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Abstract

This thesis concerns the modelling of acoustical and vibrational properties of
open cell porous foams in multi-layered structures, especially multi-layered pan-
els. The object is to enable optimisation of the microscopic geometry of the
foam with respect to macroscopic quantities such as sound pressure level, sur-
face velocity, total mass or cost. The developed method is based on numerical
solutions to Biot’s equations were scaling laws has been used to connect the mi-
croscopic geometry of the foam to macroscopic properties such as density, flow
resistivity and characteristic length. Efforts have also been made to establish a
scaling law for tortuosity that allows for adaptation to different strut shapes.
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1 Introduction

1.1 Basic background

Reducing the weight of a vehicle is one of many strategies to reduce the fuel
or energy consumption and hence achieve more effective transportations with
less negative environmental impact. This may be accomplished by e.g. far-
reaching changes in both selected materials as well as overall design, and the
industrial trend has for some time been towards light and stiff multi-layered and
multi-functional structures (e.g. sandwich panels, sandwich composites). Along
with the introduction of new light weight designs often follows increased noise
and vibration problems, in particular at low frequencies. Typically, unwanted
structural vibrations and noise are carried through the structure and radiate,
for example, from trim surfaces inside the cabin of a vehicle. The dynamic
behaviour of such interior trim panels, thus, has a major impact on the radiated
noise and the interior noise levels. One remedy to the interior noise problem
would be to modify the interior trim panel itself. However, the requirements put
on these structural elements are sometimes rather limiting in view of possible
design changes. In cases where the interior trim panels can not be modified to
any larger extent, the focus has to be turned to the use of flexible porous foams
which are often used to improve the noise vibration and harshness comfort
in vehicle applications. Unfortunately, adding material is problematic in view
of the goal of reducing weight. It also adds to the overall cost, material and
assembly, and may also take up space that might otherwise come to the benefit
of the user. Naturally it is desirable to achieve the best possible performance
per added weight, cost and volume of any such treatment chosen.

A common way to enhance the performance of an acoustic trim panel is to
combine different porous foams into several layers with different physical and
mechanical properties, such as damping, elasticity, viscosity and density. De-
termining which foams to combine and what properties to look for in each
individual layer in order to achieve satisfactory result, is today an expensive
and time consuming task that requires knowledge of previously successful com-
binations, personal experience as well as extensive testing. Clearly there is a
need for computational tools that are able to predict and optimise the behaviour
of such multi layered structures.

The foams treated in this work are so called open cell porous foams, which
means that the foam consists of an open porous frame structure with a fluid
filling the voids, see fig. 1. The interstitial fluid, e.g. air, can move relative to
the frame, thus any fluid that is captured in closed cells is considered as part of
the frame since it cannot execute relative motion. The porosities of the foams of
interest are normally high, above 90%, which means that if a typically polymer
has a density of 1500 kg/m3 a foam with 95% porosity of that polymer would
have the density 75 kg/m3. The acoustic energy is carried both through the
fluid in the pores as well as through the solid frame material. The waves are
strongly coupled and propagate simultaneously along the two paths but with
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Figure 1: Microscopic photography of open cell porous foam structure.

different phase and amplitude. The wave propagation in porous foams is, in
other words, a fluid-structure interaction phenomenon, occurring throughout
the whole volume of material.

1.2 Energy dissipation in porous media

When acoustic energy enters a porous media a proportion of the mechanical-
acoustical energy will be lost, i.e. converted into heat, due to the coupled
wave propagation discussed above. There are several different mechanisms that
contribute to the advantageous acoustic and vibro-acoustic behaviour of porous
foams, some of these mechanisms will be briefly described below.

