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Challenge

« Advanced Noise Control Materials!!!
» What’s important about a noise control material?

»> Safety

» Cost

» Weight

» Volume
» Recyclability
> ...

> ...
» Acoustical Performance

ASA Spring 2023 3



Objective: Multifunctionality

* Near-field damping: dissipating power
through viscous interaction between the
porous medium and the evanescent

— ®
y , . \ acoustical near-field of the panel associated
J Airborne noise Sound

. with sub-critical panel motion[?-°]
absorption

Structure-induced noise

N Porous layer

— oy — G O O O OO OGO OG>

/w
- Near-field Treated stiff panel

= o =

Structural vibration damping

« Objectives: modeling, predicting and optimizing the near-field damping performance
of conventional sound absorbing materials (fiber, foam, etc.), so that a properly-designed
porous layer can achieve both structural damping and sound absorption at the same time

- save weight and cost

ASA Spring 2023




What is “Near-Field Damping” (NFD)?

* In the subcritical frequency range — structural wavelengths smaller than acoustical wavelength

near-field ‘[ ? Q--\ 5 Q..\ ? Q_\ :| in-plane oscillatory
panel - SR £~ -~ . fluid motion

 Exponential decay with vertical position 8—1/"?—"2 , at critical frequency k;=k

 Near-field depth increase as frequency approaches critical

porous layer

\ - -~ &~ .

« Place porous layer in near-field — viscous interaction with in-plane fluid motion dissipates energy
and so damps panel motion

ASA Spring 2023




Porous Media

-Thickness

<| -Flow resistivity

§'< -Porosity

= -Tortuosity

o -Viscous characteristic length
*@{ J -Thermal characteristic length
Qo

\. | -Bulk density
-Young’s modulus

Fiber / strut / particle / pore size -Poisson’s ratio |
Solid material density, etc. \ -Loss factor (mechanical)

Microscopic geometry Parameters Macroscopic (bulk) properties!t

Foam[l] Particlel12]

ﬁBuilding Connection (Modeling for Design)

Acoustical properties Performance Damping properties
Acoustic pressure Reduction of the panel’s vibration
Acoustic particle velocity Power dissipation within the porous layer
Acoustic impedance Layered system energy loss factor

ASA Spring 2023 6




Near-Field Damping (NFD) by Porous Media

—

—

-Thickness

« Modeling Targets: Porous Mediall?l -Flow resistivity
-Porosity
-Tortuosity

Limp porous layer -] | "Viscous characteristic length | L_ pqrg-elastic layer
PP y -Thermal characteristic length y

Negligible bulk | | .ulk density Non-negligible bulk
elasticity of frame -Young’s modulus elasticity of frame

-Poisson’s ratio
-Loss factor (mechanical)

* Modeling Targets: Vibrating Structures under Excitations

H Partia”y-

. Infinitely-extended Discontinuit . Discontinuity constrained

Line|force . Y Line|force ) panel
(Unconstrained) (Constraint) (Constraint)

panel
% PeriOdicaIIY'ConStrained
denti I_’ NS _— _— (fuselage-like) panel
entica Convective pressure

Discontinuities
(Constraints)

An arbitrarily-shaped (floor pan-like) panel*
-—-W-_] ’ IMW_-
Line|force

Vehicle floor pan*4

* Numerical simulation based on commercial software may be involved as complexity of structure increases

ASA Spring 2023



General Approach

« Analytical modeling to build the connection

Porous Layer ————> | Acoustical

. Acoustical .
Properties
Bulk Properties Model p

Near-Field Damping @
(NFD) Model

Damping Properties based on Panel’s Spatial & Frequency Domain Response

« Acoustical Model (bulk-acoustical relations): including Johnson-Champoux-Allard
(JCA) model®®!, Biot theory!15-20l and B.C.s implementation [1821]

* NFD: acoustical-damping relations including Euler-Bernoulli beam theory,
wavenumber-space Fourier transform(22 and power analysis!23!

