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Abstract

This thesis work addresses the finite-element-method (FEM) modelling of the sound
transmission and absorption properties of multi-layer systems including compressed
fibrous materials. The investigated system is a noise shield which is used for encapsu-
lating the engine in trucks. Today, the complex surface impedance is used to represent
this system in FEM modelling. With this method, the back face of the noise shield is
considered as fully reflective and there is no possibility to assess transmission through
the encapsulation. The present thesis work aims for improving the currently employed
methods by taking more complex information into account, specifically by applying
Biot’s theory in the modelling of poroelastic materials.
The results of different FEM models are compared to the results obtained from transfer-
matrix-method (TMM) models and measured data. Three out of seven models have
been found to provide a good agreement between the FEM and TMM results as well as
to measured data of the absorption coefficient.
A mesh size sensitivity study indicates that six to seven linear elements per smallest
wavelength are sufficient to decrease the mesh-related error in the calculated sound
transmission loss to below 1 dB for the investigated system. However, it has been found
that today there are still hindering limits in terms of computational power when mod-
elling soft poroelastic materials in FEM due to the small apparent wavelengths.
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1
Introduction

1.1 Background

Noise pollution is an important issue in today’s society. One part of the work for cre-
ating a better environment is to lower the noise emissions from vehicles. There will be
a stepwise increase of the demands on vehicle noise in the future which puts higher
design demands on the implemented noise treatments, one of which is to encapsulate
the noise source. While heavy plating would be preferable for this task, demands on
weight make it difficult. Therefore, the encapsulation is realised with complex multi-
layer structures including compressed fibrous materials.

In the development process, the first steps are done in a finite-element-method (FEM)
software environment. Today, the complex surface impedance is used to represent the
absorptive properties of the poroelastic encapsulation in FEM modelling. With this
method, the back face of the noise encapsulation shield is considered as fully reflective
and there is no possibility to assess transmission through the encapsulation. Since the
characterisation of sound transmission properties is of utmost importance for mate-
rials which are used for encapsulation, it is necessary to improve the current methods
by taking more complex information into account.

This thesis work covers an important aspect in the development of better simulation
procedures by focusing on the FEM modelling of the sound absorption and transmis-
sion properties of multi-layer structures including compressed poroelastic materials.
Improving the simulation methods for assessing sound transmission through poroe-
lastic materials will enable the development of configurations with higher sound trans-
mission losses and thereby contribute to the reduction of noise pollution.

1.2 Aim

The aim of this thesis is to equip the engineers with a relevant method for modelling
the performance of a multi-layer sound shield system with sufficient precision. This in-
cludes comparisons of different mathematical models in terms of accuracy and costs,
such as computational time or evaluation of material properties. The thesis project
looks for ways of simplifying the model while being accurate enough for engineering
purposes. The FEM simulations are verified by comparing the results to the results
from a transfer-matrix-method (TMM) implementation and measurements. While
both sound absorption and transmission measurements have been planned, only the
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1. Introduction

absorption measurements could be carried out.

This thesis relies on the use of third-party software. The FEM simulations are carried
out using Actran (version 2020) and the TMM simulations are carried out using Al-
phaCell (version 12.0). While essential modelling approaches for poroelastic materials
are available for both applications, certain modelling approaches are only available in
one of them. Therefore, this thesis work also aims for establishing a link between both
methods by investigating the equivalences of different modelling approaches. This will
provide the engineers with tools to easily switch between both methods.

In the used software, parts of the calculations are hidden as intellectual property. Since
the aim of the thesis is to provide tools for engineers and not to be a scientific review,
this is deemed acceptable. It does, however, mean that some theoretical details are
reduced to more conceptual explanations.

1.3 Report structure

Setting the basis for all following investigations, the theory behind the modelling of
poroelastic materials, including the implementation in FEM and TMM, is presented
in Chapter 2. The main part of the thesis then is split up into Chapter 3, which deals
with modelling the sound absorption, and Chapter 4, which deals with modelling the
sound transmission loss. These chapters contain descriptions of the applied method-
ology, as well as the simulation results including a discussion. Since the determination
of the best modelling approaches is presented as an iterative process where subse-
quent models are based on the results obtained from previous models, the results are
discussed where they are presented. Chapter 5 then provides a more general discus-
sion, relating the results obtained from the absorption and transmission modelling to
each other. The main results of this thesis work are then summarised in Chapter 6.

Appendix A presents theory which has been used in the analysis of the simulation re-
sults but is not explicitly part of the theory describing the propagation of sound in
porous media. Appendix B gives a summary of the parameters which are used in the
different fluid phase models. Appendix C presents a few additional investigations that
complement the results presented in Chapter 3 and 4. Appendix D presents the results
from Kundt’s tube measurements, which have been carried out as a part of this thesis
work but have not been used in the main investigation. Appendix E presents the plan-
ning that has been made to prepare a transmission loss measurement which has not
been carried out.

All information in Appendix F is confidential and only included in the internal ver-

sion of the report.
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2
Theory

This chapter gives an introduction to the theory behind the modelling of poroelastic
materials in Section 2.1, before giving a conceptual overview on the use of the transfer-
matrix-method for modelling poroelastic materials in Section 2.2 and the finite-element
method in Section 2.3.

2.1 Propagation of sound in porous media

Porous materials can be classified into cellular materials, granular materials, fibrous
materials and perforated plates. These materials have in common that they consist
of a porous solid structure – usually referred to as solid phase, frame or skeleton –
which is filled with a fluid, usually air – referred to as fluid phase. The propagation
of sound in air-saturated porous media can be described at different levels of accuracy
and complexity. Early analytical solutions are based on Kirchhoff’s expressions for the
propagation of sound in uniform, circular tubes. Since analytical solutions are only
possible for simple geometries and not applicable to the complex microstructure of
common porous materials, several (mostly phenomenological) models have been de-
veloped later [2]. These assume the material skeleton to be rigid and motionless. Using
Biot’s theory, the elastic properties of the material skeleton can be taken into account
by coupling the fluid and solid phases.

In short, the different types of models can be classified as follows [2]:

1. Motionless skeleton models

The material skeleton is assumed rigid and motionless. Dissipation of energy in
the solid phase is not considered. The material is represented by an equivalent

fluid.

(a) Analytical models

• Only possible for simple pore geometries.

• The material is assumed to be locally reacting, i.e. there are no connec-
tions between the pores and the input impedance does not depend on
the angle of incidence.

(b) Empirical models

• Usually require only a small set of parameters.

(c) Semi-phenomenological models

• Models developed for more complicated pore structures. Require a
larger set of parameters.

2. Diphasic models (Biot’s theory)
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2. Theory

• Wave propagation in both the fluid and the solid phase and interaction be-
tween both.

• Elastic properties of the skeleton and the dissipation in the solid phase are
taken into account.

• Make use of equivalent fluid models to account for the dissipation in the
fluid phase.

In the following, after a short section on analytical solutions, the different motionless
skeleton models are presented in Section 2.1.2. Section 2.1.3 then establishes the link
between the dissipations in the fluid and the solid phase by the use of Biot’s theory.

2.1.1 Analytical solutions for sound propagation in porous media with

cylindrical pores

The exact solution for the propagation of sound in a uniform, circular tube, as given by
Kirchhoff in 1868, accounts for the effects of thermal conductivity and air viscosity in
tubes of arbitrary diameter. It was found that these equations are unnecessarily com-
plicated for many applications [3]. A simpler, approximate model was introduced by
Zwikker and Kosten in 1949 and has since then been widely in use [4]. In the model
by Zwikker and Kosten, the effects of viscosity and thermal conductivity are treated
separately and are summarised in terms of complex compressibility and bulk modulus
functions. Assuming that the thermal conductivity is zero gives the expression for the
complex density and assuming that the viscosity is zero gives the expression for the
complex bulk modulus [3]. The expressions of Zwikker and Kosten were only justified
for the extreme of low and high frequencies, but numerical comparisons of their model
with the exact Kirchhoff solution revealed a good agreement over a wide range of fre-
quencies [3]. More recently, in 1991, Stinson has shown that the Zwikker and Kosten
equations can be derived analytically from the more exact Kirchhoff equations when
certain choices of tube radius and frequency are applied. Thereby, the validity of the
Zwikker-Kosten equations in the range of frequency and tube radius for which these
assumptions can be made was proven [3].
In his derivation of the Zwikker-Kosten equations Stinson limits the range of frequen-
cies f and tube radii rw to

rw f 3/2 < 106 cm s−3/2 and rw > 10−3 cm. (2.1)

Under this regime, several approximations can be made which lead to the separation of
effects of viscosity and thermal conduction. This then gives the following formulas for
the complex effective density ρ and the complex effective bulk modulus K for circular
tubes, which are equivalent to the equations derived by Zwikker and Kosten [3]:

ρ(ω) =ρ0







1−2
(

−j
ω

v

)−1/2 G
(

rw
(

−jω
v

)1/2
)

rw







−1

, (2.2)

K (ω) =
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1
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)−1





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(

rw
(

−j
ωγ
v ′
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)
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




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(2.3)
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with

G(ζ) =
J1(ζ)

J0(ζ)
, (2.4)

where J0 is the Bessel function of the first kind with order zero and

v = γ/ρ0, v ′ = κ/(ρ0Cv). (2.5)

In these equations, rw is the radius of the tube, c the speed of sound in the gas, ρ0 the
density of the gas, γ the specific heat ratio Cp/Cv, κ the thermal conductivity of the
gas, P0 the equilibrium pressure of air, Cv the specific heat (per unit mass) at constant
volume and Cp the specific heat at constant pressure.