When the frame and the fluid move relative each other viscous drag will appear
at the interface, this will initiate losses in both the fluid as well as in the
frame. The viscous drag is assumed proportional to the relative displacement
and is usually described by using a frequency dependent proportionality factor,
sometimes called the drag coefficient or drag parameter. Such drag coefficient
is not only dependent on frequency, but also on, for example, the type of fluid,
the geometrical properties of the pores and the static flow resistivity. At low
frequencies the thickness of the layer that is hindered in its motion due to fluid-
frame viscosity is thick relative to the pore radius and the viscous dissipation
is then dominated by the static flow resistivity. While at higher frequencies
the viscous boundary layer between the frame and the fluid, the viscous skin
depth, will be much smaller than the pore radius. At such rapid oscillations
the viscous dissipation is small compared to other phenomena.

The movement of fluid relative to the frame will not only cause the viscous forces
mentioned above. In addition to the viscous drag, there are other mechanisms
that cause vibro-acoustic energy losses which are proportional to the relative
displacement but independent of the viscosity of the fluid. As the fluid (or
frame) is forced to change direction, while moving relative the frame (or fluid), a
force normal to the direction of acceleration of one element will be applied to the
other. These mechanisms, which would be present even under the assumption of
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an inviscid fluid, are often grouped together and called tortuosity, in this paper
denoted α∞, and will be influenced not only by the relative movement but also
by the shape of the pores. Since this interaction creates an apparent increase
of mass it may be handled by introducing an inertial coupling coefficient that
is related to the geometry of the frame.

The movement of the frame will also cause internal losses due to the stress-
strain relaxation as the frame is deformed. Also these losses are frequency
dependent and modelled by adding frequency dependent, complex valued terms
to the classical material modulus matrix of Hooke’s generalised law. A material
damping modelling technique as the one above is referred to as the augmented
Hooke’s law (AHL) and has been proposed by Dovstam [8]. The AHL is based
on work from e.g. Biot [7] and Lesieutre [14].

Thermoelastic dissipation is yet another source of dissipation of acoustic energy.
The compressibility of the system yields an increase of temperature due to the
compression- expansion cycles. For low frequencies the process is isothermal
while as for high frequencies the process becomes adiabatic. In between these
conditions, heat conduction among other physical phenomena will cause losses
in vibro-acoustic energy.

1.3 The Biot theory, a brief overview

A porous foam is traditionally described with its macroscopic space averaged
properties, such as bulk density, porosity, flow resistivity and E-modulus. These
macroscopic properties are then used to calculate macroscopic space averaged
quantities e.g. solid and fluid displacement, acoustic pressure, and elastic stress.
The most commonly used model to describe the acoustical behaviour of porous
foams is attributed to Biot [5] and represents the porous frame as an equivalent
elastic solid continuum and the interstitial fluid as an equivalent compressible
fluid continuum. The interaction between the solid and fluid phase is described
through coupling parameters derived from measurable macroscopic properties.
One condition for the above modelling of foams is that the characteristic dimen-
sions of the foam, e.g. pore size, are small compared to characteristic dimensions
of the macroscopic behaviour. In acoustics the latter is identified as the wave
length. For the models and materials investigated here, this condition is almost
always satisfied.

The Biot theory is a Lagrangian model where the stress-strain relations are
derived from a potential energy deformation. This is described in more detail
in works by e.g. Biot, [5] [6] [7], and Johnson, [13]. The stress-strain relations
in the Biot theory are here extended to include the internal losses in the solid
frame by implementing the AHL. For an isotropic material the stress-strain
relations are modelled as:

σ
s =

(

λ̂ +
Q2

R

)

Iθs + 2µ̂εs + QIθf (1)

σ
f = −φ∇p = RIθf + QIθs (2)
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where λ̂ and µ̂ can be identified as complex frequency dependent correspondents
to the Lamé moduli, which are described fully in the AHL [8]. φ is the porosity
of the foam, defined as the volume fraction of the fluid content, and p in eq.
(2) is the fluid pressure. σ

s and σ
f are Cauchy stress tensors. θs and θf are

the dilatation of the frame (denoted s) and the fluid (denoted f) respectively,
that are related to the infinitesimal displacements as:

θs = ∇ · us (3)

θf = ∇ · uf (4)

ε is the linearised strain tensor, which depends on the displacement as:

εs =
1

2

(

∇u
s + (∇u

s)T
)

