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Abstract: The effects of relative alignment of two different types of an-isotropic open cell 
porous materials are investigated in terms of the acoustic response of a multi-layered 

configuration. Numerical experi-ments, where gradient based optimization techniques 
were used, are con-ducted to find possible extremal values. It is shown that, depending on 

the degree of anisotropy of the porous material properties, their angular orientations have 

a significant and frequency dependent influence on the measured response. The results 
highlight the importance of further advancing the knowledge of anisotropic porous 
material behavior.

1. Introduction

The focus of the present contribution is to explore the influence on the vibroacoustic
response of anisotropicity in open cell porous materials in general and the effects of
aligning two layers of an identical material relative to each other in particular. The sensi-
tivity to relative alignment is studied in terms of the extremal values to an optimization
problem with the relative orientation angles as variables. While a completely general
material model would imply that the elastic, the acoustic, the anelastic, and the visco-
acoustic material tensors all have their own material coordinate system, it is here
assumed for simplicity and transparency that all properties are given in the same refer-
ence coordinate system. The relative alignment of the two layers is then constructed as
rotations of the material reference systems, with respect to the global body coordinate
axes. A complete description of the theoretical background and the models used will not
be given here, but the interested reader is referred to the literature cited throughout.

The starting point of the current work is the general modeling paradigm set
up by Biot and in particular its extension to anisotropic porous materials.1 Here a
mixed displacement-pressure formulation, recently proposed by H€orlin and
G€oransson2 as a generalization for anisotropic materials of the work by Atalla et al.3

is used. This model incorporates anisotropy of both the frame, elastic constants, and
permeability, acoustic coefficients. For the acoustic modeling of the porous material
behavior, the Biot-Johnson-Champoux-Allard model is used.4

a)Author to whom correspondence should be addressed.
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There is a general awareness that anisotropy may have a significant influence
on the acoustic behavior of porous materials.5 It is also well established that some of
the parameters used in the Biot-Johnson-Champoux-Allard model differ in different
directions in anisotropic materials.6 In this first study of the effects of the relative
alignment between two layers, the sensitivity analysis has been limited to three direc-
tionally dependent tensors, namely, the static flow resistivity tensor rij, the tortuosity
tensor aij, and the Hooke’s matrix for the solid frame bulk moduli Cijkl. All remaining
parameters are assumed to be isotropic.

2. Properties of the anisotropic materials studied

Two different porous materials are studied, an orthotropic foam and a transversely iso-
tropic fibrous wool, differing in their micro-structural build and in general exhibiting
different material symmetries. The material properties of the fibrous wool are known
from previous work,7 density 14.45 (kg/m3), porosity 0.994, viscous and thermal charac-
teristic lengths 6.25� 10�5 (m) and 12.5� 10�5 (m), respectively. The foam, however, is
a hypothetical material, with density 22.1 (kg/m3), porosity 0.98, viscous and thermal
characteristic lengths 1.1� 10�4 (m) and 7.4� 10�4 (m), respectively. The direction de-
pendent elastic moduli of the foam and the fibrous wool are given, in the body coordi-
nate (reference system), in Eqs. (1) and (2), in units of 103 (Pa), respectively, as

Cfoam
11 ¼ 40;Cfoam

12 ¼ 33;Cfoam
13 ¼ 37;Cfoam

22 ¼ 89;Cfoam
23 ¼ 131;

Cfoam
33 ¼ 300;Cfoam

44 ¼ 26;Cfoam
55 ¼ 21;Cfoam

66 ¼ 26;
(1)

Cfibrous
11 ¼ Cfibrous

22 ¼ 17;Cfibrous
33 ¼ 1;

Cfibrous
44 ¼ Cfibrous

55 ¼ 2;Cfibrous
66 ¼ 14: (2)

For the flow resistivity tensor, both types of materials are taken as transversely
isotropic and the actual values used, in 103 (Pa s/m2), are given by Eq. (3) for both the
orthotropic foam and the fibrous material

rfoam11 ¼ rfoam12 ¼ 38; rfoam33 ¼ 55; rfibrous11 ¼ rfibrous12 ¼ 21; rfibrous33 ¼ 41: (3)

Note the difference in the relation between visco-acoustic and elastic properties
between the two materials. The tortuosity used is given by Eq. (4) for both materials.

afoam11 ¼ 1:5; afoam12 ¼ 1:0; afoam33 ¼ 2:0; afibrous11 ¼ afibrous12 ¼ afibrous33 ¼ 1:12: (4)

3. Optimization problem

The response sensitivity due to variation of the alignment of two identical porous
layers is analyzed through the solution of an optimization problem using previously
published techniques.8 In a similar setup, a finite sized panel geometry, including the
effects of boundaries and interaction with a closed acoustic cavity at one surface, is
used as a simulation model. A cost function based on the acoustic pressure multiplied
with the frequency resolution, Dff , and summed over the entire frequency range to
form the sound pressure level [SPL, see Eq. (5)], evaluated in a subvolume of the air
cavity connected to the panel,

hSPLða1; b1; c1; a2; b2; c2ÞiXsub
¼ 10 log

X

fmax

f¼f1

1

N

X

N

n¼1

p2fnDff

!,

p20

!