2.1.2 Sound propagation in porous media having a rigid and motion-

less frame

For common porous materials with complex micro-structures, analytical solutions are
not possible. To describe sound propagation in such materials, several empirical and
semi-phenomenological models have been developed which provide a description on
a large scale [2].
For a rigid frame, the air inside of the pores can be replaced by an equivalent fluid on
the macroscopic scale. The acoustical properties of this fluid can be described by the
complex wavenumber k and the complex characteristic impedance ZC. The viscous
and inertial interaction with the frame is taken into account by a complex effective
density ρ̃ and bulk modulus K̃ , as it has been shown for the Zwikker-Kosten model. The
main condition for this to be valid is that the characteristic dimensions of the pores are
much smaller than the wavelength and that, at the microscopic scale, the saturating
fluid can behave as an incompressible fluid [2].
In the following, a number of equivalent fluid models is introduced (Section 2.1.2.2).
These models are based on several parameters characterising the skeleton which are
introduced first. The material parameters change when a material is compressed. A
model for this is described in Section 2.1.2.3. In Section 2.1.2.4 it is described how
the complex wavenumber and the complex characteristic impedance can be obtained
from the complex effective densities and bulk moduli given by the different models.
Finally, Section 2.1.2.5 describes the perforated plate modelling approach.

Table B.1 gives an overview on which material parameters are used in which models.

2.1.2.1 Fluid phase parameters

Open porosity φ: Open porosity, or commonly referred to as just porosity, is a mea-
sure of how large the portion of the material is that consists of connected channels. It
is defined as:

φ=Vo/Vt, (2.6)

where Vo is the volume of connected (open) pores and Vt the total volume of the medium.
Open porosity is dimensionless [5][6].
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Static air flow resistivity σ: One of the most central parameters in poromechanics
is the static air flow resistivity σ. It is derived from Darcy’s Law, which determines the
ratio between the static gas pressure at the two sides of medium and the airflow speed
[7]. The generalisation for 3D space was made by M. Hubbert, resulting in the following
equation:

φ~v =−
k0

η
(~∆p −ρ~g ), (2.7)

where φ~v represents the volume flow, η is the dynamic viscosity of air, ρ the mass den-
sity, k0 is the static permeability of the material, ~∆p the pressure gradient and g the
gravity. By defining σ= η

k0
and assuming that~∆p ≫ ρ~g , the expression is further sim-

plified to:

σ=
−~∆p

φ~v
(2.8)

The static air flow resistivity is specific for a medium and has the SI units Ns/m4 [8][9].

High frequency limit of tortuosity α∞: The high-frequency limit of tortuosity can be
interpreted as a measure of disorder in the system. Assuming a simple system it can be
related to the angle of the channels which lead through the material. Its mathematical
definition is, as stated in [10], based on the definition by D. Johnson et al.:

α∞ =
1
V

∫

V v2 dV
( 1

V

∫

V ~v dV
)2

, (2.9)

where V is the volume of an average pore inside the homogenisation domain and ~v is
the velocity of fluid particles at high frequencies. It is a dimensionless quantity [11][10].

Viscous characteristic length Λ: Viscous characteristic length is a parameter intro-
duced by D. Johnson et al., describing the viscous effects in pores at medium and high
frequencies. In most cases, it is the radius of the interconnections between the pores,
except for small radii, where the viscous boundary layer has a larger impact on the
airflow. Its mathematical definition is:

Λ= 2

∫

V v2
M,inviscid dV

∫

A v2
µ,inviscid dA

, (2.10)

where vM,inviscid is the macroscopic velocity of the air in the pore and vµ,inviscid the mi-
croscopic velocity along the wall of the pores. A is the area of the pore interface and V

the volume of the pore. Viscous characteristic length has the SI-unit metres [11][12].

Thermal characteristic lengthΛ
′: The definition of the thermal characteristic acous-

tic length is similar to that of the viscous characteristic length but describes the thermal
effects at medium and high frequencies. It correlates to the largest radius of the pores.

6



2. Theory

Its mathematical definition is similar to that of its viscous counterpart, but without the
weighting of velocities:

Λ
′ = 2

∫

V dV
∫

A dA
. (2.11)

Again, A is the surface of the pore interface and V the volume of the pore. The SI unit
of this parameter is metres [13]. Just as the open porosity, the thermal characteristic
length is a purely geometrical parameter.

Static thermal permeability k ′
0: Static thermal permeability describes thermal ef-

fects at low frequencies. It is defined as:

k ′
0 = lim

ω→0
k ′(ω), (2.12)

where the dynamic thermal permeability k ′(ω) is defined as:

φτ=
k ′(ω)

κ

∂p

∂t
. (2.13)

In this equation, φ is the open porosity, τ the excess temperature as a function of the
changing pressure over time ∂p/∂t and κ the thermal conductivity of air. This can be
interpreted as the thermal equivalent to Darcy’s Law, seen in Equation 2.8 [14] [15].

Static viscous and thermal tortuosity: The material parameters static viscous and
thermal tortuosity are the low-frequency limits of their dynamic counterparts. The
definitions of the dynamic tortuosities are:

α(ω)

α∞
=

k0

k(ω)

ωc

jω
, (2.14)

α′(ω) =
k ′

0

k ′(ω)

ω′
c

jω
. (2.15)

The frequencies ωc and ω′
c are transition frequencies [16].

Transition frequencies: In the viscous case, ωc =
ηΦ

α∞k0ρ̄
is the critical frequency be-

tween the viscous and inertia dominated regions. ρ̄ is the fluid density at rest. For the

thermal case, ω′
c =

λφ
ρ̄cpk0′ is defined as the characteristic thermal frequency, where cp is

the isobaric heat capacity of the fluid [16].

2.1.2.2 Fluid phase models

Delany-Bazley: The Delany-Bazley model is an empirical model which uses the static
flow resistivity σ as its only parameter. Delany and Bazley measured the complex
wavenumber k and the characteristic impedance ZC for many fibrous materials (vari-
ous grades of glass-fibre and mineral-wool materials [17]) with porosity close to 1 for a
large range of frequencies. From these measurements it was concluded that k and ZC

mainly depend on the frequency f and the flow resistivity σ of the material. Delany
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and Bazley found the following expressions to give a good fit to the measured values
[2]:

ZC =ρ0c0
[

1+0.057X −0.754 − j0.087X −0.732] , (2.16)

k =
ω

c0

[

1+0.0978X −0.700 − j0.189X −0.595] , (2.17)

where ρ0 is the density of air and c0 the speed of sound in air, with the angular fre-
quency ω= 2π f and

X =
ρ0 f

σ
. (2.18)

Delany and Bazley suggested their laws to be valid within

0.01 < X < 1.0. (2.19)

According to [2], “[it] may not be expected that single relations provide a perfect pre-
diction of acoustic behaviour of all the porous materials in the frequency range defined
by Equation [2.19]. [...] Nevertheless, the laws of Delany and Bazley are widely used and
can provide reasonable orders of magnitude for ZC and k.” It is to be noted here that
for fibrous materials, which are anisotropic, the flow resistivity is different in normal
and planar direction of the material [2].

Delany-Bazley-Miki: The Delany-Bazley-Miki model is an attempt to correct an error
where the real part of the impedance would turn negative for low frequencies. Miki
revised the regression model, resulting in a new set of constants:

ZC =
[

1+0.070

(

f

σ

)−0.632

− j0.107

(

f

σ

)−0.632]

, (2.20)

k =
ω

c0

[

0.160

(

f

σ

)−0.618

− j

(

1+0.109

(

f

σ

)−0.618)]

. (2.21)

The revised model gives better results in the entire frequency range, especially for lower
frequencies. Miki did not set a new limit for which the model was accurate and should
not formally be assumed to work outside the previously stated limits in Equation 2.19
[18].

Miki: Alongside the previous method, Miki suggested a generalisation of the empiri-
cal methods, allowing accurate prediction for materials were the porosity φ of the ma-
terial is not unity. The model also allows for changes in tortuosity α∞. Miki defined
these parameters as φ= N Aα∞ and α∞ = 1/cosθ, where N is the number of pores per
unit area, A the area of each pore opening (assuming each pore to be a tube) and θ the
angle of the pore which leads through the material. This is presented in Figure 2.1. The
resulting mathematical representation becomes:

ZC =
α∞
φ

[

1+0.070

(

f

σ

)−0.632

− j0.107

(

f

σ

)−0.632]

, (2.22)

k =
α∞ω

c0

[

0.160

(

f

σ

)−0.618

− j

(

1+0.109

(

f

σ

)−0.618)]

. (2.23)

Note that while the parameters α∞ and φ are not defined as in Section 2.1.2.1, they are
both using the assumptions mentioned above [19].
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Figure 2.1: Figure of assumptions for the Miki model.

JCA: The Johnson-Champoux-Allard model describes the visco-inertial dissipative
effects in porous materials. It is based on the work of D. Johnson et al., describing the
complex density of a motionless skeleton with arbitrary pore shapes. To do this, the
authors defined the parameters viscous characteristic length Λ, as well as an expres-
sion for the dynamic tortuosity described in Section 2.1.2.1. The resulting equation for
the complex density is [11][20]:

ρ̃(ω) =
α∞ρ0

φ

[

1+
σφ

jωρ0α∞

√

1+
4α2

∞ηρ0ω

σ2Λ2φ2

]

. (2.24)

Based on this, Y. Champoux and J. Allard derived an expression for the dynamic bulk
modulus:

K̃ (ω) =
γP0/φ

γ− (γ−1)

[

1− j 8κ
Λ′2Cpρ0ω

√

1+ j
Λ′2Cpρ0ω

16κ

]−1
. (2.25)

In creating this method, the authors defined the thermal characteristic length Λ
′ (see

Section 2.1.2.1)[13].
When the complex density and bulk modulus is know, the characteristic impedance
and wavenumber can be calculated using Equations 2.44 and 2.45.