(5)

Q and R are elastic coefficients of Biot’s theory. Q is a coupling factor that
relates the interaction between the fluid dilatation and frame stress as well as
the frame dilatation to the fluid stress, whereas R is the compressional bulk
modulus of the fluid. Q and R are given by:

Q =

(

1 − φ − Kb

Ks

)

φKs

1 − φ − Kb

Ks
+ φ Ks

Kf

(6)

R =
φ2Ks

1 − φ − Kb

Ks
+ φ Ks

Kf

(7)

where Kb, Kf and Ks are measurable quantities described in e.g. Allard’s work
[1]. For the case of air saturated porous materials the bulk modulus of the
frame Kb can be evaluated by using the shear modulus, µ, and the Poisson
coefficient of the frame, ν or by using the shear modulus, µ, and the bulk
Lamé’s parameter, λ, since ν = λ/2(λ + µ):

Kb =
2µ (ν + 1)

3 (1 − 2ν)
→ Kb = λ̂ +

2µ̂

3
(8)

Ks is the bulk modulus of the frame material and Kf is the frequency dependent
bulk modulus of the fluid in the pores. The interested reader is referred to the
work of e.g. Allard [1], Biot [5] [6] [7], and Johnson [13] for further details.

Assuming a time harmonic motion, eiωt, the momentum equations for the solid
frame and the fluid respectively may be written as:

∇σ
s + ω2

(

ρ̃11u
s + ρ̃12u

f
)

= 0 (9)

∇σ
f + ω2

(

ρ̃22u
f + ρ̃12u

s
)

= 0 (10)

Where ρ̃11, ρ̃12 and ρ̃22 relates to the frame and fluid density with the apparent
increase of mass due to the relative movement as:

ρ̃11 = ρ11 −
ib

ω
= ρ1 + ρa −

ib

ω
(11)
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ρ̃12 = ρ12 +
ib

ω
= −ρa +

ib

ω
(12)

ρ̃22 = ρ22 −
ib

ω
= φρ0 + ρa −

ib

ω
(13)

where ρ1 is the bulk frame mass density ρ1 = (1−φ)ρs where ρs is the mass den-
sity of the frame material. ρa is the inertial coupling coefficient that represents
the apparent increase of mass due to tortuosity; ρa = φρ0(α∞ − 1), where ρ0 is
the density of the fluid in the pores. b is the frequency dependent viscous drag
parameter, b(ω), representing the proportionality factor mentioned in section
1.2.

b(ω) = φ2σstaticB(ω) = φ2σstatic

√

1 +
4iα2

∞
ηρ0ω

(σstatic)2 Λ2φ2
(14)

where σstatic is the static flow resistivity, η is th dynamic viscosity and Λ is
the viscous characteristic length. The momentum equations, eq. (9) and (10),
above may also be written in a longer format as:

∇σ
s + ω2ρ1u

s +
(

ω2ρa − iωb
)

(

u
s − u

f
)

= 0 (15)

∇σ
f + ω2φρ0u

f +
(

ω2ρa − iωb
)

(

u
f − u

s
)

= 0 (16)

By using eq. (2) to (5), the momentum equations above may be written in yet
another form:

(

λ̂ +
Q2

R
+ µ̂

)

∇∇ · us + µ̂∇ · ∇u
s + Q∇∇ · uf +

+ ω2ρ1u
s +

(

ω2ρa − iωb
)

(

u
s − u

f
)

= 0 (17)

R∇∇ · uf + Q∇∇ · us + ω2φρ0u
f +

(

ω2ρa − iωb
)

(

u
f − u

s
)

= 0 (18)

The complex frequency dependent correspondents to the Lamé moduli, λ̂ and
µ̂, mentioned above models the internal losses of the solid frame and is for-
mulated for isothermal conditions, i.e. heating of the solid frame due to the
expansion/compression of the fluid is neglected.

