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« Traditional Damping Treatments — Visco-elastic Core with Metal Skins

Traditional Damping Materiall! Structure of a Traditional Damper!2
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« Traditional Damping Treatments — Visco-elastic Core with Metal Skins

Traditional Damping Materiall! Structure of a Traditional Damper!2

* Fibrous Damping Treatments — Target Material of this Study

Fibrous Damping Materiall®! Test on Fibrous Dampers!“]
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« Literature Review
> Bruer & Bolton, AIAA 198715 — Analysis of different waves propagating in the layered damping structures

> Wahl & Bolton, JASA 1992[¢ — Analysis by Inverse Discrete Fourier Transform (IDFT) on the spatial /
temporal response of the layered damping system under line-driven force

> Lai & Bolton, Noise-Con 199871 — Modeling to prove reasonable structural damping effect from the light
fibrous materials through dissipating nearfield energy

> Gerdes et al., Noise-Con 1998[8 — Numerical modeling of the structural damping effect from the light
fibrous materials by evaluating the in-plane direction particle velocity

> S. Nadeau et al., Journal of Aircraft 1999[° — Tests of aircraft fuselage damping treatment by sound-
absorbing blankets and related layered structures

> Gerdes et al., Noise-Con 20014 — Numerical modeling of the structural damping effect from three different
visco-elastic dampers compared with fibrous dampers

> Y. Xue and J. S. Bolton, Inter-Noise 20171% — Fibrous material airflow resistivity prediction based on
accurate microstructure properties
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Literature Review
Bruer & Bolton, AIAA 1987151 — Analysis of different waves propagating in the layered damping structures

Wahl & Bolton, JASA 19920l — Analysis by Inverse Discrete Fourier Transform (IDFT) on the spatial /
temporal response of the layered damping system under line-driven force

Lai & Bolton, Noise-Con 1998["1 — Modeling to prove reasonable structural damping effect from the light
fibrous materials through dissipating nearfield energy

Gerdes et al., Noise-Con 19988l — Numerical modeling of the structural damping effect from the light
fibrous materials by evaluating the in-plane direction particle velocity

S. Nadeau et al., Journal of Aircraft 1999!°! — Tests of aircraft fuselage damping treatment by sound-
absorbing blankets and related layered structures

Gerdes et al., Noise-Con 2001[* — Numerical modeling of the structural damping effect from three different
visco-elastic dampers compared with fibrous dampers

Y. Xue and J. S. Bolton, Inter-Noise 201719 — Fibrous material airflow resistivity prediction based on
accurate microstructure properties

Layered Structures Shown in the Literature

Half-space air Half-space air ///////////
_ Reflectin
Constr?med porous Porous layer Porous layer plane )
ayers
> > > > o> o> Stiff panel i
Stiff panel T P Force Stiff panel TForce
Force

« The panel damping mostly arises because of the viscous interaction
of the fibrous medium and the evanescent near-field of the panel

SAPEM 2017, Le Mans, France associate with subsonic panel motion
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Bruer & Bolton, AIAA 1987151 — Analysis of different waves propagating in the layered damping structures
Wahl & Bolton, JASA 19920l — Analysis by Inverse Discrete Fourier Transform (IDFT) on the spatial /

temporal response of the layered damping system under line-driven force

fibrous materials through dissipating nearfield energy

fibrous materials by evaluating the in-plane direction particle velocity

absorbing blankets and related layered structures

visco-elastic dampers compared with fibrous dampers

accurate microstructure properties

Half-space air

Constrained porous

layers

> > > >
O > > >

<>
<>

<>
<>

NONNNNNN

Stiff panel T .
orce

SAPEM 2017, Le Mans, France

AN NNNNNN

Layered Structures Shown in the Literature

4 )

Half-space air

Porous layer

4 O O O O
O 4> > > >

Stiff panel
\_

Target Structure of this Study

<>
<>

TForce )

Lai & Bolton, Noise-Con 1998["1 — Modeling to prove reasonable structural damping effect from the light
Gerdes et al., Noise-Con 19988l — Numerical modeling of the structural damping effect from the light

S. Nadeau et al., Journal of Aircraft 1999!°! — Tests of aircraft fuselage damping treatment by sound-
Gerdes et al., Noise-Con 2001[* — Numerical modeling of the structural damping effect from three different

Y. Xue and J. S. Bolton, Inter-Noise 201719 — Fibrous material airflow resistivity prediction based on

L0777 weseing

Porous layer plane

4O O O O O
O > > > >

Stiff panel
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» Acoustical / Damping Performance Prediction Process

Microstructure — Airflow — Acoustical — Damping
Inputs 1 resistivity t properties t properties