JCAL: The JCAL model is a continuation of the JCA model by D. Lafarge et al., who
recognised that there is a loss of information concerning the thermal permeability in
the description of the bulk modulus at low frequencies. To tackle this issue, the group
introduced the static thermal permeability k ′

0, defined as the low-frequency limit of
the dynamic thermal permeability, resulting in the following expression:

K̃ (ω) =
γP0/φ

γ− (γ−1)

[

1− j
φκ

k ′
0Cpρ0ω

√

1+ j
4k ′

0Cpρ0ω

κΛ′2φ

]−1
. (2.26)

The expression for the complex density remains the same, resulting in a total of five
required material parameters [15][21].
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JCAPL: The JCAPL model is a further extension of the JCA model by S. Pride. The
model takes drag effects acting in the fluid due to changing pore sizes into account.
These are assumed to vary with a certain periodicity, which is much shorter than the
sound wavelength. This effect is represented as static viscous tortuosity α0 and static
thermal tortuosityα′

0, representing the thermal and mechanical effects of non-periodic
or low frequent flow passing through the material. It resulted in a series of expressions
for both the complex density and bulk modulus, after correction by D. Lafarge [22] [23]:

ρ̃ =
ρ0α̃(ω)

φ
(2.27)

α̃=α∞

[

1+
1

jω
F̃ (ω)

]

(2.28)

F̃ (ω) = 1−P +P

√

1+
M

2P 2
jω̄ (2.29)

ω̄=
ωρ0k0α∞

ηφ
(2.30)

M =
8k0α∞
φΛ2

(2.31)

P =
M

4
(

α0
α∞

−1
) (2.32)

K̃ (ω) =
γP0

φ

1

β̃(ω)
(2.33)

β̃(ω) = γ− (γ−1)

[

1+
1

jω̄′ F̃
′(ω)

]−1

(2.34)

F̃ ′(ω) = 1−P ′+P ′

√

1+
M ′

2P ′2 jω̄′ (2.35)

ω̄′ =
ωρ0k ′

0Cp

κφ
(2.36)

M ′ =
8k ′

0

φΛ′2 (2.37)

P ′ =
M ′

4(α′
0 −1)

(2.38)

2.1.2.3 Model for material compression

When a porous absorber is compressed, the flow characteristics of the material change,
which is shown in Figure 2.2. The pore-openings are squeezed, resulting in a lower
porosity. The tortuosity becomes higher as the same channel lengths need to fit into a
thinner material. For similar reasons, the characteristic lengths become shorter, while
a higher resistivity is generated as a result of the denser material. By measuring the
structural changes using ultrasound, B. Castagnède et al. [24] found a rather simple
relation between the changes in the material parameters and the compression rate n =
h0/h, where h0 is the initial thickness of the material and h the current thickness.

10
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Figure 2.2: Compression of the material leads to geometrical changes of the pores/air-
channels.

Static air flow resistivity σ:

σn = nσ(0) (2.39)

Open porosity φ:

Φ
(n) = 1−n(1−Φ

(0)) (2.40)

High frequency limit of tortuosity α∞:

α(n)
∞ = 1−n(1−α(0)

∞ ) (2.41)

Viscous characteristic length Λ:

Λ(n) =
Λ(0)p

n
+

a

2

(

1
p

n
−1

)

(2.42)

Thermal characteristic length Λ
′:

Λ
′
(n) =

Λ
′
(0)p
n

+
[

a

2

(

1
p

n
−1

)]

(2.43)

In Equations 2.42 and 2.43 a is the mean diameter of the material fibres. Since [Λ,Λ′] >>
a, the first term is sufficient for most cases [24].

2.1.2.4 Impedance and wavenumber for equivalent fluid models

The characteristic impedance ZC and complex wavenumber k of a porous material are
related to the equivalent dynamic density and bulk modulus as: [2]

ZC =
√

K̃ ρ̃, (2.44)

k =ω

√

ρ̃

K̃
. (2.45)

Analogously, the expressions given by some models for the characteristic impedance
and complex wavenumber can be converted into equivalent dynamic densities and
bulk moduli. These expressions are valid for equivalent fluid models.
For simple cases, such as a single layer of porous material with a motionless skele-
ton backed by an impervious rigid wall excited by an incident plane wave sound field,
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the surface impedance can be calculated directly from the characteristic impedance,
giving the reflection factor and absorption coefficient [2]. For more complicated sce-
narios, such as multi-layer configurations, and when taking the elastic properties of
the skeleton into account, it is required to use more sophisticated approaches based
on Biot’s theory which is introduced in Section 2.1.3.

2.1.2.5 Perforated plate and fluid phase models

In [25] N. Atalla and F. Sgard describe the classical models of airflow through a perfo-
rated rigid surface in terms of the fluid phase parameters. Using the JCA model, the
flow resistivity, tortuosity and viscous and thermal characteristic lengths are expressed
in terms of the perforation radius r and the perforation rate φ. Similarly to the model
created by Miki (see Section 2.1.2.2), the channels are assumed to be uniform cylin-
ders. Due to the uniformity, the viscous and thermal characteristic lengths remain the
same as the radius of the cylinder:

Λ=Λ
′ = r. (2.46)

The flow resistivity σ can be obtained from the perforation radius r and the open
porosity (= perforation rate) φ as

σ=
8η

φr 2
, (2.47)

where η is the dynamic viscosity of air. The effect of the tortuosity is represented by the
effective density:

ρ̃ = ρ0α̃, (2.48)

where α̃ is the dynamic tortuosity.

Assuming the perforated plate to be backed by a semi-infinite air medium with an
impedance of ZB , the surface impedance can be calculated as:

ZA′ = jωρ̃ed +φZB, (2.49)

ρ̃e = ρ0α∞

(

1+
σφ

jωρ0α∞
Gj(ω)

)

, (2.50)

Gj(ω) =
(

1+4j
ωρ0α

2
∞η

σ2φ2Λ2

)1/2

. (2.51)

For this model to work in more complicated cases, such as against a porous backing,
a set of correction terms needs to be applied. Details about this can be found in [25].
This way of describing a material is similar to the transfer-matrix-model discussed in
Section 2.2. In fact, it is in that context that this perforated plate model is most com-
monly used.

2.1.3 Diphasic models (Biot’s theory)

So far, the sound propagation in porous media has been described taking into account
effects in the fluid phase only. These models can provide a sufficiently accurate de-
scription when the material skeleton is rather rigid and bonded onto a non-vibrating
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surface and can thus be considered motionless. However, in the general case of elastic
materials, and especially in multi-layer configurations, it becomes necessary to addi-
tionally take the elastic properties of the solid phase into account. This is possible by
the use of Biot’s theory (after M. Biot), which describes the coupling between the fluid
and the solid phase. Thus, additionally to the previously described dissipations in the
fluid phase, it also allows for a description of the dissipations in the solid phase. Fur-
ther, there are introduced two additional waves. While the equivalent fluid models only
describe one compressional wave, taking the skeleton into account introduces one ad-
ditional compressional wave and a shear wave, propagating (mainly) in the skeleton
[2].

In the following, Biot’s original model is introduced first. Then a more recent formula-
tion of Biot’s theory is presented, which allows for coupling different fluid phase models
to different solid-phase models.

2.1.3.1 Biot’s original model

The main assumptions used in the derivation of Biot’s theory are [2]:
• The dissipation in the fluid phase (visco-inertial dissipation) is independent of

the dissipation in the solid phase (structural losses). This allows the separate
description of both dissipations. Biot’s original theory includes viscous effects
using a tortuosity factor and neglects thermo-dynamical dissipation.

• The phases are continuous, i.e. only connected pores are considered, and the
fluid fully saturates the pore volumes. Pores which are encapsulated by the skele-
ton are considered parts of the skeleton.

• The standard deviation of the pore size distribution is low, so that a mean pore
size value can be used with good accuracy.

• The mean pore size is small compared to the wavelengths in the fluid and the
frame.

• The medium is isotropic, so it may be considered as homogeneous on a macro-
scopic scale.

Under these assumptions, Biot’s theory relates stresses and strains in the material and
the fluid with [2][26]:

σs(u,U ) =
[

(P̃ −2N )∇· u +Q̃ ∇· U
]

1+2Nǫs, (2.52)

σf(u,U ) =(−φp)1 = (Q̃ ∇· u + R̃ ∇· U )1. (2.53)

In these equations, ∇ is the nabla operator1, u and U are the displacement vectors in
the solid and the fluid, σs and σf are the stress tensors in the solid and the fluid, ǫs and

ǫf are the strain tensors, ∇·u and ∇·U are the dilatations of the solid and the fluid and 1

is the identity tensor. The tilde symbol indicates that the associated physical property
is complex (including damping) and frequency dependent. The terminology used here
writes vectors and matrices as () and () respectively, indicating the number of dimen-

sions.

1To avoid confusion, ∇· indicates the divergence and ∇ the gradient.
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The coefficient Q̃ couples the solid and the fluid. The term Q̃∇· U gives the contribu-
tion of the air dilatation to the stress in the frame and Q̃∇· u gives the contribution of
the frame dilatation to the pressure variation in the air. With Q̃ = 0, Equation 2.52 be-
comes the stress-strain relation in elastic solids and Equation 2.53 becomes the stress-
strain relation in elastic fluids [2]. R̃ may be interpreted as the bulk modulus of the
fluid occupying a fraction φ of a unit volume of the material. It is related to the bulk
modulus K̃f of the fluid in the pores with R̃ = φK̃f. φ is the open porosity [26]. The
elastic coefficients P̃ , Q̃ and R̃ are given as [2]

P̃ =
(1−φ)

[

1−φ− Kb
Ks

]

Ks +φKs

K̃f
Kb

1−φ− Kb
Ks

+φKs

K̃f

+
4

3
N , (2.54)

Q̃ =

[

1−φ− Kb
Ks

]

φKs

1−φ− Kb
Ks

+φKs

K̃f

, (2.55)

R̃ =
φ2Ks

1−φ− Kb
Ks

+φKs

K̃f

. (2.56)

The coefficient N is the complex in vacuo shear modulus of the skeleton (including
losses)

N =
Es(1+ jηs)

2(1+νs)
, (2.57)

where Es is the Young’s modulus, ηs the loss factor and νs the Poisson’s ratio. Ks is the
bulk modulus of the elastic solid from which the skeleton is made and Kb is the bulk
modulus of the skeleton in vacuo, given by [2]

Kb =
2N (νs +1)

3(1−2νs)
(2.58)

The elastic coefficients P̃ , Q̃ and R̃ have a frequency dependent complex amplitude,
since K̃f takes thermal effects in the pore into account.