1.4 Correlating macroscopic and microscopic properties

As stated previously, porous materials are described using the macroscopic
space averaged properties, of which several are discussed together with the
Biot equations above. These macroscopic properties are naturally dependent
on the geometrical properties of the frame as well as of the frame material it-
self. Examples of such geometrical, or microscopic, properties are the size and
shape of the pores, and the cross section and thickness of the struts in the
open pore foam material. Microscopic properties like these will, in combination
with material choices, govern the thermal, elastic, viscoelastic and mechanical
behaviour of the foam. Hence, the macroscopic properties can not be regarded
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as independent and are therefore unsuitable as variables in an optimisation
problem. Instead the aim of the current work has been to develop scaling laws
that relate the macroscopic properties to the underlying microscopic proper-
ties. Such scaling laws should preferably describe the macroscopic properties of
the porous material as being continuously and systematically dependent on the
micro-structural mechanical properties, allowing for the optimisation to focus
directly to the microscopic properties. Several researchers have made contribu-
tions in developing mathematical formulations of the relations between differ-
ent foam properties. Assuming an open cell foam structure with high porosity,
where the strut material is significantly heavier than the interstitial fluid, the
approach taken by Gibson and Ashby [9] may then provide significant guidance
in understanding the mechanical behaviour of such a foam. Gibson and Ashby
view the cellular structure as vertices joined by edges. A very simple configura-
tion would be a cubic cell shape where adjoining cells are staggered so that their
members meet at the mid points, see fig. 2a, but the reasoning is just as valid
for more complex cell structures such as e.g. rhombic dodecahedra, see fig. 2b,
or tetrakaidecahedra. The last cell structure, tetrakaidecahedra, is a common
choice because it has an average number of edges per face, and of faces per cell,
which seems to correspond well to some observations, but the matter would
need further investigation [9],[15]. Assuming isotropy in the cell geometry it
may be shown, for all of the foam cell shapes above, that the relative density
for cellular foams is proportional to the length and the thickness of the struts:

ρ∗

ρs
= Cρ

(

ds

ls

)2

(19)

Where Cρ is dependent on the cell shape but close to unity for open cell foams
of the more complex cell shapes. The assumption that the strut material is
significantly heavier than the interstitial fluid allows for the porosity to be
expressed as:

φ = 1 −
ρ∗

ρs
(20)

To model the variation of the E-modulus with the microscopic properties, the
struts are assumed to deform primarily in bending. Additionally, small defor-
mations and linearly elastic behaviour of the strut material is also assumed.
The deformation on a macroscopic level can be coupled to the deformation of
the struts in a cubic cell by applying mechanical laws of deformation of beams.
If Young’s modulus of the foam is calculated as the deflection of a beam with
length ls loaded at the midpoint by the force F , the deflection, δ, is propor-
tional to F l3s/EsI, where Es is the Young’s modulus of the foam material and
I is the moment of inertia of the strut shape, I ∝ d4

s. On a macroscopic scale
the force is related to the macroscopic compressive stress as F ∝ σ∗ · l2s and
the macroscopic strain is related to the microscopic deflection as ε∗ ∝ δ/ls. It
follows that the Young’s modulus for the foam can be expressed as:

E∗ =
σ∗

ε∗
=

CdlEsI

l4s
→

E∗

Es
= Cdl

(

ds

ls

)4

= CE

(

ρ∗

ρs

)2

(21)
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(a) cubic cell (b) rhombic dodecahedra

Figure 2: Examples of theoretical cell shapes according to Gibson and Ashby.

The scaling laws presented above obviously requires knowledge of the frame
material properties from an existing foam as well as a set of known macroscopic
and microscopic parameters in order to acquire the constants C ρ and CE.