» Acoustical Model + NFD provides an bulk-damping model to predict the damping
performance for porous media regardless of their microstructures

ASA Spring 2023




General Approach

« Analytical modeling to build the connection

Optimized — Ik> Porous Layer :? Acoustical
Microstructure M'cro,'Bu Bulk Properties Acoustica Properties
Relations Model
ﬁ Obtimizati Near-Field Damping @

ptimization (NFD) Model

Damping Properties based on Panel’s Spatial & Frequency Domain Response

« Micro-bulk relations: for porous media made of fibers!24

» Acoustical Model + NFD + Micro-bulk relations provides an micro-damping model to
maximize fibrous media’s damping performance by optimizing their microstructures

» Fibrous layered damper design concept is summarized based on the parametric study and
optimization process by using Acoustical Model + NFD + Micro-bulk relations

ASA Spring 2023 9



Acoustical Modeling — B.C.s Implementation

Effective

P;).ro;s . ) density ) Complex mmmm) | Acoustical
media u (1) JCA and bulk | (2) Biot | wavenumbers | (3)B.C.s properties
properties | . del modulus | theory implementation

* Acoustical Model (bulk-acoustical relations): including Johnson-Champoux-
Allard (JCA) modell1d], Biot theorylt>-20] and|B.C.s implementation|!18.21]

focus here

Satisfactory solutions of pressure

: A ical pr rties:
(stress) and displacement wave(s) ‘ coustical properties

) e T Reflection coefficient (R)
propagating within porous media in Transmission Coefficient (T)
terms of complex wavenumber(s)

ASA Spring 2023




Modeling of Multilayered Acoustical Systems

* Literature Review
> Classic models from Mason 1927271 (origin of transfer matrix, used for acoustic filters)

> Transfer matrices: [2x2] (fluid-like layers, e.g., limp porous)!21], [4x4] (elastic solids)[28-311 [6x6] (poro-elastic)*[32]

air gap [2x2]

« Challenge: how to couple layers poro-elastic layer [6x6] \

with different dimensions? mneus [2x2]
Lauriks et al.[338] | Brouard et al.[34 | Bolton et al.l!®1 | Dazel et al.[®d Proposed TMM | Song et al. [4¢]
(1992) (1995)* (1996)** (2013) in this study (2023)

Explicit Implicit expression  Explicit Implicit Implicit Implicit
expression expression expression expression expression

By matrix order By B.C.s global By B.C.s global By recursive By matrix order By layer merge
reduction assembly assembly matrix operator  reduction operation

* Further summarized in Allard and Atalla’s book!1¢! (2009)

** Also referred to as the classic Arbitrary Coefficient Method (ACM)
ASA Spring 2023 11




Combination of Acoustical Models
with the NFD Model

« TMM/ACM + NFD — based on a harmonic line force-driven, unconstrained panel

Porous medium: thickness (d), AFR (), bulk Alr half-space 12 <----| Acoustic pressure, p,, and

density (pp), porosity (¢), tortuosity (e, ), Young’s Porous Acoustics normal velocity, v,,, atz = d
modulus (E), Poisson’s ratio (v), loss factor (1) layer Model