The wave equations in the original Biot model read as [2]

−ω2(ρ̃11u + ρ̃12U ) =(P̃ −N )∇∇·u +N∇2u +Q̃∇∇·U (2.59)

−ω2(ρ̃22U + ρ̃12u) =R̃∇∇·U +Q̃∇∇·u (2.60)

with

ρ̃11 =ρ1 +ρa − jσφ2 G(ω)

ω
, (2.61)

ρ̃12 =−ρa + jσφ2 G(ω)

ω
, (2.62)

ρ̃22 =φρ0 +ρa − jσφ2 G(ω)

ω
(2.63)

and

ρa =φρ0 (α∞−1) . (2.64)
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In these equations, ρ1 is the density of the solid, ρ0 is the density of air, σ is the static
air flow resistivity and G(ω) is an expression linked to the different fluid phase models.2

Several alternative formulations of Biot’s theory have been developed [2], one of which
is presented in Section 2.1.3.3.

2.1.3.2 The two compressional waves and the shear wave

Biot’s theory accounts for three different waves propagating in a porous medium, namely
two compressional waves and a shear wave. One of the compressional waves propa-
gates in the fluid and the other (mainly) in the solid. Therefore, the two compressional
waves are also referred to as frame-borne wave and airborne wave. The wave propa-
gating mostly in the fluid is also referred to as slow wave while the fast wave is the one
propagating in both media. The shear wave propagates only in the frame [2].
For materials where the frame is much heavier and stiffer than the air, the phases can
be considered partially decoupled. For materials where the stiffness of the frame is in
the same order of magnitude as the one of air and the density is about ten times larger,
this partial decoupling does not exist at low frequencies up until a phase decoupling
frequency [2]

f0 =
1

2π

φ2σ

ρ1
, (2.65)

where ρ1 is the density of the material, σ the flow resistivity and φ the open porosity.
Above this frequency, the material skeleton can be considered as motionless.
The squared complex wave numbers δ2

n of the two compressional waves are [2]

δ2
1 =

ω2

2(P̃ R̃ −Q̃2)

[

P̃ ρ̃22 + R̃ρ̃11 −2Q̃ρ̃12 −
p
∆

]

(2.66)

δ2
2 =

ω2

2(P̃ R̃ −Q̃2)

[

P̃ ρ̃22 + R̃ρ̃11 −2Q̃ρ̃12 +
p
∆

]

(2.67)

with

∆=
[

P̃ ρ̃22 + R̃ρ̃11 −2Q̃ρ̃12
]2 −4

(

P̃ R̃ −Q̃2)(ρ̃11ρ̃22 − ρ̃2
12

)

. (2.68)

The squared wave number for the shear wave is [2]

δ2
3 =

ω2

N

(

ρ̃11ρ̃22 − ρ̃2
12

ρ̃22

)

. (2.69)

2.1.3.3 Alternative Biot’s formulation

An alternative representation of Biot’s theory, using the solid displacement u and the
pressure in the fluid p instead of the couple us and uf, was presented by N. Atalla et

al. in 1998 [26]. Without introducing new assumptions, using this representation the
number of degrees of freedom in each point reduces from six to four (one pressure and

2In [2] the expression G(ω) is used to summarise the different fluid phase models introduced in Sec-
tion 2.1.2.2. It contains the expressions for the equivalent dynamic mass density and bulk modulus
which have been presented earlier.
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three frame displacements). This is of particular interest for numerical implementa-
tions due to the decreased computational effort [27]. The formulation of N. Atalla et al.

was modified by F. Bécot and L. Jaouen [28] to directly include the equivalent dynamic
density ρ̃eq and bulk modulus K̃eq for describing the dissipation in the fluid phase. The
expressions for these can be obtained from the existing equivalent fluid models. This
allows for choosing the model for the fluid phase based on the available material data.

The wave equations in this formulation read as [28][26]:

∇· σ̂s(u)+ω2ρ̃u =− γ̃∇p, (2.70)

∇2p +
ρ̃22

R̃
ω2p =

ρ̃22

φ2
γ̃ω2∇· u, (2.71)

where σ̂s(u) is the in vacuo stress tensor. The first equation is the structure equa-

tion where the left-hand side describes the elastodynamic behaviour of the skeleton
in vacuo. The source-term on the right-hand side describes the force created by the
pressure in the fluid, acting on the skeleton. The second equation is the fluid equation.
Here the left-hand side is an equivalent Helmholtz equation for the fluid, when the
frame is supposed motionless, and the source-term on the right-hand side describes
the displacement of the skeleton, acting on the fluid. From this, it becomes clear that
the terms on the right-hand side of the equations (including the coupling factor γ̃) are
coupling terms, which couple the displacement of the skeleton to the pressure in the
fluid. The coupling is of volume nature (note that the unit of the terms is N/m3). The
variables in Equations 2.70 and 2.71 are given as [28]

ρ̃ = ρ1 +φρ0 −
ρ2

0

ρ̃eq
(2.72)

γ̃=
ρ0

ρ̃eq
−1+

Kb

Ks
(2.73)

ρ̃22 =φ2ρ̃eq (2.74)

R̃ =
φ2Ks

D̃
(2.75)

(2.76)

with

ρ1 = (1−φ)ρs (2.77)

D̃ = 1−φ−
Kb

Ks
+

Ks

K̃eq
. (2.78)

In these equations, Kb is the bulk modulus of the skeleton at constant pressure in air,
Ks is the bulk modulus of the elastic material from which the skeleton is made, ρ0 is
the density of air at rest and ρs is the density of the material from which the skeleton
is made. The coefficients Q̃, R̃ and D̃ are related to the coupling between the elastic
effects and the fluid properties, while the modified Biot’s densities ρ̃ and ρ̃22 depend
only on the properties of the fluid phase and the pore geometry. The equivalent fluid

expressions ρ̃eq and K̃eq describe the dissipation in the fluid, where ρ̃eq is associated
with visco-inertial effects and K̃eq is associated with thermal effects.
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2.1.3.4 Reduced formulations

There are several approaches for reducing the complexity and numerical effort of cal-
culations.
For a rigid and motionless frame, the wave propagation in the porous medium can be
described solely with Equation 2.71, where the source term on the right-hand side is
set to zero. Additionally making the approximations φ≈ 1 and Kb ≪ Ks gives

∇2p +
ρ̃eq

K̃eq
ω2p = 0, (2.79)

which can be identified as the classical Helmholtz equation for sound propagation in a
dissipative fluid. As the frame is assumed rigid and motionless, it does not participate
in the dissipation and its elastic properties do not influence the wave propagation (un-
der the above-mentioned approximations). The propagation of sound in the porous

medium can then be fully described by a characteristic impedance Zc =
√

ρ̃eqK̃eq and

wavenumber kc = ω

√

ρ̃eq

K̃eq
. This is commonly referred to as equivalent fluid approach

[28]. It may be used for acoustically excited, very heavy and stiff skeleton materials
bonded onto a non-vibrating surface [27].
Two less restricted asymptotic simplifications are the rigid body and the limp hypothe-
ses. These are termed equivalent fluid approaches as well because the elastic behaviour
is included in modified equivalent dynamic mass densities. The rigid body hypothe-
sis assumes that the frame does not deform but can move in rigid body motion. This
may occur for very stiff materials with a low density. It can be expressed by a modi-
fied equivalent dynamic density [28]. The limp hypothesis assumes that the material
has no stiffness, i.e. the bulk modulus Kb and shear modulus N are assumed to be
zero. This corresponds to soft fibrous materials with high porosity. This case can be
expressed by [28]

1

ρ̃
limp
eq

=
1

φρ̃eq
+

γ2

φρ̃
. (2.80)

This model may be used for porous materials which are not directly coupled to a vibrat-
ing structure. It may be noted that for φ ≈ 1, which is mostly the case for porous ab-

sorbers, ρ̃RB
eq = ρ̃

limp
eq . The important difference of these approaches to the motionless

skeleton model is that inertial and damping effects in the solid phase are not neglected.
The great advantage of these equivalent fluid approaches to the full (u,p) formulation
(Equations 2.70 and 2.71) is that the number of degrees of freedom reduces from four
to one (only the pressure is left), which reduces the computational effort (especially
important in FEM modelling).

2.2 Modelling of multilayered systems with porous ma-

terials using the transfer-matrix-method

The transfer-matrix-method (TMM) is a method used widely in physics to determine
how potential fields are changed through different mediums. It allows the characteris-
tics of multiple layers of mediums to be condensed in a single transfer matrix. While
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the complexity of the matrix differs greatly depending on which material model is used,
the principle is the same.
The modelling of porous materials with TMM can be based on equivalent fluid ap-
proaches (then the approach is the same as for a regular fluid) or Biot’s theory.

Figure 2.3: Representation of the transfer-matrix-method for a single material in a 2D
model.

2.2.1 Fluids

Assuming a fluid model and a plane wave with orthogonal incidence, the model be-
comes quite simple. A visualisation of the model can be seen in Figure 2.3. Since it
is a fluid medium, the wave propagation can be described in terms of pressure and
velocity, which in each position corresponds to:

p(x3) = Aie
−jk3x3 + Arejk3x3 , (2.81)

v f
3(x) =

k

ρω

[

Aie
−jk3x3 − Arejk3x3

]

, (2.82)

where Ai and Ar are the two unknown amplitudes of the incident and reflective waves
respectively. k3 is the complex wavenumber calculated from the fluid phase model in
incident direction. The state vector for the two positions is defined as:

V f(M) =
[

p(M) v f(M)
]T

.