Extensive works by Allard and Champoux [2] and Allard [1] have also con-
tributed in establishing relations between the macroscopic foam properties and
the microscopic structural properties. Their work have been used by Görans-
son, [10], to further develop scaling laws that relates the viscous characteristic
length, Λ, and the static flow resistivity, σstatic, to the micro structure of the
foam. By assuming inviscid flow around a cylinder Allard and Champoux [2]
show that if the porosity is close to one, Λ is given by:

Λ =
1

2πLr
(22)

where L is the total cylinder length per unit volume and r is the radius of the
cylinder. With the former assumption of cellular geometry L can be defined in
terms of the porosity as πr2L = ρ∗/ρs which allow for the viscous characteristic
length to be expressed as [10]:

Λ =
ds

4(ρ∗/ρs)
=

ds

4(1 − φ)
(23)

Further it has been shown by Allard [1] that Λ may be expressed in terms of
macroscopic properties as:

Λ =
1

cg

√

8α∞η

φσstatic
(24)

Where cg is dependent on the cross-sectional shape of the pores. For cylindrical
geometries cg = 1. Eq. (23) together with eq. (24) give:

σstatic =
8α∞η

1 − (ρ∗/ρs)
·
16(ρ∗/ρs)

2

d2
sc

2
g

(25)
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1.5 FE-modelling

Analytical solutions to Biot’s equations exists only for a few special cases, those
where the equation system may be reduced to one dimensional problems, e.g.
infinite plane, spherical and infinite cylinder problems. However, for most appli-
cations of interest the complexity of the problem requires some kind of numerical
solution that can handle complex geometries, finite sizes, non-uniform distribu-
tion of boundary conditions and loads as well as the coupling to other porous,
solid or fluid components. These issues and several more has been addressed
in previous works by Hörlin [11] and Hörlin et al. [12] where three-dimensional
hp-based1 finite element solutions have been developed and evaluated. To for-
mulate finite element solutions to the coupled partial differential equations
describing the behaviour of a system, a weak form of the partial differential
equations, including boundary conditions, has to be stated. Hörlin evaluated
different weak formulations, among them a mixed displacement-pressure for-
mulation as it was proposed by Atalla et al. [4], [3]. This formulation uses the
frame displacement as the primary variable describing the motion of the frame
and the fluid pressure as the primary variable describing the fluid, a (us, p)-
formulation, instead of the more common weak formulation using frame and
fluid displacement as primary variables, a a (us, uf )-formulation. The latter
has been shown to require cumbersome calculations when used in large finite
element systems. The (us, p)-formulation as proposed by Atalla et al. [4] is
considered as accurate as the classical (us, uf )-formulation with the advantage
that it is superior with respect to computational effort required to achieve the
wanted accuracy. It describes the porous material with a minimum of depen-
dent field variables and it also couples two open pore components and also an
open pore component to a solid one without any additional coupling integrals,
as long as the solid parts are attached to each other. However, couplings be-
tween a porous component and a fluid require coupling integrals to be used.
Starting from Biot’s equations stated as:

(

λ̂ +
Q2

R
+ µ̂

)

∇∇·us + µ̂∇·∇u
s +Q∇∇·uf +ω2

(

ρ̃11u
s + ρ̃12u

f
)

= 0 (26)

R∇∇ · uf + Q∇∇ · us + ω2

(

ρ̃22u
f + ρ̃12u

s
)

= 0 (27)

the weak displacement-pressure formulation may be written as:

µ̂
[

(∇u
s,∇v

s) + (∇u
s,∇v

s)T
]

+ λ̂ (∇ · us,∇ · vs) −

(

1 +
Q

R

)

(p,∇ · vs)

− ω2

(

ρ̃11 −
ρ̃2

12

ρ̃22

)

(us,vs)

− φ

(

1 +
ρ̃12

ρ̃22

)

(∇p,vs) =
(

T
tot,vs

)

Γs
N

(28)

1Convergence is achieved by refining the mesh and/or increasing the approximation order.
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−

(

1 +
Q

R

)

(∇ · us, q) −
φ2

R
(p, q)

− φ

(

1 +
ρ̃12

ρ̃22

)

(us,∇q) +
φ2

ω2ρ̃22

(∇p,∇q) = φ
(

urel
n

, q
)

Γ
f
N

(29)

where urel
n

=
(

u
f − u

s
)

· n is the normal component of the relative displace-
ment. It should also be noted that the (us, p)-formulation has different primary
variables compared to the (us, uf )-formulation. Hence the Dirichlet and the
Neumann boundary condition will have different physical meanings in the two
formulations.

