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An inverse methodology for the characterisation
of anisotropic open-cell foams

Application to a melamine foam
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Introduction: anisotropy in porous materials

Anisotropy:
@ Isotropic models are OK in most airborne applications

@ Isotropic models are NOT OK when the material is excited by vibrations
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Introduction: anisotropy in porous materials

Anisotropy:
@ Isotropic models are OK in most airborne applications

@ Isotropic models are NOT OK when the material is excited by vibrations

Effect of orientation:

- - Closest isotropic equivalent| -

Transmission loss (dB)
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Freauency (Hz)

(See poster by Juan Pablo Parra)
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Introduction: anisotropy in porous materials

Anisotropy:
@ Isotropic models are OK in most airborne applications

@ Isotropic models are NOT OK when the material is excited by vibrations

Effect of orientation:

- - Closest isotropic equivalent|

Transmission loss (dB)

10° 10"
Freauency (Hz)

(See poster by Juan Pablo Parra)

= Need for characterisation techniques (topic of this talk)
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Introduction: anisotropy in porous materials

Anisotropy:
@ Isotropic models are OK in most airborne applications

@ Isotropic models are NOT OK when the material is excited by vibrations

Effect of orientation:

- - Closest isotropic equivalent|

Transmission loss (dB)

10° 10"
Freauency (Hz)

(See poster by Juan Pablo Parra)

= Need for characterisation techniques (topic of this talk)

Future = place the materials in their optimal orientation using minimum weight
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© Model of the frame

© Characterisation of the frame
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Model of the frame

Model of anisotropic open-cell foams

Stress-strain relations in Biot's theory for the solid frame (s) and the fluid (f):

USJS) _ HijkIES) + Quut(:l Hijy  stiffness matrix of the frame

Q,-j solid-fluid dilatation coupling
UISF) = <Qk155<7) =F Ru,((fl) dij R fluid compressibility modulus
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Model of the frame

Model of anisotropic open-cell foams

Stress-strain relations in Biot's theory for the solid frame (s) and the fluid (f):

USJS) _ HijkIES) + Quut(:l Hijy  stiffness matrix of the frame

Q[j solid-fluid dilatation coupling
UISF) = <Qk155<7) =F Ru,((fl) dij R fluid compressibility modulus

Two possibilities for measuring Hijj:

@ Dynamic tests in vacuo:

@ Static tests:
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Model of the frame

Model of anisotropic open-cell foams

Stress-strain relations in Biot's theory for the solid frame (s) and the fluid (f):

USJS) _ HijkIES) + Quut(:l Hijy  stiffness matrix of the frame

Q[j solid-fluid dilatation coupling
UISF) = <Qk155<7) =F Ru,((fl) dij R fluid compressibility modulus

Two possibilities for measuring Hijj:

H: Full frequency-dependent stiffness matrix (elastic and anelastic effects)

@ Dynamic tests in vacuo:

@ Static tests:

C: Fully-relaxed elastic part of the stiffness matrix
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Model of the frame

Viscoelastic behaviour

Relaxation fit

Relaxation test for a melamine foam
(time domain)

[Guastavino & Géransson 2005]

| = experimental data
..... + Palymer stress relaxation fit 1
s Polymner stress relaxation fit 2
2 3 4

11.5|

5 ]
logit)
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Model of the frame

Viscoelastic behaviour

Relaxation fit

| — gxperimental data

------ Palymer stress relasation fit 1

LS (E Palymer stress relaxation fit 2

F] 3 4 5 ]
logit)

Modelling possibilities:

Relaxation test for a melamine foam
(time domain)

[Guastavino & Géransson 2005]

o Add damping as a complex stiffness, e.g. E = Ey - (1 — in)




Model of the frame

Viscoelastic behaviour

Relaxation fit

11.68n,

11.66)

11 .64

11.62 . .

e Relaxation test for a melamine foam
5 (time domain)
311‘58

e [Guastavino & Géransson 2005]

| = experimental data
...... Palymer stress relaxation fit 1
s Polymner stress relaxation fit 2
2 3 4

11.5|

5 ]
logit)

Modelling possibilities:

o Add damping as a complex stiffness, e.g. E=+F£—(+—in} (not causal)
@ Hypothesis of causality = there must be a constitutive model




Model of the frame

Viscoelastic behaviour

Relaxation fit

Relaxation test for a melamine foam
(time domain)

[Guastavino & Géransson 2005]

| = experimental data
...... Palymer stress relaxation fit 1
s Polymner stress relaxation fit 2
2 3 4

11.5|

5 ]
logit)

Modelling possibilities:

o Add damping as a complex stiffness, e.g. E=+F£—(+—in} (not causal)
@ Hypothesis of causality = there must be a constitutive model

Causal parameterisations (equivalent to each other):
@ Discrete superposition of relaxation processes
@ Continuous superposition of relaxation processes