By setting x = 0 for position M ′ and x = −h for M , expressions for the two boundary
states can be set. The transfer matrix is then defined as:

V f(M ′) = T ·V f(M), (2.83)

resulting in the transfer matrix

T =
[

coskh j
ωρ
k

sinkh

j k
ωρ

sinkh coskh

]

.
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2.2.2 Elastic solids

In the case of an elastic solid, there are two kinds of waves: Longitudinal and shear
waves. Just as in the fluid case, the boundary states are calculated using both the inci-
dent and reflected wave, totalling in four waves that describe the acoustic field in the
medium. The state vector for the solid medium consists of four states:

V 2(M) =
[

v s
1(M) v s

3(M) σs
33(M) σs

31(M)
]T

where v s
1(M) is the velocity in the radial direction and v s

3(M) the velocity through the
medium, which are all derived from longitudinal and shear waves. σs

33(M) and σs
31(M)

are the normal and tangential stresses at position M , resulting in a 4×4 transfer matrix.
While the concept of solving Equation 2.83 is the same, the solution becomes much
more complicated. The complete derivation is presented by J. Allard and N. Attala in
[2].

2.2.3 Poroelastic materials

Looking at a poroelastic medium, the model becomes even more intricate. The acous-
tic field can be described by one structural and one fluid compressional wave, as well as
one structural shear wave. Just as the for the solid medium, the state vector for position
M contains velocity in radial and normal direction as well as the normal and tangential
stresses in the structure. This is combined with the fluid, resulting in two more states:

The fluid velocity v
f
3 (M) in the normal direction and the normal stress tensor σ

f
33(M)

in the fluid [2]

V p (M) =
[

v s
1(M) v s

3(M) v
f
3 (M) σs

33(M) σs
31(M) σ

f
33(M)

]T
.

2.2.4 Multiple layers

The TMM can be extrapolated for multiple layers, since each layer only adds one un-
known parameter as well as one equation, generating a single transfer matrix

V f(M ′
n) = T ·V f(M0), (2.84)

where T = T1T2...Tn . If there is an interface of layers of different nature, such as an
elastic solid layer on a fluid layer, the continuity is ensured by an interface matrix. A
detailed derivation can be found in [2].
An approach that improves the numerical stability of the computation has been pre-
sented by O. Dazel et al. [29].3

2.3 Finite element modelling of poroelastic materials

FEM modelling of poroelastic materials is based on either simple impedance tech-
niques, equivalent fluid approaches or Biot’s theory. For multi-layered systems con-
taining porous media, it is generally necessary to use the more sophisticated approaches

3This is the approach used in AlphaCell from version 11.0 on.
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based on Biot’s theory [26]. In finite-element implementations the mixed displacement-
pressure formulation (Equations 2.70 and 2.71) is preferred over Biot’s original formu-
lation (Equations 2.59 and 2.60). This reduces the computational effort, since the num-
ber of degrees of freedom per node reduces from six to four (accounting for three dis-
placement components of the solid phase and the pressure of the fluid phase). Further
advantages are that the stiffness matrix associated with the solid phase does not de-
pend on the frequency and that the coupling to acoustic and other poroelastic media
is handled naturally, without essential boundary conditions [26].

2.3.1 Weak integral formulation

The finite element implementation of Biot’s theory is based on the weak integral for-
mulation of Equations 2.70 and 2.71 [26][30]:

∫

Ω

σ̂s(u) : ǫs(δu)dΩ−ω2
∫

Ω

p̃u ·δu dΩ−
∫

Ω

γ̃∇p ·δu dΩ

−
∫

Γ

[σ̂s ·n] ·δu dS = 0 ∀(δu),
(2.85)

∫

Ω

[

φ2

ω2ρ̃22
∇p ·∇δp −

φ2

R̃
p δp

]

dΩ−
∫

Ω

γ̃∇δp ·u dΩ

+
∫

Γ

[

γ̃un −
φ2

ρ̃22ω2

∂p

∂n

]

δp dS = 0 ∀(δp),

(2.86)

where Ω and Γ refer to the poroelastic domain and its boundary surface. The admis-
sible variations of the solid phase displacement vector u and the interstitial fluid pres-
sure p are denoted δu and δp. Subscript n denotes the normal component of a vector
and n is the unit external normal vector of the boundary surface Γ. ǫs is the strain

tensor of the solid phase.
In order to apply boundary conditions, it is instructive to rewrite Equations 2.85 and
2.86 as boundary integrals. The boundary integral of the solid phase is given as [30]

I1 =−
∫

Γ

(σt ·n) ·δu dS −
∫

Γ

φ

(

1+
Q̃

R̃

)

p δun dS, (2.87)

where Q̃ and R̃ are given by Equations 2.55 and 2.56 and σt is the total stress tensor of

the material (fluid and solid). This integral represents the work done on the solid phase
by external forces.
The boundary integral of the fluid phase is given as [30]

I2 =−
∫

Γ

φ

(

1+
Q̃

R̃

)

unδp dS −
∫

Γ

φ(Un −un)δp dS, (2.88)

where Un is the fluid phase displacement vector, which is related to the pressure gra-
dient with [26]

U =
φ

ρ̃22ω2
∇p −

ρ̃12

ρ̃22
u. (2.89)

This integral represents the work done on the fluid phase by external forces. A detailed
description of the boundary conditions that apply for different kinds of excitation, sup-
port and coupling is given in [30].
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2.3.2 Numerical implementation

It is assumed that within a finite element the solid phase displacement vector and the
pressure can be represented in matrix form as

ue =[Ns]{un}e ,

pe =[Nf]{pn}e ,
(2.90)

where [Ns] and [Nf] are the shape-functions of element “e”, used to approximate the
solid-phase displacement vector and interstitial pressure, and {un}e and {pn}e are the
nodal displacement and pressure variables. Inserting this into Equations 2.85 and 2.86
gives [26]

∫

Ω

σ̂s(u) : ǫs(δu)dΩ⇒〈δun〉 [K ]{un} (2.91)
∫

Ω

p̃u ·δu dΩ⇒〈δun〉 [M̃ ]{un} (2.92)
∫

Ω

γ̃∇p ·δu dS ⇒〈δun〉 [C̃ ]{pn} (2.93)

and
∫

Ω

φ2

ρ̃22
∇p ·∇δp dΩ⇒〈δpn〉 [H̃ ]{pn} (2.94)

∫

Ω

φ2

R̃
p δp dΩ⇒〈δpn〉 [Q̃]{pn} (2.95)

∫

Ω

γ̃∇δp ·u dS ⇒〈δpn〉 [C̃ ]T {un} (2.96)

In these equations, {} denotes a vector and 〈〉 its transpose. Using this, the weak in-
tegral mixed displacement-pressure formulation can be written in the following form
(classical form for a fluid-structure coupled system):

(

[K ]−ω2[M̃ ] −[C̃ ]
−ω2[C̃ ]T [H̃ ]−ω2[Q̃]

){

un

pn

}

=
{

Fs

Fp

}

, (2.97)

where [M̃ ] and [K ] represent the equivalent mass and stiffness matrices for the solid
phase, [H̃ ] and [Q̃] the equivalent kinetic and compression energy matrices for the
fluid phase and [C̃ ] the volume coupling matrix between the solid phase displacement

and the fluid phase pressure variables.

{

Fs

Fp

}

is the loading vector for the poroelastic

medium and depends on the excitation. Solving System 2.97 gives the nodal displace-
ments of the solid phase and the nodal pressures of the fluid phase.

2.3.2.1 Meshing criteria

Finite-element implementations of Biot’s theory typically use linear or quadratic el-
ements. Classical mesh criteria used for modal techniques and elastic domains are,
however, not strictly applicable because of the existence of different wavelength scales
and the highly dissipative nature of the domains. It has been shown that the classical
mesh criterion of six linear elements per wavelength is insufficient for describing 3D
deformations. In some applications, as many as 12 linear elements for the smallest
Biot wavelength may be required for convergence [2].
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Absorption

This thesis project aims to accurately model the sound transmission loss of multi-layer
systems including poroelastic materials in FEM. Since it has not been possible to mea-
sure the sound transmission loss of the materials of interest, there is no data available
for validating the simulation results. There have, however, been carried out measure-
ments of the sound absorption coefficient of the samples of interest in a Kundt’s tube
by an external company1 and by the authors of this report (Appendix D). This data,
along with the results from TMM, is used as a reference for the FEM results.

It is initially assumed that a correct description of the multi-layer sample in an FEM
model used for calculating the absorption coefficient also yields valid results in an
FEM model used for calculating the sound transmission loss, although the sound ab-
sorption and transmission properties of a material are not entirely determined by the
same mechanisms. For example, the sound absorption is governed by the amount of
dissipated energy by visco-thermal effects within the material. This usually is less rele-
vant for the sound transmission properties of a material, which are mainly governed by
the deformation energy. Despite these insecurities, it is expected that the absorption
model allows for determining the correct boundary conditions, necessary mesh size
and correct modelling approaches for the different layers, which can then be used in
the setup of the transmission loss model.

In the following, the noise shield under investigation is described in Section 3.1. Then,
the methodology of the FEM and TMM modelling is described in Section 3.2. Finally,
Section 3.3 combines the results and conclusions which are drawn from these simula-
tions.

3.1 Noise shield under investigation

The noise shield of interest is composed of five layers. It consists of two layers of felt
with different compression grades which are separated by a thin resistive screen inter-
layer. On both sides of this configuration, a thin screen is added. In the actual noise
shield which is used for encapsulation, this basic configuration is compressed to dif-
ferent degrees, resulting in a change of thickness and compression grade of the felt ma-
terials over the area. Four different versions of this basic configuration, with different
compression grades of the two felt materials, have been characterised by an external

1Matelys – Research Lab. Internal Data: Engineering Report ER-677017.
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Figure 3.1: Structure of multi-layer sound absorber.

company.2 The measured plane incidence absorption coefficients, as well as the char-
acterised material parameters (acoustic and elastic parameters for the felt materials,
only acoustic parameters for the screens and the resistive screen) are available.3

3.2 Methodology

Given the complexity of a multi-layer sound absorber, the characteristics of each com-
ponent and the interactions between the different components need to be understood
to achieve a valid model of the whole system. Therefore, any model should be tested
incrementally, adding one component at a time. In this study, this is done in parallel
using two software applications: Actran (version 2020) by Free Field Technologies for
the FEM simulations and AlphaCell (version 12.0) by Matelys – Research Lab for the
TMM simulations. In this way, the capabilities of each method/software can be eval-
uated, finding equivalent ways of simulating the same model. Comparing the results
obtained by the two methods can reveal their limitations and highlight unrealistic as-
sumptions, ruling out some potential models. Furthermore, insights into the physics
can be gained by having different modelling perspectives on the same object.