Airflow Resistivity Biot's Theory & Beam Theory &
Model (AFR) B.C.s (TMM) IDFT (NFD)
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» Acoustical / Damping Performance Prediction Process

Microstructure — Airflow — Acoustical — Damping
Inputs 1 resistivity t properties t properties

Airflow Resistivity Biot's Theory & Beam Theory &
Model (AFR) B.C.s (TMM) IDFT (NFD)

* Noise Control Materials Microstructure Design Process

Inputarange| TMM + Acoustical AFR + | Optimal airflow
of airflow NFD & damping | Optimizing | resistivity &
resistivities | ™—) ronerties | W) microstructure
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» Acoustical / Damping Performance Prediction Process

Microstructure — Airflow — Acoustical — Damping
Inputs 1 resistivity t properties t properties

Airflow Resistivity Biot's Theory & Beam Theory &
Model (AFR) B.C.s (TMM) IDFT (NFD)

* Noise Control Materials Microstructure Design Process

Inputarange| TMM + Acoustical AFR + | Optimal airflow
of airflow NFD & damping | Optimizing | resistivity &
resistivities | ™—) ronerties | W) microstructure

* Objectives of this Study
» ldentify the airflow resistivity providing optimal damping performance

given panel structure and frequency range of interest

» Translate the optimal airflow resistivity into optimal fiber sizes for
fiborous material microstructure design

SAPEM 2017, Le Mans, France
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« Modeling Processl®l [10]

A
e .-\\\\. S
Porous = NN

< Acoustic field pressure p, and
normal velocity v,, at x = d

Limp porous medium bulk properties: thickness (d),
AFR (o), bulk density (pj), porosity (¢), tortuosity (ar,)

77

I

Homogeneous panel parameters: mass per unit area | w(x,t)
(m), flexural bending stiffness per unit width (D) stiff panel

_______ Near field pressure p4 and

' : X normal velocity, v,; at x = 0
Line driven force

f(t) = Fe ot

SAPEM 2017, Le Mans, France
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« Modeling Processl®l [10]

Acoustic field pressure p, and
normal velocity v,, at x = d

Limp porous medium bulk properties: thickness (d),
AFR (o), bulk density (pj), porosity (¢), tortuosity (ar,)

Near field pressure p4 and
normal velocity, v,; at x = 0

Homogeneous panel parameters: mass per unit area | w(X, t) S\ N
(my), flexural bending stiffness per unit width (D) stiff panel Line driven force

f(£) = Fe™'*
Near field-acoustic field relation
[pl] _[T11 le][pz]
Vz1l, o Ty1 Tl Va2 x=d
Transfer Matrix Method (TMM) I
Input limp J (.:A & | Complex wave numbers Input d, k,
porous medium ?LOt s (p1), complex densities — Ty, le] cos(kz1d) _f o S]n(kzl d)
: eory =
bulk properties j ka1 ke sm(kzl ) COS(kzld)

(1), complex wave r. T
(@, Pp, P, @) ‘ speeds (cq) k, = \/ﬂ 21 22

SAPEM 2017, Le Mans, France
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« Modeling Processl®l [10]

r Z -
: : : . WUR——— _p Acoustic field pressure p, and
Limp porous medium bulk properties: thickness (d), N\ M LI ATS normal velocitl;f S 22: d
AFR (o), bulk density (pj), porosity (¢), tortuosity (ar,) N Forous NN NN 22
wlayer g M
) ) . T \\\\\ N \\ N n ;. a L Near field pressure p4 and
Homogeneous panel. parameters. mass per 1_1111t area | w(x,t) : . : X normal velocity, v, at x = 0
(my), flexural bending stiffness per unit width (D) stiff panel Line driven force
ft) =Fe™'®*
Panel normal velocity response Euler-Bernoulli beam theory (neglect
Vz1(ky, w) = F[[Zg1(ky, w) + Zip(ky, 0)] rotary nertia & shear deformation)
Inverse Fourier Transform (IFT) for spatial response Input
1 r® : Governing Equation (GE)
_ Ky N € Eq
v, (%, ) = an_ Uy (ke w)eRe* dk, ; > Vs O*w(x, 1) 92w(x, 1)
TJco A or D 5 s 7— = —p1(x, 1) + f(£)6(x)
Use IDFT to approximate the numerical IFT results | [pFT ox at
;] ¥ - Governing Equation Fourier Transform (GEFT)
vy (kAx, w) = Nix Z v, (Aky, w)e N _ (D} — w?*mOW (ky, w) = —Py (ky, t) + F
=0
Plug into GEFT
Panel mechanical impedance: Z,,, = i[(D/w)k} — wm,]
P " o q 7 Ty1Za2+T1a Near field-acoustic field relation
orous medium acoustic impedance: Z,, = ToiZostTos [Pl ] [Ti le] [Pz ]
Air acoustic impedance: Z, = (0p4ir)/Kzair Vzily—o Ty, Tyl W2l
Pressure-velocity relation: p; = Z,;v,; (i = 1,2)

