigid acoustic cavity

Rigid cavity - partly covered:

Frame Fluid Porous
(0.4m % 0.6m x 0.75m) cavity Es = 4.4MPa co = 343m/s G=UES
. vs =0 ~y=1.4 o = 40kNs/m
(8 * 12 % 15) acoustic elements ps = 130kg /m? Pr—0.71 oo = 1.06
(0.4m % 0.6m x 0.05m) porous po = 1-21kg5/m3 5 //\ = 56um
layer on one wall n=1.84-10"°Ns/m A =110um

(8 %12 % 4) us — ur porous elts

(8 + 12 % 4) quad coupling elts Mean quadratic pressure in cavity:

Corner harmonic excitation Acoustic cavity (Davidsson) - Rigid partly covered with porous

200
190

Poro-acoustic coupled cavity mesh:

180

170
160

150
140

Rigid cavity ———
130 » Brennan eq. fluid ——
UsUf porous formulation
120 . . ) .
100 200 300 400 500 600 700

Frequency (Hz)

Mean quadratic pressure in cavity (dB)

[P. Davidsson, Structure-acoustic analysis: Finite element modelling and reduction methods, Ph.D Thesis, 2004]
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mplementation of reduction method Conclusion

e]
Complete concrete car coupled problem

Elements implementation

Complete concrete car coupled problem

Reduction methods for structural acoustic problems 13 /28



Complete concrete car coupled problem

Frequency response in the EC and PC of the concrete car

Mean quadratic pressure (dB)

Elasto-poro-acoustic problem:

200

180

160

140

2 acoustic cavities: EC and PC

A wireframe in between cavities

A porous layer on a wall of the PC
Corner harmonic excitation in EC
28500 DOFs

Complete concrete car - With and without porous

Acoustic cavities

Engine cavity ———

Passenger cavity

Passenger cavity - porous layer

200 300 400 500 600
Frequency (Hz)
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Implementation of reduction method Conclusion - Pespecti

Objectives of the reduction method

Implementation of reduction method
Objectives of the reduction method
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Objectives of the reduction method

Objectives of the applied reduction method

Complete model: 28500 DOFs
First objective: reduction of the
non dissipative part

Reduction to interfaces

Reduced model: 10600 DOFs
(8700 for porous)
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Implementation of reduction method Conclusion - Pespecti
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CMS: Craig and Bampton reduction method

Implementation of reduction method

CMS: Craig and Bampton reduction method
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CMS: Craig and Bampton reduction method

Craig and Bampton reduction method: Qutline

C & B subdomain partitioning:

Ki K& Ky M; MY,
Kii Kt 0| —w? My My
Ky 0  Kax My 0

C & B transformation:

u; /,',' 0 0 [’H

ux = \Vl CDl 0 a1

I U, 0 of |
with for s=1..2:

VW, = —K, 'Ki: Static modes

MZT,- uj f;
0 | =10
Mo, I 0

1 Interface: i 2

®,: First normal modes of fixed interface
eigenvalue problem Ki®s = wZM.d

as: Modal coordinates (<<nb nodal coordinates)

[R. Craig, M. Bampton, Coupling of substructures for dynamic analysis, AIAA, 1968]

18 / 28



CMS: Craig and Bampton reduction method

Craig and Bampton reduction method: Qutline

Resulting system for n substructures:

Ki, 0 ... 0 Mi, M, ... M, u; f;
0 w?@ 0 0 My, h 0 0 a 0
2 —
. ) . — W . =
: 0 " : : 0 . : : :
0 0 ... u? My, 0 ... | an 0
With:

Ki, = Ki +>0_; KIw,
Mi, = Mi+ 30, [MIVs + W] (Mg + M Vy) ]

Msia = [q);l' (Msi + Mssws):l

19 / 28



CMS: Craig and Bampton reduction method

C & B implementation in FEAP
Resulting system for subdomain n with its boundary interface:
Kiip+ MIw,+ r( Ma+\1"
(KnT“’n> 0 2 Mii, + [w[ (M,,/+Mn,,w,,)} [¢n (Mw)] [an} _ [f] (€]

Qn

0 w; (O] (Mai + Mpa¥,,)] I

Computation steps:
(2) = an = w? (W2 = W) T [OT (Mui + ManWa)] i, n Interface: i
(Kiip + Kt Wa) — w? [Mify + MIW, + W] (M + Man W) ] }
Pin = Ti,

W= {—M [[67 (Ma + Mop92)] 7 2 (w2 — w?1) " [0 (M + Mo 0,)] ]