Generally, this thesis work follows the approach of increasing the model complexity

2Matelys – Research Lab.
3Internal data: Engineering Report ER-677017 or see Appenix F.
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step wise. It is started with calculating the sound absorption coefficient for normal
plane wave sound incidence for simple configurations:

1. Felt only:
• A single layer of felt B against a rigid backing.

2. Felt-screen combination:
• Model of the felt against a rigid backing with screen A added in the incident

direction. This model is also analysed with the screen and the felt in flipped
order to determine the influence of the screen when located in between the
felt and a rigid backing.

3. Resistive screen interlayer:
• In this model, a thin resistive screen is modelled in between two layers of

felt B.
These models allow for separately investigating the interactions between the screens
and the felts as well as the resistive screen and the felts. The calculations of the ab-
sorption coefficient are done both in AlphaCell and in Actran (using a 2D Kundt’s tube
model). Based on the results of these simulations, different models of the full system
are created in AlphaCell and Actran. These results are compared to the measured re-
sults, ruling out any models that might be consistent, but unrealistic.

The most accurate modelling approaches are then investigated further by creating 3D
models in FEM. These are required for investigating the sound transmission loss of the
system for diffuse sound incidence.

3.2.1 FEM: Model setup

This section describes the setup of the different FEM models. The sound absorption
coefficient for normal plane wave sound incidence can be calculated using 2D or 3D
models in Actran. The advantage of using 2D models is that they only require a frac-
tion of the number of calculations, since the number of nodes is reduced significantly.
However, this method can only be applied to symmetric models, which rules out in-
vestigations of asymmetric structures or structures under non-normal or diffuse sound
incidence. The 2D simulations are used to evaluate the interaction between the differ-
ent layers and to compare the FEM and TMM results to the measurement results. The
3D modelling is then used to check whether the 2D and 3D models behave in the same
way for normally incident plane waves.

3.2.1.1 Plane wave normal incidence in 2D

The FEM model, seen in Figure 3.2, is set up as an air-filled tube at the end of which
the sample under test is placed against a rigid backing. The edges of the sample are
given sliding boundary conditions, removing the impact of structural modes, which
allows the comparison to the TMM model. The mesh size is defined according to Table
3.1, fulfilling the 12 nodes per smallest wavelength criterion (compare Section 2.3.2.1)
for most layers at an upper-frequency limit of 2 kHz. The density in the y-direction
is higher than required and is mainly set to allow for modelling of the thin resistive
screen. For the air-filled tube, a node density of 7 elements per wavelength can be
considered sufficient, a criterion which is excelled by the chosen mesh. The number
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of nodes per smallest wavelength with the chosen mesh is shown in Table 3.2. Because
of the low estimated Young’s modulus (E = 10−4 Pa) of the resistive screen4 the node
density in the x-direction is very low, which is not seen as critical, since for this model
there is only one wave propagating in y-direction.

Figure 3.2: 2D model of sample at the end of the tube. Blue: Air, Black: Screens, White:
Resistive screen (thin line between green and orange layers), Green/Orange: Felts.

Table 3.1: Mesh size of 2D FEM model. The wave is propagating in y-direction.

layer mesh size: x y

sample 0.5 mm 0.1 mm
tube 0.5 mm 10 mm

Table 3.2: Number of nodes per smallest wavelength (shear wave) at 2 kHz for the dif-
ferent layers.

layer nodes per wavelength: x y

screen B 12.0 60.0
screen A 12.1 60.4
felt B 12.8 63.8
felt A 9.1 45.5
resistive screen 2.0 10.1
air 343 17.2

The incident and reflected powers are calculated by the use of a modal duct component
at the opposite end of the tube from where the sample is placed. This component
allows for defining a plane incident wave in the direction towards the sample while
letting the reflected wave, which is coming back from the sample, pass without being
reflected again, thereby simulating a tube of infinite extend for the wave propagating

4Further details in Section 3.3.
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away from the sample. The absorption coefficient α is calculated from the incident
power Win and the reflected power Wref as

α=
Win −Wref

Win
=

Wdiss

Win
. (3.1)

3.2.1.2 Plane wave normal incidence in 3D

The process of modelling the absorption for plane waves in 3D is nearly identical to
the process in 2D. In 3D, the tube is modelled as a square instead, though due to the
sliding boundary conditions, the approximation as an infinite plate is still valid and
should generate the same or similar results as a 2D model. Unlike the 2D model, the
3D model is divided up in two topologies with a connecting interface. One topology
represents the air and one the sample.

Figure 3.3: 3D model of sample at the end of a tube. Blue: Air, Black: Screens, White:
Resistive screen, Green/Orange: Felts.

Due to the additional dimension, the number of required nodes increases exponen-
tially, making it difficult to fulfil the demand of 12 elements per smallest wavelength.
For softer materials, such as felts, foams, etc., the number of required elements quickly
increases. This results in a model which is too large, even for dedicated simulation
servers. To simulate the frequency range up to 2 kHz, the propagation speed in the
material is increased by increasing Young’s modulus of all materials by a factor of ten.
This results in longer wavelengths, which allows for a coarser mesh. The used mesh
and achieved number of elements per smallest wavelength are presented in Table 3.3
and 3.4.
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Table 3.3: Mesh size in the mesh for the different layers.

layer mesh size: x y z

screen B 1.4 mm 1.4 mm 1.0 mm
screen A 1.4 mm 1.4 mm 1.4 mm
felt B 1.4 mm 1.4 mm 1.4 mm
felt A 1.4 mm 1.4 mm 1.4 mm
resistive screen 1.4 mm 1.4 mm 0.1 mm
air 20.0 mm 20.0 mm 20.0 mm

Table 3.4: Number of nodes per smallest wavelength at 2 kHz for the different layers
(with increased Young’s moduli). The normally incident plane wave is propagating in
z-direction.

layer nodes per wavelength: x y z

screen B 13.6 13.6 19.0
screen A 13.7 13.7 13.7
felt B 14.4 14.4 14.4
felt A 10.3 10.3 10.3
resistive screen 2.3 2.3 32.1
air 8.6 8.6 8.6

3.2.1.3 Available components

In the FEM model, each layer of the sample is modelled as a component, describing
how and which of the states of each node should be calculated. The components rele-
vant for this study are listed below:

1. Poroelastic, based on Biot’s theory:
These components make use of both elastic and acoustic properties. The applied
fluid phase model depends on the number of given parameters, with the options
JCA, JCAL and JCAPL.

• U-P: Four degrees of freedom as described in Section 2.1.3.3. Consideration
of all elastic properties.

• Lumped: This corresponds to the limp equivalent fluid model with one
degree-of-freedom as described in Section 2.1.3.4. Only the density is used
of the solid phase parameters.

2. Porous material with motionless skeleton:
• Rigid: This enables the use of the JCA, JCAL and JCAPL models with a rigid

and motionless skeleton.
• DBM: Delany-Bazley-Miki model as described in Section 2.1.2.2.

3. 2D Solids:
• Thin shell: 2D component with elastic and mass characteristics, bearing

only bending motion (thin plate theory).
• Perforated plate: 2D component adding visco-thermal effects to an elastic

solid material.
4. 3D Solids:
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• Solid: 3D component with elastic and mass characteristics, bearing full
compression, bending and shearing motion.

3.2.2 TMM: Model setup

The TMM models are simulated using AlphaCell, for which the fundamental princi-
ples are described in Section 2.2. AlphaCell hosts a wider range of ways to model each
layer. Specifically, it allows for combining each fluid phase model with each solid phase
model, by the use of Biot’s theory (compare Section 2.1.3.3). Thereby, it offers more flex-
ibility. The following models are used in this work (the material parameters which are
used in the different models are specified in Table B.1):

• Fluid phase:
– Delany-Bazley-Miki
– Miki
– JCA
– JCAL
– JCAPL
– Perforated Plate Circular
– Screen

• Solid phase:
– Elastic (isotropic)
– Bonded septum: This creates a limp impervious layer.

In the TMM simulations, the systems are inherently considered to be of infinite extent.
There are, however, different finite-size-correction models implemented which correct
the sound radiation efficiency for a finite-size sample. There are a number of different
excitation models available, of which the plane wave incidence and diffuse incidence
are used in this study.

3.2.3 Investigated systems

This section describes the investigated systems, for which the simulation results are
shown in Section 3.3.

3.2.3.1 Plane wave normal incidence (2D models)

Single layer of felt B: A model composed of a single layer of felt B against a rigid
backing is used to determine the influence of the choice of fluid phase model. The
felt is modelled with a rigid and motionless skeleton in order to investigate the fluid
phase model only. The shape of the absorption coefficient curve is related to the Biot

wavelength of the compressional wave in the equivalent fluid. It is also investigated,
how big the influence of applying different elastic models is. The results are shown in
Section 3.3.1.1 and Section 3.3.1.2.
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Resistive screen interlayer: The interaction between the felt B material and a resis-
tive screen interlayer is investigated using a model composed of two layers of felt B of
equal thickness separated by a thin layer of the resistive screen against a rigid backing.
The felts are modelled as poroelastic with a JCAL model for the fluid phase. Different
modelling approaches for the resistive screen are compared. As before in the FEM cal-
culations, the material is meshed with an element size of 0.1 mm in the y-direction.
This results in only two nodes along the width of the resistive screen, one on each sur-
face, when the width of the resistive screen is included in the mesh (as the case when
modelled as a porous material or solid). Since the fluid phase parameters of the resis-
tive screen have been measured, it can either be modelled as impervious or porous. At
first, it is investigated how the elastic parameters of the resistive screen should be esti-
mated. These material data has not been measured and has, therefore, to be estimated
in order to use certain modelling approaches such as poroelastic or elastic solid. Then,
the differences between seven different TMM modelling approaches and five different
FEM modelling approaches for the resistive screen interlayer are investigated (com-
pare Table 3.5). The results are shown in Section 3.3.1.3.