Transfer Matrix Method (TMM) I

Input limp JCA& | Complex wave numbers Input d, k —

Biot’ * (ke d —i2%sin(k,, d
porous medium TLOt s (p1), complex densities — Ty Ty cos(kz d) L sin(k;,d)
bulk properties eory (k4), complex wave T.. T ]= Ky .

(@, Pp, P, @) ‘ speeds (c1) ko = K -k S m—wsm(k21 4) €05 (kz1d)

S}

SAPEM 2017, Le Mans, France




MODELING -

PURDUE vEcHANICAL  RAY W, HERRICK=JB>"
\ ENGINEERING LABORATORIES
®

« Modeling Processl®l [10]

Acoustic field pressure p, and

Limp porous medium bulk properties: thickness (d), normal velocity v, , at x = d
z2 —

AFR (o), bulk density (pj), porosity (¢), tortuosity (ar,)

Near field pressure p4 and

Homogeneous panel parameters: mass per unit area | w(x, t)

. : L. — normal velocity, v,; at x = 0
(my), flexural bending stiffness per unit width (D) st1ffpane1 Line driven force
ft) =Fe™'®*
Power radiation into the porous layer Panel normal velocity response Euler-Bernoulli beam theory (neglect
P, = %Re { f p1vly dx} Integral for Vz1(ky, w) = F[[Zg1(ky, w) + Zip(ky, 0)] rotary nertia & shear deformation)
. w powers Inverse Fourier Transform (IFT) for spatial response Input
- 2 istri 1 r= : Governing Equation (GE
- ERe {f_kzullvm(kx' w)|z dhex dlStnbUted Vz1 (x, w) = _f Vg1 (er w)elkxxdkx N’ Vs a4w(x t) azw%x g ( )
z ' in the 21 ) o A for me L= —p(x, 1) + F(D)E(x)
Power raodo1at1on into the air panel-layer | Use IDFT to approximate the numerical IFT results | [pFT dx* . at? .
P, = LRe { J’ pyvt dx} system = B Governing Equation Fourier Transform (GEFT)
- z2 Y
2 o ' vy (kAx, w) = Nix Z v, (Aky, w)e N _ (D} — w?*mOW (ky, w) = —Py (ky, t) + F
1 7 2 * =0
= GRe f)’s Zaz| V5 (ky, 0)]* dky )
A — Plug into GEFT
Power dissipation in the porous layer Panel mechanical impedance: Z,,, = i[(D /w)kE — wm]
Pqg =P —F Near field-acoustic field relation
Porous medium acoustic impedance: Z,,, = —2ez* 11z
. o . P Ol T Ty Zaz+Tan P1 Ti1 Tiz|[P2
Find maximum Py (optimal damping) and ) o [ ] = [ ]
corresponding optimal AFR for each input Air acoustic impedance: Z,; = (@pgir)/Kzair Vzily—o T, Tyl V22 x=d
frequency, and run them mnto AFR Model Pressure-velocity relation: p; = Z,;v,; (i = 1,2)
AFR Model combined with Transfer Matrix Method (TMM)
least square optimization Input limp JICA & Complex wave numbers | Input d, k
; Biot” - * cos(k,d —t—snk d
returns optimal porous porous medium TLOt s (p1), complex densities Ty, Tiz s(kz1d) in(kz1d)
material micro-structure bulk properties eory (k4), complex wave T.. T ]: kzq
details (e.g. fiber sizes) (0, Pp, P, Ax) ‘ speeds (1) ky = [k —k? 21 122 2 sm(kzl d) cos(k,1d)

SAPEM 2017, Le Mans, France 5
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« Modeling Processl®l [10]

Acoustic field pressure p, and

Limp porous medium bulk properties: thickness (d), normal velocity v, , at x = d
z2 —

AFR (o), bulk density (pj), porosity (¢), tortuosity (ar,)

Near field pressure p4 and

Homogeneous panel parameters: mass per unit area | w(x, t)