Solving steps:
Solve (1) = pj,

Compute p, = [d>nw2 (w2 - wZI,,)_1 [ (Mni + ManWn)] + ‘Un] Pi,

20 / 28



CMS: Craig and Bampton reduction method

C & B implementation in FEAP

Problem equations:
(K

iin

+ Ky Wn) =
Solve 5
—Ww

Compute pp, = [¢nw2 (w2 - wZIn)
Steps of algorithm:
1. Loop on subdomains n:
- Compute Kpp & My,

- Eigenvalue problem: w,2,, o,

- Loop on interface dofs

Kni = Wn = —Knp' Kpi
Mni = An - Mni + Mnnwn
- Compute B, = ¢',Z—A,,
- Update:
Kiiy, = Kiia + KW,

Miio = Mijo + MIW, + WA,

[®7 (Myi + Manw,)] "

2 [Mun + MT\un + \U,T (Mni + Mnnwn)]

W2 (W2 — w?l) ) [«»I(Mm%n‘""ﬂﬂ "

[¢T (Mm + Mnn n)] + wn] Pi,

2. Interface sized problem:

- Compute Kj; & M;;

- Update:
Kiio, = Kiio, + Kii
Miio, = Mii, + Mi;

iy iy

3. Loop on w:
- Kere(w) = Kijy, — w?Mi;,,
~* S, [BT (w2 —w2lh) 7 Bl
- Solve Krgr(w) pi = fi = p;

- Pn= |:d>n<-t)2 (wi — WZIn)il Bn + lI"n:| Piy,

in
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Applications
CMS: Academic applications
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CMS: Academic applications

C & B reduction applied to enclosed cavity

Rigid cavity:
(0.4m % 0.6m x 0.75m) cavity

(8 % 12 % 15) acoustic
elements

Decomposed in 2 subdomains

Comparison 20/50 normal
modes

Corner harmonic excitation

Cavity mesh:

Mean quadratic pressure (dB)

Mean quadratic pressure in cavity:

200

Mean quadratic pressure in rigid cavity - 2 subdomains

180

o

140

Hiiey

120

S

100

Complete problem ——
CB Reduction - 20 modes
. CB Reduction - 50 modes

100

200

300 400 500 600 700
Frequency (Hz)
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CMS: Academic applications

Reduction of acoustic part of porous treated cavity

Porous treated cavity: Mean quadratic pressure in cavity:
(0.4m % 0.6m x 0.75m) cavity
(8 %12 % 15) acoustic Reduced acoustic part of porous treated cavity
elements 165

160 A

™ \
155 /\/ /
7 |
150

145

/\ / Complete problem ——
140

CB Reduction - 10 modes
CB Reduction - 20 modes
cB Reductioq - 50 mode§

200 300 400 500 600 700
Frequency (Hz)

(0.4m % 0.6m * 0.05m)
porous layer on one wall

(8 * 12 % 4) hexahedric
elements for porous

Acoustic part reduced only

Comparison 10/20/50
normal modes

Mean quadratic pressure (dB)

Corner harmonic excitation

135
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CMS: Academic applications

Reduction of acoustic part of porous treated cavity

Porous treated cavity:
Same cavity covered with
porous layer

2 acoustic subdomains for
reduction of acoustic part

Comparison 50 normal modes

Corner harmonic excitation

Cavity and porous layer mesh:

Mean quadratic pressure (dB)

Mean quadratic pressure in cavity:

Reduced acoustic part (2 subdomains) of porous treated cavity

165

160

155

150

145

135 L

140 f |

Complete problem
CB Reduction - 50 modes

CB Reduction - 2 subdomains - 50 modes

300

400 500 600
Frequency (Hz)

700
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f reduction method

CMS: Application to the concrete car
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Elements implementation Implementation of reduction method
00000000000 0000000

CMS: Application to the concrete car

Applications
[e]e]e]e]e] )

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components:
EC(1) PC(3)

Wireframe

A 5cm porous layer on one wall
FRF range [0, 600] Hz

Cavity mesh:

Conclusion - Pespectives
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components:

EC(1) PC(3)

Wireframe

A 5cm porous layer on one wall
FRF range [0, 600] Hz

EC: 50 modes = 740 Hz

PC: 75 modes = 640 Hz

Cavity mesh:

Mean quadratic pressure (dB)

Mean quadratic pressure in EC and PC:

Mean quadratic pressure in EC / PC+poro - 4 acoustic components
200

180

160 h |
140 A /K \, V Ug‘s‘\\
NN

120 |
woo Lid | Mﬁ\\u\
\/j 4 7 Passenger cavity

Engine cavity
80 Passenger cavity - reduction
Engine cavity - reduction

150 200 250 300 350 400 450 500 550
Frequency (Hz)
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components: Error on mean quadratic pressure:
EC(1) PC(3)
Wireframe Relative error of 75 modes reduction
30 5 e e————
A 5cm porous layer on one wall e seenger cavity
25 Engine cavity,- smoothed ——— |
FRF range [0, 600] Hz Ehgine cavity
EC: 50 modes = 740 Hz & 20
PC: 75 modes = 640 Hz 2 s
[
. >
Cavity mesh: g
s 10
['4
5
o i . : ;
0 100 200 300 400 500

Frequency (Hz.)
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components: CPU computation time:

EC(1) PC(3)

Time with/without reduction on complete CC - 4ss - porous

_

Wireframe 3500
A 5cm porous layer on one wall 2000
FRF range [0, 600] Hz
EC: 50 modes = 740 Hz z 2500
£
PC: 75 modes = 640 Hz T.Ej 2000
Cavity mesh: > 1800
© 1000
500 e

CPU time - no reduction

CPU time - 75 modes/ss -

o b=
0 50 100 150 200 250 300 350 400 450
Number frequency increments
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components: Mean quadratic pressure in EC and PC:
EC(1) PC(3)
. Mean quadratic pressure in EC / PC+poro - 4 acoustic components
Wireframe 200 |
A 5cm porous layer on one wall |
180
FRF range [0, 600] Hz % R k K ﬁ M
EC: 150 modes = 1200 Hz g 0 I /K VAVAAYA LAY
PC: 250 modes = 1000 Hz § 10 -\ A i‘
Cavity mesh: g 120 (- ‘ I | [
= \U\
5 N u’ VENRTN Passenger cavity ———
2 Engine cavity ——
80 Passenger cavity - reduction ——
) Engine cavity - reduction ———

150 200 250 300 350 400 450 500 550
Frequency (Hz)
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components: Error on mean quadratic pressure:
EC(1) PC(3)
Wireframe Relative error of 250 modes reduction
= "Passenger cavity - smoothed -
Vity - —
A 5cm porous layer on one wall 9 Pasgenge, cavity
Engine cavity - smoothed ———
FRF range [0, 600] Hz 20 9 yng ne cavity .
EC: 150 modes = 1200 Hz 5
5 15
PC: 250 modes = 1000 Hz 2
[
. >
Cavity mesh: g 10
&
5 8 » H
N SN
0 \ i . o -
0 100 200 300 400 500
Frequency (Hz.)
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components:

EC(1) PC(3)

Wireframe

A 5cm porous layer on one wall
FRF range [0, 600] Hz

EC: 150 modes = 1200 Hz
PC: 250 modes = 1000 Hz

Cavity mesh:

Relative error (%)

Improvement on error:

Relative error comparison between 50 - 250 modes

30 T T T T T
Passenger cavity - 1000 Hz truncation
Passenger cavity - 650 Hz truncation - - - -
25 Engine cavity - 1000 Hz truncation 8
Engine cavity - 650 Hz truncation - - - -
20
15
10
S e = .
0 .
0 100 200 300 400 500
Frequency (Hz.)
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CMS: Application to the concrete car

Reduction method applied to the concrete car

Reduced concrete car problem:

4 reduced acoustic components:
EC(1) PC(3)

Wireframe

A 5cm porous layer on one wall
FRF range [0, 600] Hz

EC: 150 modes = 1200 Hz
PC: 250 modes = 1000 Hz

Cavity mesh:

CPU time (min)

CPU computation time:

3500

3000

2500

2000

1500

1000

500

0
0

Time with/without reduction on complete CC - 4ss - porous

e

P

e

___—€PU time - no reduction
gt CPU time - 75 modes/ss
CPU time - 250 modes/ss .

50 100 150 200 250 300 350 400 450

Number of frequency increments
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Conclusion and perspectives

Basic tools for coupled problems implemented
(acoustic, porous and coupling elements)

Efficient implementation of a reduction
method for non-dissipative part of the problem

Reduction method applied to the
Smart-Structure Concrete car model

Porous media and interfaces responsible of
remaining dofs

Further reduce interfaces with dofs
condensation

Work with Matlab on methods for reduction of
the porous media
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