Table 3.5: Investigated modelling approaches for the resistive screen when used as
interlayer between two felt materials. The TMM models are written in red and the FEM
models in blue.

elastic limp
impervious

• elastic solid
• thin shell
• solid

• bonded septum
• limp porous with

impervious boundary
conditions

permeable
• elastic porous
• elastic screen
• elastic perforated plate
• porous UP
• perforated plate

• limp porous
• limp screen
• limp porous

By adding small air gaps on both sides of the resistive screen interlayer, the influence
of elastic coupling between both felts through the resistive screen is investigated. For
the poroelastic model of the resistive screen, the influences of different porosity values
are compared between the TMM and FEM simulations.

Resistive screen interlayer as perforated plate at a distance from a rigid backing:

The behaviour of the resistive screen alone, when modelled as a perforated plate at a
distance from a rigid backing, is investigated in FEM and TMM. The resistive screen is
modelled with the estimated elastic properties E = 104 Pa and ν= 0.3. The density and
acoustic parameters are based on measurements. The shape of the absorption curve
is investigated under consideration of the Helmholtz-resonator type of configuration.
The results are shown in Section 3.3.1.4.
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Felt-screen multi-layer system: The interaction between a felt and an added screen
layer is investigated by the addition of a thin screen to the previously investigated felt
B material. The elastic parameters of the screen are estimated. The same estimated
values as for the previously described resistive screen interlayer are used. This system
is investigated in both orders of felt and screen. This is meant to investigate two things:

1. How different means of modelling the screen influence the shape of the absorp-
tion curve when the felt is modelled as poroelastic.

2. How different means of modelling the felt influence the shape of the absorption
curve when the screen is modelled as a perforated plate.

Full noise shield model: Finally, the full system as shown in Figure 3.1 is modelled in
two different configurations (A and B), using seven different models in FEM and TMM
(Table 3.6). The results are compared to the measured data to determine the modelling
approaches which offer the best match to the measured data. The choice of the seven
different models is informed by the experiences gained in the analysis of the previously
described models. The results are shown in Section 3.3.1.6.

Table 3.6: Different modelling approaches for the full noise shield as planned. A re-
vised version, based on the modelling results, can be found in Table 3.8.

screen felt resistive screen comment

v1 poroelastic poroelastic poroelastic highest number of DOFs

v2 porous limp poroelastic porous limp based only on measured data

v3 perforated poroelastic elastic solid
v4 perforated porous limp elastic solid lowest number of DOFs

v5 perforated poroelastic poroelastic
v6 poroelastic poroelastic elastic solid
v7 porous limp poroelastic elastic solid

3.2.3.2 Plane wave normal incidence (3D models)

The transition to 3D is investigated by making the same plane wave incidence simula-
tion but for a 3D model. In this case, the complexity of the model is not increased step
wise as for the 2D equivalent. Instead, only the complete system is modelled, using the
combinations of components determined to provide the best results in 2D (compare
Section 3.3.1.6). The width of the sample, as well as each side in the cubic air volume,
is 10 cm . The resulting absorption coefficients can be seen in Section 3.3.2.

3.2.4 Measurements

Measurements of the sound absorption coefficient for normal plane wave sound inci-
dence in a Kundt’s tube with different samples were carried out by the authors of this
report at Chalmers. The results, however, differ from the results of the measurements
which have been carried out by Matelys – Research Lab5 and are not used for the valida-
tion of the simulation results. More details on these measurements, including theory,
implementation and results, can be found in Appendix D.

5Internal data: Engineering report ER-677017.
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3.3 Results

In this section, the results from the absorption coefficient calculations are shown. It
is begun with the absorption coefficient for normal plane incident waves in 2D with
simple systems. The complexity is increased step wise by adding additional layers.
From the simulation results obtained for the full noise shield model the most accurate
modelling approaches are determined by comparing the results to measurements. It
is then checked whether 3D FEM models give the same results for normal plane wave
incidence as 2D models.

3.3.1 Plane wave normal incidence (2D models)

3.3.1.1 The different fluid phase models

This model is composed of a single layer of felt against a rigid backing, as described in
Section 3.2.3.1. In Figure 3.4 the results of TMM and 2D FEM calculations, obtained
for the absorption coefficient of a single layer of felt B for plane sound incidence, are
compared for different fluid phase models. The differences between the different mod-
els are ∆α ≤ 0.069 in the frequency range 40 Hz to 4 kHz.6 The frequency, for which
the highest absorption is calculated (TMM results), ranges from 2 kHz with the Miki
model, to 2.5 kHz with the Delany-Bazley-Miki model. The results obtained from the
TMM and FEM calculations are similar but not identical.
The comparison of the results obtained from the different fluid phase models shows
that, for this material, the flow resistivity alone is not sufficient to accurately describe
the absorptive behaviour. The introduction of additional material parameters increases
the accuracy, which might be desired in some cases.
Physically, for a porous material of this thickness backed by a rigid wall, it is classi-
cally expected that the absorption coefficient reaches values of α ≈ 1 for f ≥ fλair/4

where fλair/4 (about 2.8 kHz in this case) is the first frequency for which the first ve-
locity maximum in air, which occurs at a quarter wavelength distance from the rigid
wall, is located within the material. The simulated results show, however, that the
modelled absorption maximum is already reached below, rather than above that fre-
quency. More accurately than considering the wavelength in air would be consider-
ing the wavelength of the compressional waves in the porous material (compare Sec-
tion 2.1.3.2). With the JCAL model, the compressional wave with the larger wavelength
(solid wave) has a wavelength of λcomp,2 = 121.2 mm (which corresponds to four times
the thickness of the material) at fλ/4comp,2 = 1.9 kHz (compare Figure 3.5). The first ab-
sorption maximum with the JCAL model occurs at 2.36 kHz, so for a frequency at which
the first velocity maximum lies within the material. This shows, that by using the Biot

wavelengths the shape of the absorption coefficient can be predicted more accurately
than by using the wavelength in air.

6Maximum of the differences between the smallest and highest values at each frequency.

32



3. Absorption

10
2

10
3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

TMM: Delany-Bazley-Miki

TMM: Miki

TMM: JCA

TMM: JCAL

TMM: JCAPL

FEM: Delany-Bazley-Miki

FEM: JCA

FEM: JCAL

Figure 3.4: Calculated absorption coefficients for a single layer of felt for plane sound
incidence with different fluid phase models in TMM and FEM. The elastic properties
of the skeleton are not taken into account.
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Figure 3.5: Calculated Biot wavelengths for the thick felt. The phase decoupling fre-
quency for this material is 36.6 Hz. Above this frequency the waves propagating in the
fluid and the skeleton are not coupled (compare Section 2.1.3.2). Compressional wave
1 is the fluid wave and compressional wave 2 the solid wave.
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3.3.1.2 Poroelastic modelling of a single felt

For the same system, different means of considering the elastic properties of the ma-
terial are compared in Figure 3.6, using the JCAL model to describe the dissipation in
the fluid phase. There can be observed an excellent agreement between the FEM and
TMM results (the deviations are ∆α≤ 0.016 for the elastic, limp and motionless skele-
ton models). Furthermore, it can be observed that for a single layer of this specific
porous material the elastic properties are of minor importance. Neglecting the elas-
tic properties saves computation time in the FEM calculations while not significantly
affecting the results.
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Figure 3.6: Comparison between the TMM and FEM results for the absorption coeffi-
cient for a single layer of felt with plane sound incidence.

Note, however, that for different materials, which exhibit more elastic effects, the re-
sults can differ much between the different modelling approaches, as shown in Section
C.2.

3.3.1.3 Felt-screen-felt multi-layer system

The investigated system is composed of two felts, separated by a resistive screen as de-
scribed in Section 3.2.3.1. For certain modelling approaches the elasticity of the resis-
tive screen is required. Since the Young’s modulus of the resistive screen has not been
measured, it has to be estimated. The stiffness of the resistive screen is expected to be
negligible, which is why a very low Young’s modulus of E = 103 Pa is used as a starting
point. In Figure 3.7 it can be seen that when increasing the Young’s modulus by a factor
of ten the result does not change (apart from little numerical deviations) for the FEM
simulation, while it changes significantly for the TMM simulation. For E = 104 Pa the
results of the TMM and FEM calculations match to each other, while they do not match
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for E = 103 Pa. Because of the better correspondence between the FEM and TMM sim-
ulations when modelling the resistive screen with a Young’s modulus of E = 104 Pa this
has been used for further calculations. For this Young’s modulus, the results obtained
from the TMM calculations when modelling the resistive screen as elastic solid are al-
most identical to the results obtained when modelling it as a bonded septum, which
shows that for this Young’s modulus the stiffness of the material, as intended, does not
affect the results.
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Figure 3.7: Calculated absorption coefficient of a multi-layer system composed of two
felts, separated by a thin resistive screen. The resistive screen has been modelled with
different estimated Young’s moduli.

The dips in the absorption coefficient occur at 150 Hz, 300 Hz, 450 Hz, etc.. As it can be
seen from Figure 3.5, these are the frequencies where quarter-wavelength resonances
for the fluid wave in the felt occur. The resonances at 1/4, 3/4 etc. are resonances in the
facing felt and the resonances at 2/4, 4/4 etc. are resonances in the backing felt. This
behaviour is explained more in detail in Section C.3. Whether resonances lead to a dip
or a peak in the absorption coefficient depends on the nature of the material. In this
case, resonances in the fluid phase in one of the two felts lead to dips in the absorption
coefficient. In terms of the peaks, comparing the results for different Young’s moduli
of the resistive screen shows that only every second peak in the absorption coefficient
is influenced by this Young’s modulus. The reason for this is unclear.

For the same multi-layer system, as a next step, different approaches for modelling the
resistive screen are compared. In the results of the different TMM and FEM modelling
approaches it can be observed that the results can be separated into two distinct cate-
gories (compare Figure 3.8, an overview is given in Table 3.7).