@ ...(go to next page)

Cuenca, C. Van der Kelen Oransson ‘ KTH ‘ Characterisation of anisotropic foams



Model of the frame

Viscoelastic behaviour

Fractional differential constitutive equation

(1+ g ) o0 = (€ + Mgy ) <0

C fully-relaxed stiffness matrix
M deformation memory

a €]0,1]  derivative order

T relaxation time

B relaxation frequency
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Model of the frame

Viscoelastic behaviour

Fractional differential constitutive equation

C fully-relaxed stiffness matrix
M deformation memory
a €]0,1]  derivative order
T relaxation time
B relaxation frequency
”
1
B-(i &
H(w) = C + (’w/ﬂ) Laplace transform
1+ (iw/B)>
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Model of the frame

Viscoelastic behaviour

Fractional differential constitutive equation

C fully-relaxed stiffness matrix
M deformation memory
a €]0,1]  derivative order
T relaxation time
B relaxation frequency
1
B - (iw/B)"
@) 1+ (iw/B)> J
1
b(iw/B)* >
Hw)=C(14+ —F—"1—
@=c(1+ 3 |
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Laplace transform

Hypothesis: collinearity
of elastic and anelastic
contributions (optional)



Model of the frame

Anisotropy

Stiffness matrix:

) = (14 25000

Compliance matrix (orthotropic symmetry):

[ ¢ T B T
E; 1E1 E;
V21 v23
-z -0 0 o0
E> E> lEz
1% 1%
o -2 -2 = 0 0 o0
(CO) Es E; E; 1
0 0 0 0
Ga3 1
0 0 0 0
Gs1
0 0 0 0 0
L G2 |

Orientation of the natural coordinates:
C =AC°AT A = A(¢1, b2, $3)

Physical constraints (positive-definiteness of C°):

E>0 G;>0 vi<E/E 2][w<1-) viE/E
ij ij
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Model of the frame

Parameters to estimate

Set of properties to be estimated:

X= [E1L B2 E3 Gz Ga1 Gz v 113 vs2 o B b 1 o2 ¢3]T
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Model of the frame

Parameters to estimate

Set of properties to be estimated:

X= [E1L B2 E3 Gz Ga1 Gz v 113 vs2 o B b 1 o2 ¢3]T

Non-dimensional form:

x=[61 6 & & & & & & & &0 &u En & Eu 5]

... with respect to an arbitrary isotropic material of reference:

Xo=[E v a0 Bo bo]"
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Model of the frame

Parameters to estimate

Set of properties to be estimated:

X= [E1L B2 E3 Gz Ga1 Gz v 113 vs2 o B b 1 o2 ¢3]T

Non-dimensional form:

x=[61 6 & & & & & & & &0 &u En & Eu 5]

... with respect to an arbitrary isotropic material of reference:

Xo=[E v a0 Bo bo]"

The first 9 non-dimensional parameters are the degrees of anisotropy of the material:

[E1 B2 E3] [ & ) = [Gas Ga1 Gio] & & ] = [v21 v13 v32]
Eg ' '

Go 0]

[&1 & &) =
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© Characterisation of the frame

Goransson



Methods

Characterisation of the frame

Shaker .47®
Rotor
I
©)
1 ./@ Shaker
Review by Jaouen et al. 2008
Shaker .R
@ @
c p @

Shaker A T

. |
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General methodology

Characterisation of the frame

Xpo =

unknown

Experimental data

C. Van der Kelen, P.




General methodology

Characterisation of the frame

Xpo =

unknown
x
I
guess

d(x)

N\

Numerical data

Experimental data
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General methodology

Characterisation of the frame

Xpo =

unknown
x
I
guess
—_ 1

d(x)

N\

Experimental data Numerical data

N

Minimisation of
distance d(x)

The parameter search is formulated as an optimisation problem:
min  d(x)
s.t. constraints on x

Fitted model
X ™~ Xo

KTH ‘ Characterisation of anisotropic foams
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Dynamic measurements

Characterisation of the frame = anelastic properties

target; ----- model

u(f,x) 100
1. Arbitrary isotropic reference

101 I I I I
0 100 200 300 100 500

10! T T

u(f,x) 10°

101 L L L
o 100 200 300 400 500
1 ()

10" T T

u(f,x) 10°

107! L L
0 100 200 300 400 500
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Characterisation of the frame

Dynamic measurements

= anelastic properties

500

target; ----- model
u(f,x) 10°
1. Arbitrary isotropic reference
2. Minimisation of
R
(exp) 2 1 (11z)
Um LUm ) - Um (w,,) 10! . .
d(x) =1+
Z Z )
m=1 n=1 (w")
102 u(f.x) 10° =
101 Il L L
0 100 200 300 100 500
[ (Hz)
fo(x) 10" - B 10! , ,
u(f,x) 100
DN - |
0 5 10 15 20 25 30 35
GCMMA iteration number 10! | | | |
0 10 200 300 400