Acoustic pressure, p4, and
normal velocity, v,,,atz =0

we(x, t S B

Panel: basis weight (m), flexural stiffness per unit

. 2 ! o stiff panel J Line driving force
width (D), longitudinal stiffness per unit width (D,,) P Flxt) = }?e+iwt5(x)
P10W9f input Wavenumber response of panel velocity ‘ Euler-Bernoulli beam theory
Pin(w) = ERe{Fv’;(x =0,w)} ‘itF: [‘;’W(tkz UZ)1+ Z. (ko )] — Governing Equation (GE) at z = 0
Power radiation into the porous layer = F/lZa1 (ke ) & Zn (ki @ Np v D34Wt(x, D m FPwe(x,t) _ o D) + f D)
1 co Power : s Fs axt s o2 : .
Py(w) =SRe { f P1V1 dx} analysis IDFT for spatial response TlchT Governing Equation Fourier Transform (GEFT)
Y - vt(mAx’ w) (Dki - wzms)wt(kx' w) = _pl(kx: (1)) +F
1 5 Ng—1 2
= —Re Z g1V, (ky, 0)|? dk, 1 —temm - Panel mechanical impedance: Z,,, = —i[(D/w)k} — wm|
4m ¥s = Z v;(nAk,, w)e Ns
2 N Ax
Power radiation into the air n=0
1 [oe]
P;(w) = > Re {f p2v; dX} I Acoustic impedance at z = 0: Z,; = °-
2’ U Damping Parameters P 2= la =,

_ iRe{IT 2oy 102 s )2 dk performance input Acoustic impedance at z = d: Z,,, = 5—2 = %
—Ar L | evaluation e
Power dissipation in the porous layer ICA & f

Py(w) = Py — P, Input porous - Complex wave Input d,
System equivalent damping loss factor medium bulk E;I:c;[ry numbers (k;, i =1 D.D, TMM/ACM to

Ein _(Pin_PZ)/w

Ne

“Ew:  KE+PE

: for limp frame, i = 3 solve for the
properties (o, pp, ‘ armie, ‘ _ _
$, ac,, E, v, 1) for elastic frame) acoustical properties

ASA Spring 2023




Combination of Acoustical Models
with the NFD Model

« TMM/ACM + NFD — modeling of different target structures

z

t Air half-space Governing Equation: unconstrained panel
Porous layer 4 2 Line force
x =0 0 Wt(x, t) 0 wt(x, t) Pt rvipien
Unconstrained D ot + my oz = —p1(x,t) H1iFe™® 6 (x)
panel LineTforce
, Governing Equation: adding two identical constraints
L Alr half.space 0w () Pwnt) R
- Porous layer D T oxt + mg——_—— Reaction forces due to dlscontlnumes
Partially- x=20 Line force ¢ 2 o oTTERTEEEEEEEET
constrained H =
panel Discontinuity LineTforce Discontinuity  [— —pl(x t) +|F_e___(2(_x): -IJZ Fl]5(x xl]) + Z Ml]6 (x xl])
(my, J) (my, Jy)

Air half-space
T—rx Porous layer = Frames modeled as evenlz;paced, identical discontinuities (m,, Q,‘J,, S)

Fuselage-like panel *

Boundary Iayer exatatlon modeled as convectlve pressure wave

Governing Equation: adding periodic identical constraints = Reaction forces due to discontinuities
Convective pressure l‘N' """"""""""" N
wi(x,t)  9Pw(x,6) et JAN
D—6x4 +ms—6t2 = —p1(x, t)-l-'Ije______z I-I-I Fl]5(x—x”)+ MU6 (x xl]]
|
J=1 j=1 __l

ASA Spring 2023




Frequency [Hz]

NFD Modeling Key Point

 An example to show wavenumber €-> spatial domain Fourier transform

10000

9000

8000

7000

6000

5000

Air half-space

T_>x z=0 Xl

LineTforce

Unconstrained 3 mm aluminum panel

-50

-100

-150

1-200

1-250

1-300

4000

3000

2000

Velocity Level (dB)

-350

-400

-450

1000

0
-500 -400 -300 -200
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NFD Model Validation - COMSOL

* Velocity response spectrum at x = 0 of a partially-clamped, 1 mm aluminum panel

z

| X
» NFD model _
Air half-space

2 =0 x=0

Assign large m, and J, LineTforce
to clamp the panel

z

» COMSOL FEM Lx

Air half-space

220 [r— ]
|

Fixed Linelforce Fixed

» Comparison

—#— NFD analytical model |
10" —— COMSOL validation |
3
™ i | | | |
w 2 I} H i B s
gtk R R & K]
5 . E
©
Re]
S 3
10 | : ]
3 | i i: | i; |
| |
107
0 200 400 600 800 1000