¥s Zuzlvzz (kx' w)ll dkx
2

. : L. — normal velocity, v,; at x = 0
(my), flexural bending stiffness per unit width (D) st1ffpane1 Line driven force
ft) =Fe™'®*
Power radiatic:on into the porous layer Panel normal velocity response Euler-Bernoulli beam theory (neglect
P = %Re { f P1vi dx} Integral for Vz1(ky, w) = F[[Zg1(ky, w) + Zip(ky, 0)] rotary inertia & shear deformation)
w powers Inverse Fourier Transform (IFT) for spatial response
_1 2 2 distributed 1 r® . Governing Equation (GE)
- GRe L%Zuﬂvm(kx: )l dk; in the V21 (x! w) = Ef Va1 (er w)elkxxdkx a4w(x t) 2w(x,t)
L , e A + — = —p,(x,0) + ()8
Power raodo1at1on into the air panel-layer | Use IDFT to approximate the numerical IFT results dx* Ms . at? . pr(x ) + f(0)5(x)
P, = %Re { J’ Pav, dx} system 1 - Goverflng Ezquatlon Fourier Transform (GEFT)
o ' vy (kAx, w) = Nix Z v, (Aky, w)e N (Dk; — w mHOW (k,, w) = —Py(k,,t) + F
= %Re { f B e

A E— Plug into GEFT
Power dissipation in the porous layer Panel mechanical impedance: Z,,, = i[(D/w)ki — wm,] : i
Py=P —P T 7 T Near field-acoustic field relation
114a2 12
Porous medium acoustic impedance: Z,, = = D1 T T Dy
Find maximum P, (optimal damping) and ) o 212a2+122 [ ] — |-11 1 2] [ ]
corresponding optimal AFR for each input Air acoustic impedance: Z,; = (@pgir)/Kzair Vzily—o T, Tyl V22 x=d
frequency, and run them into AFR Model Pressure-velocity relation: p; = Z,;v,; (i = 1,2)
AFR Model combined with Transfer Matrix Method (TMM)
least square optimization Input limp J (.:A,& Complex wave numbers Input d k -
returns optimal porous porous medium ?LOt s (p1), complex densities Ti1 Tio cos(kz1d) _l Tor Sm(kzl d)
material micro-structure bulk properties eory (k4), complex wave T.. T ]: kzq
details (e.g. fiber sizes) (0, Pp, P, Ax) ‘ speeds (1) ky = [k —k? 21 122 2 sm(kzl d) COS(kZ1 d)

SAPEM 2017, Le Mans, France  Modeling Key Points S
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« Modeling Processl®l [10]

— Acoustic field pressure p, and

Limp porous medium bulk properties: thickness (d), normal velocity v, at x = d
z2 —

AFR (o), bulk density (pj), porosity (¢), tortuosity (ar,)

\ \\\ \\\\\ NN
Porous\
ilayer 3

| _ : AN T Near field pressure p4 and
Homogeneous pane.paral.neters. mass per unit area w(x,t) . . . X normal velocity, v,, at x = 0
(my), flexural bending stiffness per unit width (D) stiff panel Line driven force
ft) =Fe™'®*
ﬁer radiation into the porous lam Panel normal velocity response Euler-Bernoulli beam theory (neglect
P = %Re { f PV dx} Integral for vz (ke w) = F/[Zg (k) + Zpy (ky, )] rotary nertia & shear deformation)
w powers nverse Fourier Transform (IFT) for spatial response\ Input
-1 2 istri 1 (® : Governing Equation (GE
= mte {f_yzsz””|v“(k"‘ @)l dk; dlsttl?bmed vy (X, w) = Ef V1 (kyy w)e 5% dk,, N,ys a4w(x 0 azw%x,g (GE)
S ' in the oo A for . ms — = —p1(x,t) + f(£)6(x)
Power radiation into the air panel-layer || Use IDFT to approximate the numerical IFT results § [pFT dx ot .
P, = Lpe { J’ Pyt dx} system = - Govering Equation Fourier Transform (GEFT)
2 o vy (kAx, w) = Nix Z v, (Aky, w)e N — (D} — w?*mOW (ky, w) = —Py (ky, t) + F
=$Re{ [} zaalvatear a, l = <
A E— Plug into GEFT
Power dissipation in the porous layer Panel mechanical impedance: Z,,, = i[(D/w)ki — wm,] : i
\ Py =P —P ) Ty1Zuz+T1a Near field-acoustic field relation
Porous medium acoustic impedance: Z,, = = D1 T T Dy
Find maximum P, (optimal damping) and ) o 212a2+122 [ ] — |-11 1 2] [ ]
corresponding optimal AFR for each input Air acoustic impedance: Z,; = (@pgir)/Kzair Vzily—o T, Tyl V22 x=d
frequency, and run them mnto AFR Model Pressure-velocity relation: p; = Z,;v,; (i = 1,2)
AFR Model combined with Transfer Matrix Method (TMM)
least square optimization Input limp J (.:A & Complex wave numbers | Input d, k,,
returns optimal porous porous medium ?LOt s (p1), complex densities Ti1 Tio cos(kz1d) _l Tor Sm(kzl d)
material micro-structure bulk properties eory (k4), complex wave T.. T ]: kp1 .
details (e.g. fiber sizes) (0, Pp, P, Ax) ‘ speeds (1) ky = [k —k? 21 l22] |— —wsm(kzl d) COS(kZ1 d)
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« Choice of IDFT sampling rate y, and sampling points number N
» Target of the NFD model: calculate spatial responses for wide frequency range