Characterisati

KTH

n of anisotropic foams

500



Characterisation of the frame

Fitted model

_,__——/\J\_Q%I

[u1]

x10 z
| | | | | | |

100 150 200 250 300 350 400
f (Hz)

| Z
—t—
100 150 200 250 300 350 400

[ (Hz)

Application to melamine

Measured properties

Property value unit
E; 448 kPa
E 211 kPa
E3 170 kPa
G23 104 kPa
G31 124 kPa
Glg 101 kPa
V21 0.445 -
V13 -0.514 -
V32 0.433 -
B 813 krad/s
« 0.333 -

b 0.296 -
1 -0.118 rad
@2 0.030 rad
@3 0.131 rad
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Characterisation of the frame

Fitted model

_,__——/\J\_Q%I

[u1]

x10 z
| | | | | | |

100 150 200 250 300 350 400
f (Hz)

|7T :

| | | | | | |
| I | I I I |
100 150 200 250 300 350 400
[ (Hz)

Application to melamine

Measured properties

|Hiy| (10° Pa)

0 | ! ! ! !
1072 10 102 10* 10 108 10
J (Hz)

I I I I
10 10 10 10°  10% 10%

y

C. Van der Kelen, P. Géransson | KTH | Characterisation of anisotropic foams



Application to melamine

Characterisation of the frame

Fitted model Measured properties
”4/\\% v
= &
3 = L
= Y 5 ]
] -
107 . "
102 10° 102 10" 10° 10% 10'°
x10 z f (Hz)

Il Il Il Il Il Il |
100 150 200 250 300 350 400
f (Hz)

h—\‘&_—— 10! L I I I L

= 1072 10° 102 10° 106 108 10%
f (Hz)

B 0.8

o y 0.6

o 0.4

e z -0.2

Tij

=
T T T T T
T I ! A

| | | | | | | -0.6
T T T T 1 = | | | |
100 150 200 250 300 350 400 P02 10 10 100 100 100 100
f (Hz) )
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Elastic properties (static)

Characterisation of the frame
_ B - (iw/B)* _ b (iw/B)"
H(“)_C+1+(;w/,3)a or H(w)*c(1+1+(iw/ﬁ)a
Idea Experiment Model

F Micrometric screw

Translating device

Foam sample

Reference plate

Rotating table

Rotation wheel

Guastavino and Géransson 2007

Data = 3D displacements
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Characterisation of the frame

B (iw/B)"
T (fw/B)"

Idea

H(w)=C+

Experiment

Micrometric screw

Translating device

Foam sample

Reference plate

Rotating table

Rotation wheel

Guastavino and Géransson 2007

Data = 3D displacements

Elastic properties (static)

or H(w) =C (1+7b(i“/ma

1+ (iw/B)>
Model

)




S T Y Ny S— Estimated properties for melamine

Dynamic measurement Static measurement
Property  value unit Property  value  unit

E 448 kPa E 1242  kPa
E> 211 kPa E; 161.8 kPa
E; 170 kPa Es 219.2  kPa
Gos 104 kPa Go3 3234.8 kPa
Ga1 124 kPa G31 4203.0 kPa
G2 101 kPa G2 28.3 kPa
21 0.445 - 121 -0.35 -
13 -0.514 - V13 0.35 -
V32 0.433 - V32 0.63 -
Jé] 813 krad/s

« 0.333 -

b 0.296 -

P1 -0.118 rad ¢1 0.038 rad
P2 0.030 rad P2 -0.01 rad
o3 0.131 rad @3 -0.76  rad
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Conclusion

@ Static and dynamic measurements give different estimations of the elastic
(fully-relaxed) moduli

B (iw/B)*
1+ (iw/B)>
@ H can be used in numerical tools for anisotropic poroelastic materials

e Horlin and Géransson 2010 (FEM)
e Parra et al. 2015 (TMM)

= H(w) =C+

@ Fractional-derivative model = few parameters to estimate
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Conclusion

@ Static and dynamic measurements give different estimations of the elastic
(fully-relaxed) moduli

= H(w) =C+ 7& (("I.‘://?;

@ H can be used in numerical tools for anisotropic poroelastic materials

e Horlin and Géransson 2010 (FEM)
e Parra et al. 2015 (TMM)

@ Fractional-derivative model = few parameters to estimate

@ We also have the anisotropic flow resistivity tensor:

s

Laminar flow
element

pressure
sensor

pressure
sensor =

[Van der Kelen and Gdransson 2013]
@ = Towards a comprehensive characterisation method
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Acoustic Response modelling of Multilayered
Structures with Anisotropic Porous materials
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