1.6 Optimisation

Formulating an optimisation problem requires a cost function that is dependent
on one or more variables, and usually a number of constraints on these variables,
or constraints on functions of the variables. In reality there are often many
different objectives to meet, for example: minimising the sound pressure level,
the mass and/or the cost. Each objective is dependent on one or more of the
variables and the minimum of one objective does not usually coincide with
the minima of the other objectives. The problem can be handled by using
one of the objectives as cost function and hence minimising that alone while
assigning upper limits (constraints) on the other objectives. Another approach
is to derive a cost function that incorporates the different objectives into one
cost function. Both methods naturally has its advantages and draw backs.
Minimising only one objective requires significant experience in order to define
adequate constraints on the other objectives and several optimisations may be
required to find an acceptable result. On the other hand, formulating a suitable
cost function incorporating all objectives is of course also a delicate matter and
the way the objectives are combined will greatly influence the outcome of the
optimisation in a way that might not be easily predicted.

Often in practical applications, and also in the current problem, the cost func-
tion and/or the constraint functions are very complex and the gradient and
the Hessian matrix of these functions can often only be derived numerically,
using for example finite differences. The actual optimisation is often performed
by using some kind of optimisation tool and providing it with information of
the numerical value of the cost function, the constraints and the gradients for
the current variables. The optimiser will then suggest a new set of variables
based on the information provided and so on. Each iteration requires new cal-
culations of the cost function and the gradients. In acoustical applications the
computational cost to calculate the numerical values needed is often extensive.
Hence the choice of optimiser is crucial in order to find a minimum using as few
iterations as possible. Since most optimisation problems are non convex there
are problems determining whether a minimum is local or global. A common
way of ensure that the found minimum is indeed the global minimum within
the parameter range is to use several different starting points and compare
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the number of minima found and the value of the cost function at those local
minima.

2 Summary of work and main results

A previously established hierarchical finite element model of Biot’s equations
[11] has been implemented into a configuration to resemble possible properties
in a vehicle cabin where a multi layered structure would serve as sound proofing
and roof panel. The frequency response was evaluated in a sub volume of an
air cavity chosen in order to represent possible ear positions of hypothetical
passengers. The computational model has then been connected to an MMA
optimiser [16] to perform an optimisation of the microscopic properties of one
of the layers in the multi layered panel, using the scaling laws to allow for a
set of independent and continuous material parameters that could be used to
calculate the corresponding macroscopic properties needed in the FE-model.

Evaluating different parameter spaces showed that the problem was non-convex
but with a reasonable amount of local minima, which allows for meaningful opti-
misations with a fairly robust result. It was further noticed that relatively small
changes of some of the foam variables occasionally gave a significant impact at
individual frequencies. The importance of such local and sudden changes in
frequency response is very dependent of the choice of cost function. This em-
phasises the importance to thoroughly consider the many different possible cost
functions and determine their applicability for the individual situation.

The results obtained by adding an optimised porous foam was significantly
better than the original configuration which was regarded as being an already
acoustically refined configuration. More important the properties of the added
foam had considerable impact on its performance; for two different foams in the
parameter range the difference in sound pressure level in the air cavity could
be more than 7 dB. Also the possibility to minimise the mass with upper limits
on the sound pressure levels was tried and found to be able to give meaningful
results, although the choice of starting point and constraints may be difficult
to appoint.

In order to enable a meaningful optimisation, scaling laws are a necessity. In
the present optimisation the tortuosity has been considered to be constant. An
approach which is obviously not true but with the justification that for open
foams of such high porosity the tortuosity is small and fairly close to unity. The
changes of microscopic properties are also limited and the tortuosity is therefore
considered to be constant.