» Key point: for each frequency input, choosing proper y, and N to ensure accurate IDFT

results over alarge enough spatial span for observation
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« Choice of IDFT sampling rate y, and sampling points number N

» Target of the NFD model: calculate spatial responses for wide frequency range
» Key point: for each frequency input, choosing proper y, and N to ensure accurate IDFT

results over alarge enough spatial span for observation

Velocity Level (dB)

10000 .50

9000 100

8000 150

7000
1-200

6000
1-250

5000
1-300

4000

Frequency (Hz)

-350
3000
-400
2000
-450
1000

-500
0
-500 -400 -300 -200 -100 0 100 200 300 400 500

Wavenumber (rad/m)
« Step 1: evaluate the wave number domain response of the panel

SAPEM 2017, Le Mans, France
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« Choice of IDFT sampling rate y, and sampling points number N

» Target of the NFD model: calculate spatial responses for wide frequency range
» Key point: for each frequency input, choosing proper y, and N to ensure accurate IDFT

results over alarge enough spatial span for observation

Velocity Level (dB)

10000 .50

9000 100

8000 150

7000
1-200

6000
1-250

5000
1-300

4000

Frequency (Hz)

-350
3000
-400
2000
-450
1000

-500

-500 -400 -300 -200 -100 0 100 200 300 400 500
Wavenumber (rad/m)

» Step 2: decide a proper cutoff level to avoid windowing/truncation effect

SAPEM 2017, Le Mans, France
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« Choice of IDFT sampling rate y, and sampling points number N
» Target of the NFD model: calculate spatial responses for wide frequency range

» Key point: for each frequency input, choosing proper y, and N to ensure accurate IDFT

results over alarge enough spatial span for observation

Velocity Level (dB)

10000

9000

8000

7000 N should
= be large
< enough to
= avoid bias
g
s

0
-500 -400 -300 -200 Ys -100 0 100 Vs 200 300 400 500

2 Wavenumber (rad/m) »
« Step 3: find the proper sampling rate y, for each input frequency

SAPEM 2017, Le Mans, France
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« Choice of IDFT sampling rate y, and sampling points number N
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» Target of the NFD model: calculate spatial responses for wide frequency range

» Key point: for each frequency input, choosing proper y, and N to ensure accurate IDFT

results over alarge enough spatial span for observation

Velocity Level (dB
10000 y ( !_

1
1
1
1
1
1
1
U
/

| Super
comp

Frequency (Hz)

0
-500 -400 -300 -200 -100 0 100 200 300 400 500

Wavenumber (rad/m)

« Step 4: identify the critical frequency f,

SAPEM 2017, Le Mans, France

-50

-100

-150

1-200

1-250

1-300

-350

-400

-450

-500




4

vicuanicaL  RAY W. HERRICK=]PP
ENGINEERING LABORATORIES

MODELING -key PoinT 2 . =4

A

« Fibrous Medium Airflow Resistivity Predictionl”]

SEM of the target fibrous medium Fibrous medium micro-CT scanning

F'Pf.[l __________ — Fiber 2
L | \ TN
o 1 | I 1
Q I ! I
w1 | I 1
w— 1 - |
o I | I
8 1 I - 1
c | I - I
-] | 1 1
o] ] I i
O v I n . .

09 19 28 38 47 56 66 75 80 94 104 11.3 123 132 141 151 160 17.0 179 188 200 207 217 Fiber Radius (Micron)

Micro-CT scanned fiber radii distribution of the fibrous medium

SAPEM 2017, Le Mans, France
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« Fibrous Medium Airflow Resistivity Predictionl”]

T 5 »| Fiber mean spacing:
Fiber mean radii: 4, 75, & ng 2, + YK, 12 )
distribution parameters 2 p2 = S op=1 L7 1p T 2a=1 724 24
*2 ¢ (24721"'1,}7 + X1 M2,9)
o
< —a | Fiber bulk density: p,, 1 .
Solidity:
Component weight fractions: X, X, ’ Pp Pp
C = X1 — + XZ —
Solid material densities: p{, p» P1 P2
!