; (5)

where ai, bi, and ci, i ¼ 1; 2 are the right hand rotations, i.e., the Euler angles with
Z-Y-X fixed axis rotation bound between �p=2 and p=2, for layers 1 and 2,
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respectively. Maxima and minima of the applied cost function are computed, with var-
iables being the unknown rotations, around a fixed coordinate system, of the constitu-
tive parameters, see Fig. 1. The optimization problem was solved using the GCMMA
optimizer by Svanberg.9 As this is a gradient based algorithm, the required gradients
were calculated using finite differencing.

4. Simulation model

The numerical model is composed of a multi-layered flat panel facing an acoustic cav-
ity of equal lateral dimension, 0.5� 0.5m. The panel, see Fig. 1, has aluminum face
sheets, both of 0.001m thickness, and two layers of poro-elastic material, both of
0.042m thickness. One of the face sheets is elastically bonded to the porous layers and
has unit force excitation applied in the z-direction over the surface z ¼ 0 bound by
x ¼ 0:1, x ¼ 0:2, y ¼ 0:1, and y ¼ 0:2. The opposite face sheet is separated from the
porous layers by a thin air gap. Homogeneous natural boundary conditions are applied
along the edges x ¼ 0, x ¼ Lx, y ¼ 0, and y ¼ Ly. The air cavity in which the acoustic
response in Eq. (5) is evaluated is 1.4m in the z-direction and has a subvolume cen-
tered in the x-y plane, with dimensions 0.3� 0.3� 0.3m and placed 0.2m from the sur-
face of the unbonded face sheet. The inner walls of the air cavity at x ¼ 0, y ¼ 0, and
z ¼ Lz were assigned a non-frequency-dependent normal surface impedance of
257þ 563i. The boundaries of the air cavity at x ¼ Lx and y ¼ Ly were considered to
be acoustically hard.

5. Results and discussion

For both types of materials, the total SPL difference between max and min solutions
was found to be around 4.5 dB, see Table 1 which shows the maximum and the mini-
mum solutions found. For the transversely isotropic, fibrous material, the main influ-
ence of aligning the material properties relative to each other occurs in the lower part
of the studied frequency range, see the right part of Fig. 2. At the design point, where
the angles correspond to the minimum solution, the response in the dominant peak is
lowered in amplitude, shifted downwards in frequency, and the apparent damping is
increased. For the remaining part of the frequency spectrum (not shown in the figure),
the difference is small. For the anisotropic foam, the acoustic response computed with
the angles corresponding to the minimum solution is reduced at the lower end of the
frequency range studied, while the opposite holds for higher frequencies, suggesting
that with a different frequency weighting another set of optimal angles would have
been found.8

As previously has been discussed in Ref. 10, for the studied configuration the
in-plane solid frame deformations are amplified in an orthotropic material as

Fig. 1. Left: Layer configuration of the tested panels. Al(uminum) sheet thicknesses 0.001m, porous layers
0.042m each, and air layer 0.001m. Right: Global and local co-ordinate axis systems together with an example
of possible layer rotations of porous layers 1 and 2.
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compared to an equivalent isotropic. When the material coordinate system is rotated
relative to the body coordinates, as is the case in the present work, shear coupling
terms appear (this may be verified by computing the transformed Hooke’s matrix using
the rotation angles from Table 1). These shear coupling terms amplify the in-plane
deformations further as well as tending to induce even shorter wavelengths in the ani-
sotropic poro-elastic materials when compared to both orthotropic materials as well as
their equivalent isotropic representations.

A preliminary explanation of the outcome of the present sensitivity study and
the pronounced low frequency effects exhibited could be deduced using the above cited
observations. In the configuration chosen for this study, an air gap is separating the
porous layers from the face sheet interacting with the acoustic cavity, where the
response measured by the cost function is evaluated. The shorter wavelengths in com-
bination with the amplified in-plane deformation, induced by the anisotropicities at the

Fig. 2. SPL spectra computed for maximum and minimum solutions of the optimization problem. Left:
Orthotropic foam. Right: Fibrous wool. Minimum solution¼ solid line; maximum solution¼ dashed line.

Table 1. Absolute, i.e., Euler angles, and relative, i.e., direction cosines between the axes of the rotated material

coordinate systems, rotations at maximum and minimum points. Top: Orthotropic foam. Bottom: Fibrous

wool.

Euler angles extreme points

Foam Layer 1 Layer 2

Min ½13� 22� �18�� ½44� 41� �16��

Max ½73� 61� 90�� [�51� �90� 20��

Direction cosines between rotated material coordinate systems

x-axis y-axis z-axis

Min 35� 33� 20�

Max 86� 90� 151�

Euler angles extreme points

Fibrous Layer 1 Layer 2

Min ½0� �32� �13�� ½0� 24� 26��

Max ½0� 53� 28�� ½0� 53��85��

Direction cosines between rotated material coordinate systems

x-axis y-axis z-axis

Min 0� 0� 62�

Max 0� 0� 60�
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minimum configurations, could then explain a reduced coupling between the acoustic
pressure field in the separating air gap, and the unbonded face sheet. This effect to-
gether with the global change in elastic stiffness, resulting from the rotation of the ma-
terial directions, combine to a reduced system response.

6. Summary and conclusions

There appear to be significant possibilities of influencing the acoustic response of
multi-layered panel configurations through proper orientation of anisotropic poro-
elastic material properties. However, to further explore this a deeper understanding of
the anisotropic material properties, including the different mechanisms of energy losses,
needs to be established.
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