The second paper presents a comparative study of the possibilities to model
tortuosity for open porous foams. The objective is to increase the understanding
of the phenomenon and also to develop a scaling law for tortuosity applicable for
open porous foams. The paper contains an expansion of a simplified tortuosity
model for flow in cylinders of varying cross section area transferred to model flow
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around a single strut of varying cross section shape. The paper also contains
a comparison between different tortuosity models, both previously established
and models suggested by the authors. The models are compared to simulations
in COMSOL of inviscid flow around a single strut performed by Hörlin. The
results of the study is that so far there is no model that can fully explain
the tortuosity phenomena nor is there so far any empirical study that with
satisfactory certainty can predict the tortuosity in a larger frequency range of
interest.

3 Conclusions and future work

The result suggest that it is possible to perform meaningful optimisations of
a porous foam that may result in concrete suggestions of changes of an exist-
ing foam in order to adapt its properties to the requirements of the specific
situation.

The model has, at present, only considered optimisation of one layer of isotropic
porous material. The most obvious continuation of the present work is to extend
the model to include several layers of varying thickness, foam material and
structural properties. This raises the issue of how to alter between different
frame materials as that, of course, cannot immediately be accomplished using
continuous variables. To further establish relations between the microscopic and
macroscopic properties of the foam and thereby make additional development
of scaling laws possible is also a necessary step and a possible development of
the tortuosity model of the second paper.

Regarding the limitation of only being able to model isotropic foams it should
be noted that most known foams, natural and manufactured, are anisotropic.
The anisotropy is measurable and usually not negligible. Biot’s equations, and
several other theories used to characterise porous foams, are originally devel-
oped for an arbitrary anisotropic media. To be able to accurately model an
anisotropic foam the present model has to be completely extended to include
the effects of anisotropy; the scaling laws, the variables of optimisation and,
of course, the weak formulations of the partial differential equations and the
implementation of them in the finite element model.

As for the modelling of tortuosity more work is needed to fully understand and
link the geometrical properties of a porous foam to the corresponding tortuosity.
The scaling law developed based on the finite element data should be subject
to further evaluation and if possible a comparison to both measured data and
more extensive FE-simulations.
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5 Notation used

5.1 Notations in Greek letters

Greek letter

α∞ tortuosity
βl relaxation frequency
εs linearised strain tensor in solid
ε∗ macroscopic strain
η dynamic viscosity
θf dilatation of fluid
θs dilatation of frame
λ bulk Lamé’s parameter at constant fluid pressure

λ̂ bulk dynamic Lamé’s parameter
Λ viscous characteristic length
µ bulk Lamé’s shear parameter
µ̂ bulk dynamic Lamé’s shear parameter
ν Poisson coefficient of the frame
ρ0 density of fluid
ρ1 bulk density of solid frame
ρ11 corrected mass density for the solid phase
ρ12 inertial coupling factor modelled as added density
ρ22 corrected mass density for the fluid phase
ρ̃11 complex dynamic mass density for the solid phase
ρ̃12 complex dynamic inertial couplig factor
ρ̃22 complex dynamic mass density for the fluid phase
ρa inertial coupling factor, ρa = −ρ12

ρs density of solid frame material
ρ∗ bulk density of solid frame
σ

f Cauchy stress tensor for fluid
σ

s Cauchy stress tensor for frame
σstatic static flow resistivity of foam
φ porosity, volume fraction of open pore fluid content
ω frequency
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5.2 Notations in Latin letters

Variable

b(ω) viscous drag parameter
B(ω) frequency dependent function b(ω) = φ2σstaticB(ω)
cg pore shape dependent constant
Cρ foam dependent scaling constant for bulk density
CE foam dependent scaling constant for bulk E-modulus
ds average strut thickness of solid frame
Es Young’s modulus for solid frame material
E∗ Young’s modulus for homogenised foam
Kb bulk modulus of homogenised frame
Kf bulk modulus of fluid in the pores
Ks bulk modulus of the solid frame material
ls average strut length of solid frame
L strut length per unit volume
p acoustic pressure
Q dilatational coupling factor between fluid and solid frame
r strut radius
R bulk modulus of fluid phase at zero solid frame dilatation
u

f displacement vector of fluid
u

s displacement vector of frame
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