41n
b2[0.640 In(7)+C—0.737]
C

Output | Airflow Resistivity: o =

» Step 1: C calculation based on p,, X1, X5, p1, P2

> Step 2: b? calculation based on 4, 15, distribution parameters and €

> Step 3: o calculation base on € and b?
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« Fibrous Medium Airflow Resistivity Predictionl”]

Inputs

AFR Output

Fibrous medium verified : o .
microstructure inputs ‘ Airflow Resistivity Prediction
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« Fibrous Medium Airflow Resistivity Predictionl”]

Inputs

Fibrous medium verified
microstructure inputs

AFR

—)

ENGINEERING LABORATORIES
®

Output

Airflow Resistivity Prediction

» Fiber Microstructure Design for Optimal Damping Performance

Inputs

Range of TMM & NFD

Airflow m——)
Resistivity

SAPEM 2017, Le Mans, France

Range of damping
properties (power
dissipation from the
limp fibrous layer)

Numerical optimization
by least square fitting

Output | Optimal fiber size

Select

pelak Optimal damping and
vaiue corresponding optimal

‘ airflow resistivity

AFR
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« Spatial Velocity Level (dB)

-120

-130

-140

-150

L
@
S

Velocity Level (dB)
5 3
o o

-190

-200

-210

-220

Panel Thickness = 3 mm. Panel Loss Factor = 0.003. Air Loss Factor =0.0005
Porous Layer Thickness = 3 cm. AFR = 20000 Rayls/m. Bulk Density =10 kg)'m3

vichanical  RAY W. HERRICK=]PP
ENGINEERING LABORATORIES

Half-space air

f

Force

VS.

Half-space air

Porous layer
x =0

f

Force

. |~ Bare panel with air at 10 Hz

—— Bare panel with air at 56 Hz
—— Bare panel with air at 316 Hz
—— Bare panel with air at 1778 Hz
—— Bare panel with air at 10000 Hz
—— - Add fibrous layer at 10 Hz

= — - Add fibrous layer at 56 Hz

—— - Add fibrous layer at 316 Hz

== -Add fibrous layer at 1778 Hz

— = -Add fibrous layer at 10000 Hz

Distance (m)
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RESULTS - oBservaTion 1.,

A

« Spatial Velocity Level (dB)

Total points N = 16384. Wave# sampling rate _ = 66-383rad/m. Frequency range = 10-10000Hz

-120 —

-140

B)

2 -160

Velocity Level
>
o
/

Frequency (Hz) Distance (m)

« Spatial resonance in supersonic region above the critical frequency
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« Spatial Velocity Level (dB)

Total points N = 16384. Wave# sampling rate y_ = 66-383 rad/m. Frequency range = 10-10000 Hz
Panel Thickness =3 mm. Panel Loss Factor = 0.003. Air Loss Factor = 0.0005

Half-space air

Porous layer
x=0

Force

Velocity Level

6

Frequency (Hz) Distance (m)
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RESULTS - oBservaTion 1.,

A

« Spatial Velocity Level (dB)

» Bare panel case minus Panel + fibers case

30 —

Velocity Level Difference(dB}

103 6

Frequency (Hz) 104 10 Distance (m)
« Significant attenuation in subsonic region below critical frequency
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« Spatial Velocity Level (dB)

» Bare panel case minus Panel + fibers case

25

-,

20 ~THHHH AR —

I
\

15 - 4 H | HN

-
o
|

9,

_"'r-r—|-rr'|""1"|‘|’|'l——|| T HH

T

o

v

]
(9]
I
~

Velocity Level Difference(dB)
o
|

1
Y
[9)]
I
e o o
————m
~
S~

-

.25 . . S S S S . . S S S S . . S S
10° 102 108 104
Frequency (Hz)

« Significant attenuation in subsonic region below critical frequency
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 Power Distribution — panel + half-space air

4 X 10 Panel Thickness = 3 mm. Panel Loss Factor = 0.003. Air Loss Factor = 0.0005

— Power Input
0.9 — Power Radiating into the Air|
Power os Power input by the driving force (——Power Staying in the Panel |
Input 0.7 / . ]
Power staying in the panel
) i 7
Power 06
staying Z0s5) i
in the .
panel o4 )
~ 0.3 Power radiating into the air (the 7
Power radiating difference between upper two)
. 0.2
to the air
y
0.1
0 . : -
10’ 102 10° 104

Frequency (Hz)
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RESULTS - oBservaTion 2., =%

A

 Power Distribution —adding limp porous layer

Power Panel Thickness =3 mm. Panel Loss Factor = 0.003. Air Loss Factor =0.0005
. «10% Porous Layer Thickness = 3 cm. AFR = 20000 Rayls/m. Bulk Density = 10 kg;'m3
Input 9 e e e
— Power Input
) —— Power Radiating into the Porous Layer
Power 8 — Power Radiating into the Air
: —— Power Staying in the Panel
» _Sta%mg 7k —— Power Dissipation within the Porous Layer |-
In the
panel Power input by the driving force
6 —

o) Power staying in the panel
Power radiating Yo g

to the Iayer P4: Power radiating into the layer

(the difference between upper two) .