. Frequency [Hz]
ASA Spring 2023

X
7 = Ai_r_h_@_l_f:_sp_ase_________Trt _______
Limp porous layer

. x=0 .
7 =

Assign large m,and J, LineTforce
to clamp the panel

X
Air half-space T—’

Limp porous layer

220 [——
|

Fixed Linelforce Fixed

—*— NFD analytical model

107§ —— COMSOL validation

w L1

£ 21K £

£V R §

> [$:% +%

g I

g all L 3 i
10° E
104

0 200 400 600 800 1000

Frequency [Hz]

Poro-elastic layer

— pnbonded
zZ = OM

Assign large m, LineTforce
and J, to clamp

the panel
tx
Air half-space

Poro-elastic layer

= o bonded
ZZO_..-—-‘T-Q_-‘--

Fixed Linelforce Fixed

—#—NFD analytical model
101E —— COMSOL validation

Velocity [m/s]

0 200 400 600 800 1000
Frequency [Hz]




Damping Effectiveness: Limp Porous Layer

. | diff _ Air half-space
* Velocity level differences at x = 10 m Air half_-s(;nace R B
> Difference between two cases for an aluminum panel Z= VS. x=0
» Significant attenuation in sub-critical frequency region LineTforce Lianorce
> Higher critical frequency and stronger attenuation result p
from decreasing panel thickness Limp porous |ayer 7 b |G| P
bulk properties: | 55000 Rayls/m | 0.9871 | 1.2 | 10 kg/m® | 3 cm
6 mm thick panel 3 mm thick panel 1.5 mm thick panel
50 50 50 AT
4 Q»
40 fC 40 fC 40 / IS fC
/ ) 2aly
= o 30° —~ 30 (RO
=) ke =
o 20 o 20+ o 20+
0 2 0
T il P
4] O] O]
810+ ] 310 . 310 i
> > : > l
8 -20 g-20r y g -20 [
© o ° 1
> 30+ > 30 > 30+ g
40 -40 40 =
L}
-50 50 : : ! -50 :
10’ 102 10° 104 10’ 102 10° 10* 10° 102 108 10*
Frequency [Hz] Frequency [Hz] Frequency [Hz]
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Damping Effectiveness: Limp vs. Elastic

 Power dissipation analysis

z
X
2= d-- Air half-space
Limp porous layer
7z = 0*
. Unconstrained
Line|force
Panel
. Power Dissipation Normalized by Power Input
09+ Loe@e TS, 1
s g R Y
.O’G‘ *l*’ *-*_‘ (]
0.8 @ * oy R
s * o ®
2 A * e
Py * ~E
5 0.7 =2 e i
= e #* e
= g *% So 0 ©
- ~-Gr
_-n_: 0.6 @/m ¥ % G
- P *% N
o 0.5 i 7/ * I
#* \
04 - /eK)’( =@ -1 mm aluminum panel + 3 cm limp porous layer *K* i
' # —# -3 mm aluminum panel + 3 cm limp porous layer %
«* *
0.3, %
e(* \_*
¥
0.2 : e — : — ‘
10’ 102 10° 10*
Frequency [Hz]
Limp porous layer o 6 |y 0 d

bulk properties:

20000 Rayls/m | 0.9871 | 1.2 | 10 kg/m? | 3 cm
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Damping Effectiveness: Limp vs. Elastic

Power dissipation analysis

z
X
2= d-- Air half-space B 7= d--
Limp porous layer
z = 0+ z=20
Unconstrained
Line|force
Panel

Air half-space

Poro-elastic layer

Unconstrained

LineIforce Panel

Limp porous layer
bulk properties:

ASA Spring 2023

F —=—1 mm aluminum panel + bonded 3 cm poro-elastic layer *.
04 *’*g —#—3 mm aluminum panel + bonded 3 cm poro-elastic layer *\* N
*ﬁ’ =& =1 mm aluminum panel + 3 cm limp porous layer %
0-3;*’ =% -3 mm aluminum panel + 3 cm limp porous layer K *’
02 . T
10" 10° 10
Frequency [Hz]
- 6 | am b d Poro-elastic layer o 6 | am 0 d o)
bulk properties:
20000 Rayls/m | 0.9871 | 1.2 | 10 kg/m?® | 3 cm prop 20000 Rayls/m | 0.9871 | 1.2 | 10 kg/m*® | 3 cm | 10° Pa




Damping Effectiveness: Limp vs. Elastic

 Power dissipation analysis

7 Z Z
L.x L.x L’x
s —d Air half-space s—d Air half-space s—d Air half-space
Limp porous layer Poro-elastic layer Poro-elastic layer
*r=0 x=0_ bonded x=0 unbonded
7 = ————— 7 = () e———— e 7 = (i ——— e
i If Unconstrained Linels Unconstrained L If Unconstrained
ine|force Panel ine|force Panel inejforce Panel

n_t’ 05 yﬁf /*% ——1 mm aluminum panel + bonded 3 cm poro-elastic layer \;% |
' #* —#—3 mm aluminum panel + bonded 3 cm poro-elastic layer Vg
04 - ;F)’( =& -1 mm aluminum panel + 3 cm limp porous layer ﬂéi |
' %* =# -3 mm aluminum panel + 3 cm limp porous layer k-
03,7~ ~@+1 mm aluminum panel + unbonded 3 cm poro-elastic layer ﬁgﬁ |
' ﬁg* *3 mm aluminum panel + unbonded 3 cm poro-elastic layer \'ik-.\_‘
0.2 ; ; ] ; T F
10’ 102 10° 10*

Frequency [Hz]
» Design concept: adding bulk stiffness to the porous layer and
bonding it to the panel will create additional structural dissipation

ASA Spring 2023




Micro-Bulk Relations for Fibrous Media

« Airflow Resistivity (AFR) model is modified based on Tarnow’s model(24]
It can be used for fibrous media with two fiber components and varying fiber radii (e.g., Thinsulate™)

= . —— | Fiber mean spacing:
Fiber mean radii: 4, 15, i ) k .
2 T (szl NipT1p + Zq=1 nZ,qu,q)

distribution parameters s4, 0, s,, u b? = :
¢ (Zi,:l nyp+ Z’.;=1 N2q)

Inputs

-4 | Fiber bulk density:
e Rl P 1 | solidity:

Component weight fractions: X4, X, g C= X Pb+X Pb
= X{—+ X, —

P1 P2
)

Output | Airflow Resistivity: o =

Solid material densities: p1, p» 1

4
2 1
b2[0.640 In(7)+C—0.737]

» Step 1: C calculation based on py, X4, X3, p1, P2

> Step 2: b? calculation based on r4, 5, distribution parameters and €

> Step 3: o calculation base on € and b?

ASA Spring 2023



ASA Spring 2023

Microstructure Design for
Limp / Elastic Fibrous Damper

« Optimal fiber radii for a partially-constrained structure

7 = Air half-space
Limp porous layer

Poro-elastic layer

x=0 ially- x =0 bonded T
zZ= OH Partllally zZ= OH Partially
. L . B constrained ) . . =  constrained
Discontinuity Linelforce Discontinuity Panel Discontinuity Linelforce  Discontinuity Panel
(my, J)) (my, J)) (my, J)) (my, J))
-5
1 2 x 1 0 I I I I I I I
g —=0--1 mm partially-constrained aluminum panel + 3 cm limp porous layer
1k —6—1 mm partially-constrained aluminum panel + 3 cm bonded poro-elastic layer ||
— 0.8
E &
506 .
£
30.4r+
0.2~ T e P —— O 1
0 | | | | | | | |
100 200 300 400 500 600 700 800 900 1000

Frequency [Hz]

» Design concept: larger fiber size is better at damping lower frequency vibration,
elastic fibers need larger fiber size to achieve the optimal damping