Y, 4

Power
dissipation

P,;: Power dissipation within the
layer (mainly due to the damping 7
of the near-field motion)

w
I

2r P,: Power radiating into the air
- - 1 B
Power radiating
to the air 0 ' = =
10° 102 103 10

Frequency (Hz)

SAPEM 2017, Le Mans, France Subsonic region attenuation due to power dissipation within the layer 9
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« Limp Porous Layer Airflow Resistivity Effect on Power Dissipation

Normalized Power Distribution
Panel Thickness =3 mm. Panel Loss Factor = 0.003. Air Loss Factor = 0.0005

Porous Layer Thlckness 3 cm. AFR 500 Raylsfm Bulk Denslty = 10 kgfm
NO rm al I Zed Pmput — Power Input

— Power Radiating into the Air
— Power Staying in the Panel
— Power Dissipation in the Porous Layer

Normalized P,

Ratio to Input Power
o o
IS 3]
I I

=
w
T

Normalized P4

0.2 3
01+ _ =
Normalized P,
0 | | | | | | | —
10! 102 108 104

Frequency (Hz)
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« Limp Porous Layer Airflow Resistivity Effect on Power Dissipation

Normalized Power Distribution
Panel Thickness =3 mm. Panel Loss Factor = 0.003. Air Loss Factor =0.0005

Porous Layer Thickness = 3 cm{ AFR = 500 Rayls/m. Bulk Density =10 kg.~'m3

—— Power Input
09k — Power Radiating into the Air a
: — Power Staying in the Panel

— Power Dissipation in the Porous Layer

Ratio to Input Power

0.1

10" 102 103 10*
Frequency (Hz)

10

SAPEM 2017, Le Mans, France




4

RESU LTS - OBSERVATION 3 punI\ MECHANICAL  RAY WL HERRICKé

ENGINEERING LABORATORIES

®

« Limp Porous Layer Airflow Resistivity Effect on Power Dissipation

Panel Thickness =3 mm. Panel Loss Factor = 0.003. Air Loss Factor =0.0005
Porous Layer Thickness =3 cm. AFR = 500 - 100000 Rayls/m. Bulk Density =10 kg)‘m3

0.9

0.8

e
~
T

e
2
T

Percentage out of the Power Input
o o
IS wn
T T

o
w
T

0-2 —— Power Dissipation in the Porous Layer - AFR = 500 Rayls/m
— Power Dissipation in the Porous Layer - AFR = 5000 Rayls/m
—— Power Dissipation in the Porous Layer - AFR = 10000 Rayls/m
01 —— Power Dissipation in the Porous Layer - AFR = 20000 Rayls/m N
— Power Dissipation in the Porous Layer - AFR = 50000 Rayls/m
0 — Power Di‘ssi‘pat‘iml'u in the Porous ITayer - AIfR = 190009 Ra‘ylslfn L . . . L .
10 102 10° 104

Frequency (Hz)
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« Limp Porous Layer Airflow Resistivity Effect on Power Dissipation

Panel Thickness =3 mm. Panel Loss Factor = 0.003. Air Loss Factor =0.0005
Porous Layer Thickness =3 cm. AFR = 500 - 100000 Rayls/m. Bulk Density =10 kg)‘m3
1

0.9

0.8

e
~
T

e
2
T

Percentage out of the Power Input
o o
IS wn
T T

o
w
T

0-2 —— Power Dissipatiorlin the Porous Layer - AFR = 500 Rayls/m
—— Power Dissipatioryin the Porous Layer - AFR = 5000 Rayls/m
—— Power Dissipatiorlin the Porous Layer - AFR = 10000 Rayls/m
01 — Power Dissipatior:in the Porous Layer - AFR = 20000 Rayls/m N
—— Power Dissipationlin the Porous Layer - AFR = 50000 Rayls/m
—— Power Dissipatinrlin the Porous Layer - AFR = 100000 Rayls/m |
0 T e e s e : T T — T
10 102 10° 104

Frequency (Hz)

« Optimal damping corresponds to different optimal
AFRs at different frequencies 10
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* Finding Optimal Fiber Size for Optimal Damping — identifying optimal AFRs

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%

| |
X: 900
—————— Y: 4.665e+05 0.9
f :0[2199 o5 28 z.09647 =M
21 + : .
X: 600 ey X: 800 X: 1000
| Y: 6.677e+04 —g—— Y: 2.099e+05 Y: 2.174e+05 0.8
o’ X: 500 0. o Z: 0.9462 Z:0.9438
g Z: 0.8975
c Y: 4.558e+04 =
=X 400 zZ 08789 =% =
v:-3111et04 == 1,7
%300 7:08638 =
= Y: 2.124e+04 ==
£ s z:08517 =%
£ Y: 1.352e+04 =g 108
T Z: 0.8417
s X100 ——nm
(@ 44 - Y6525 |
'?4:" Z:0.8323
| |
0.4
0.3
108 -
100 200 300 400 500 600 700 800 200 1000

Frequency (Hz)
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* Finding Optimal Fiber Size for Optimal Damping — least square fitting AFRs

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

5
SX10 | | | | | |

—*—Optimal Airflow Resistivity for Damping at Each Frequency
| =*=Optimal Airflow Resistivity Least Square Fitting based on AFR Model 7

P
3

AFR (Rayls/m)
- N w
— (6)] N ()] w w ELN

O
(&)1
T

0 1 | | | | | | |
100 200 300 400 500 600 700 800 900 1000

Frequency (Hz) 11
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* Finding Optimal Fiber Size for Optimal Damping — translating into optimal fiber sizes

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

Design of Fiber Component 1 Radius

-
N

—_
o
T

-—-Selected Optimal Fiber Radii Corresponding to Least Square Fitted Optimal Airflow Resistivity
—*—Lower Boundary of Fiber Radii Selection
:”Upper Boundary of Fiber Radii Selection

oo

Optimal Fiber Radii under Each Frequency (xm)

100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
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* Finding Optimal Fiber Size for Optimal Damping — translating into optimal fiber sizes

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

Design of Fiber Component 1 Radius
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—_ Fiber Size Distributions
E 104 F T T T E
-._:_:" E ‘—With Optimal r Under 100 Hz| ]
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* Finding Optimal Fiber Size for Optimal Damping — translating into optimal fiber sizes

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

Design of Fiber Component 1 Radius
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* Finding Optimal Fiber Size for Optimal Damping — translating into optimal fiber sizes

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

Design of Fiber Component 1 Radius
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* Finding Optimal Fiber Size for Optimal Damping — translating into optimal fiber sizes

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

Design of Fiber Component 1 Radius
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* Finding Optimal Fiber Size for Optimal Damping — translating into optimal fiber sizes

» Aluminum panel thickness = 3 mm; Loss factor = 0.003; Air loss factor = 0.0005
» Polymer fibrous layer thickness = 3 cm; Bulk density= 10 kg/m”3; Tortuosity = 1.2; Porosity = 99%
> Fiber inputs: p; = 910 kg/m3; p, = 1380 kg/m3; X; = X, = 50%; r, = 13 pm; r; > design target

Design of Fiber Component 1 Radius
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« Relatively large fibers effective at
damping low frequency vibration
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« Transfer Matrix Method (TMM) and Near-field Damping (NFD) model based on
Inverse Discrete Fourier Transform (IDFT) provide a powerful tool connecting
fiorous materials’ airflow resistivity with their damping performance

 Modified Airflow Resistivity (AFR) model connects fibrous materials’ airflow
resistivity with their microstructure (i.e., various fiber sizes)

« For alimp porous layer attached to a stiff panel, an optimal airflow resistivity can
be found to provide optimal damping performance (subsonic region power
dissipation within the fibrous layer) under each frequency based on TMM and NFD

« Corresponding to the optimal airflow resistivity, an optimal fiber size then can be
found to provide optimal damping performance under each frequency based on
AFR and numerical optimization method

» Relatively large fibers are effective at damping low frequency vibration

SAPEM 2017, Le Mans, France 12
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« Other cases that have been built by the “TMM + NFD + AFR” model

Half-space air Perforated skin Half-space air

Limp porous layer Limp porous layer
Panel - - Panel
constraint constraint
ForceT ForceT
Metal skin Half-space air Metal skin Half-space air
L ——~———"=—"- Bonded e Bonded

Visco-elastic layer modeled as elastic solid

Bonded

ranel FOI’CGT Panel FOI’CGT
Half-space air
Half-space air .
Poro-elastic layer
Paro-elastic layer " Adhesives modeied as elasticsolid _ b oroy
| = e T R S T TR R e e Th Bonded Bonded

Panel ForceT Panel ForceT
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