Fuselage Structure Velocity Response Spectrum

Air half-space

Fibers: 3 cm, 20000 Rayls/m, 10 kg/m3
x = —0.5 x=*1.1 x =05

Observation at x = 0.11 m

z
t

3mm Al Constraint ‘Convective
Panel (m|, k|, J|, S|) pressure

Vibration peaks below f_ were reduced
by 5-15 dB by the fibrous layer

Constraint
(M, K, Ji, s)

Frequency Response Function
Force Magnitude = 1 N/m. Observation Point at x = 0.11

Frequency Response Function
Force Magnitude = 1 N/m. Observation Point at x = 0.11

ASA Spring 2023

e —— Bare fuselage structure e —— Bare fuselage structure
—— Fuselage structure treated by the limp fibrous layer —Fuselage structure treated by the limp fibrous layer
-40 - . -40 - -
Observation bservation
m -60 - * 1 m -60 = )
= f.=4008 H = v Jf.=4008 Hz
> >
3 80 * E 80
g £
Ke) o
2 100 4 ] 2 100 J
-140 —— — - -140 : ‘ :
10 102 10° : 10* 10" 102 10° : 10
Frequency [Hz] . Frequency [Hz] -
Jeov=2575 H f.,=5772 Hz
Ma=0.8 Ma=1.2




Porous/Fibrous Damper Design Guidelines

* Based on Bulk Properties Parametric Study
» Fibrous dampers are more effective on thinner structures

» With limited space and the same microstructure, making the fibers from heavier solid material
(e.g., glass) will improve the low frequency damping (left)

» With limited weight and the same microstructure, a thin layer of heavy (e.g., glass) fibers gives
better low frequency damping, while a thick layer of light (e.g., polymeric) fibers gives better
high frequency damping (middle)

» With limited space, limited weight and by changing microstructures, a layer of sparse, coarse
heavy fibers is better at reducing low frequency vibration, while a layer of dense, fine light
fibers is better at reducing high frequency vibration (right)

Fibrous layer airflow resistivity = 20000 Rayls/m Fibrous layer thickness = 30 mm, bulk density = 10 kg!ma

0.18 Fibrous layer thickness = 30 mm, airflow resistivity = 20000 Rayls/im 0.07 0.06
e.g., a layer of glass e.g., a thin layer —p =10kg/m® d=3cm —o = 50000 Rayls/m
0.16 3. Py s f alass fib ° | £ 20000 Rayls/im
: i TN ] L of glass fibers __ _ 3= B e.g., alayer o — TToE
fibers / N . 0.06 g S~ - -p, =15kgm®, d =2cm 0,051 g y . —— = 10000 Rayls/m H
L / \ —p, = 10kg/m 4 -~ sparse, coarse / NS —
0.14 / \ b —=p =30kg/m® d=1cm i / A N
/ b - 3 i) ' glass fibers / 2N
/ N - -p, =20 kg/m 0.05 /
0121 f \ 0.04 - / .
_ / \ ~-=py = 30 kg/m® N \ N e.g., a layer of
S ! - \ . -
S 0.1 / raa \ S 0.04 *\ e.g., a thick layer of '§ dense, fine
v / /’ \'\.\ Same micro-geometry w *\ polymeric fibers & 0.03 polymeric fibers-
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SUMMARY

Significant levels of damping can be achieved by properly designed porous treatment
- multi-functional (absorbing & damping) porous layer saves weight, space and cost

Porous dampers are effective at reducing subsonic panel vibrations while absorbing
the radiating sound from the panel in the supersonic region

Analytical models that include the AFR, TMM and NFD provide a convenient toolbox for
prediction and optimization of porous layer’s near-field damping, and for designing the
optimal macro/microstructure of the porous layer

Parametric studies can be conducted by using this toolbox for optimization of porous
layer’s near-field damping (in terms of system damping loss factor), and for designing
the optimal macro/microstructure of the porous layer

Combined with finite element model, the design process can also be conducted on
more realistic structures such as a floor pan-like structure
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