Within the two categories, there can be observed a good correspondence between the
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FEM and TMM results. For the models that fall into the second category, there is ac-
counted for visco-thermal dissipation in the resistive screen, which is not the case for
the models falling into the first category. There are, however, some ambiguities be-
tween the FEM and TMM results for certain modelling approaches. For example, for
the FEM model the shape of the calculated absorption coefficient when modelling the
resistive screen as an elastic perforated plate falls into the first category, giving almost
identical results as when modelling it as a thin shell, although this model should ac-
count for visco-thermal dissipations in the resistive screen. In the TMM simulations,
considering the resistive screen as an elastic perforated plate gives identical results to
the calculation as an elastic screen, as expected. Another ambiguity is found when
modelling the resistive screen as poroelastic, which falls into the first category for FEM
and the second category for TMM.
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Figure 3.8: Calculated absorption coefficient of a multi-layer system composed of two
felts, separated by a thin resistive screen. The felts are modelled as poroelastic. Differ-
ent modelling approaches for the resistive screen are compared. The results fall within
two distinct categories.

In order to further investigate the apparent ambiguities, specifically for the case of
modelling the resistive screen as a perforated plate, the effect of inserting a 0.1 mm

36



3. Absorption

air gap on both sides of the resistive screen is investigated, the results of which are
shown in Figure 3.9. It can be observed that, in contrast to the configuration without
air gap, the modelling of the resistive screen as a perforated plate yields the same re-
sults in the FEM and TMM calculations when an air gap is added on both sides of the
resistive screen.7 Further investigations, not shown here for the sake of conciseness,
reveal that when the elastic coupling is eliminated by modelling the felts as limp, the
calculated absorption coefficient curves also take the shape of the second category.
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Figure 3.9: Calculated absorption coefficient of a multi-layer system composed of two
felts, separated by a thin resistive screen. The felts are modelled as poroelastic. Dif-
ferent modelling approaches for the resistive screen are compared. The influence of
adding a 0.1 mm air gap on both sides of the resistive screen is investigated.

The results of the conducted felt-screen-felt investigations are summarised in Table
3.7. Again, it shows that most modelling approaches follow the expected behaviour
(models that include visco-thermal dissipation fall into the second category), except
for the FEM models where the resistive screen is modelled as poroelastic or elastic per-
forated plate.

The behaviour of the poroelastic model is investigated further by modelling the resis-
tive screen with different porosities (without changing other parameters, which only
makes the result valid for investigating the modelling, not for describing real materi-
als).

7This indicates that in the used FEM software (Actran 2020) the interface continuity equations for the
perforated plate model are not correctly handled.
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Table 3.7: Summary of Figure 3.8 and Figure 3.9. Comparison of different resistive
screen models. The felts are modelled as poroelastic.

resistive screen model method
visco-thermal
dissipation

elastic
dissipation

category

bonded septum TMM 1
elastic solid TMM x 1
elastic solid with air gaps TMM x x 2
porous elastic TMM x x 2
porous limp TMM x 2
screen elastic TMM x x 2
screen limp TMM x 2
perforated plate elastic TMM x x 2
perforated plate elastic with air gaps TMM x x 2
thin shell FEM x 1
thin shell with air gaps FEM x x 2
solid FEM x 1
porous elastic FEM x x 1
perforated plate elastic FEM x x 1
perforated plate elastic with air gaps FEM x x 2
porous limp FEM x 2
porous limp (impervious surfaces) FEM 1
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Figure 3.10: Calculated absorption coefficient of a multi-layer system composed of
two felts separated by a thin resistive screen. Both the felts and the resistive screen
are modelled as poroelastic. The influence of different porosity values in the FEM and
TMM simulations is compared.

The theoretically expected behaviour is that the resulting absorption coefficient curve
for high porosities becomes similar to the case where the two felts are just separated by
an air gap, while for very low porosities it becomes similar to the case of modelling the
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resistive screen as an elastic solid. In other terms, the contribution of visco-thermal
dissipation should increase for higher porosities. This expectation is confirmed by the
results shown in Figure 3.10. However, it can be observed that in the FEM simulation
the transition from a permeable to an impervious behaviour of the resistive screen
happens already (in the wide range) between φ = 0.99 and φ = 0.1, while it happens
later, between φ= 0.01 and φ= 0.0001, in the TMM simulation. This explains why the
results of the FEM and TMM simulations shown in Figure 3.8 look so different when
the resistive screen is modelled as poroelastic. The characterised porosity of the resis-
tive screen (see Table F.1) leads to a modelled behaviour on the borderline between a
rather permeable or rather impervious resistive screen, where the FEM simulation, in
this case, is on the impervious and the TMM simulation on the permeable side. This
suggests that, depending on which behaviour is deemed more physically reasonable,
the porosity might have to be adapted in one or the other model when modelling the
resistive screen as poroelastic.

3.3.1.4 Perforated resistive screen at a distance from a rigid backing

The investigated system is a resistive screen modelled as a perforated plate in front
of an air gap backed by a rigid wall, as described in Section 3.2.3.1. The results from
the FEM and TMM calculations are compared in Figure 3.11 for two different resistive
screen thicknesses. It can be observed that the general shapes of the calculated absorp-
tion coefficient curves are the same for the FEM and TMM calculations (in contrast to
the previously presented felt-screen-felt system) and that the resonance is predicted at
similar frequencies. However, the value of the calculated absorption coefficient at the
resonance frequency differs (∆α = 0.16) between the FEM and TMM simulations for
the 0.1 mm resistive screen. These results indicate that the problem in the perforated
plate model (Actran 2020) only exists for coupling to porous materials.
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Figure 3.11: Absorption coefficient for plane sound incidence for a resistive screen
modelled as perforated plate in front of an air gap backed by a rigid wall.
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Physically, the resonance frequencies can be explained by considering the perforated
resistive screen in combination with the air gap as a Helmholtz resonator. Based on
the equations presented in Appendix A.1, the Helmholtz resonance frequencies of the
resistive screens are calculated at 742 Hz and 1.44 kHz, which matches to the simulated
absorption coefficient curves.

3.3.1.5 Felt-screen multi-layer system

The investigated system is a felt layer with an added screen layer as described in Sec-
tion 3.2.3.1. The results of the TMM and FEM simulations (Figure 3.12) show that the
characteristic shape of the absorption curve of the felt is maintained when the screen
is added and only slightly shifted to lower frequencies. The upper part of Figure 3.12
compares different models for the screen when the felt is modelled as poroelastic. It
shows that, as long as the screen is modelled as permeable, the exact modelling ap-
proach does not have a huge influence (the maximum difference between the differ-
ent FEM models is 0.042 and 0.041 between the different TMM models in the frequency
range 40 Hz to 4 kHz). This holds even when the screen is modelled with a motionless
skeleton. The low influence of the screen, in this case, is caused by the fact that its air-
flow resistance is about eight times lower than that of the felt. The lower part of Figure
3.12 compares different elastic models for the felt when the screen is modelled as an
elastic perforated plate. It shows that also the elastic modelling of the felt is of minor
importance in this simple two-layer system.
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Figure 3.12: Absorption coefficient for plane sound incidence for a felt covered by a
thin screen. Different modelling approaches for the felt and the screen are compared.
The felt has an air flow resistance which is about eight times higher than the air flow
resistance of the screen.

When switching the order of the screen and the felt, so that the screen is on the side fac-
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ing the rigid backing, the deviations between the different modelling approaches are
even smaller (compare Figure 3.13). In this case, the screen can also be neglected com-
pletely without significantly changing the results (the maximum difference between
the mean of the models including the screen to the modelling without the screen is
∆αmax = 0.012 in the frequency range 40 Hz to 2 kHz for the FEM models and ∆αmax =
0.026 in the frequency range 40 Hz to 4 kHz for the TMM models). The maximum dif-
ference between the mean of the different FEM results to the mean of the different
TMM results in the frequency range 40 Hz to 2 kHz is ∆αmax = 0.007.
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Figure 3.13: Absorption coefficient for plane sound incidence for a felt, separated from
a rigid backing by a thin screen. Different modelling approaches for the screen are
compared.

3.3.1.6 Full system

The FEM and TMM results with seven different modelling approaches as described
in Section 3.2.3.1 are compared to the measured sound absorption coefficient in Fig-
ure 3.17. The results are summarised in Table 3.8. In the first model, it shows that
when the resistive screen is modelled as poroelastic in TMM the open porosity φ has
to be decreased to achieve a better match to the FEM results and the measurements
(Figure 3.14). This matches the previously made observations about the behaviour
of the poroelastic resistive screen models (compare Figure 3.10). The second model
uses the exact material data which has been characterised, i.e. there are no elastic
properties estimated for the resistive screen and the felts. It shows that the FEM and
TMM results for this model are similar but the measured behaviour is not accurately
represented (compare Figure 3.17). The third, fourth and fifth model, which make
use of elastic perforated plates for modelling the screens, show that the FEM imple-
mentation of the elastic perforated plate model does not work as expected8 and can,
therefore, not be used (compare Figure 3.17). For the sixth model it shows that, when
the resistive screen is modelled as elastic shell in FEM, the calculated sound absorp-
tion coefficient strongly deviates from the TMM results and the measurements above
1 kHz (compare Figure 3.15). Modelling the resistive screen as a limp porous mate-
rial with impervious surfaces solved that problem and gives results almost identical
to the TMM results, for which it does not matter whether the resistive screen is mod-
elled as an elastic solid or bonded septum. By changing the Young’s moduli of the two

8In Actran 2020.
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screens (Escreen:A = 3.5 ·104 Pa, Escreen:B = 5.2 ·104 Pa)9 the peaks in the absorption co-
efficient (side A) can be matched closer to the measurements. In the seventh model,
where the screens are modelled as porous limp, the peaks in the absorption coefficient
at low frequencies (side A) do not occur at the measured frequencies, which shows
that the frequencies at which these peaks occur are influenced by the elasticity of the
screens (compare Figure 3.16).10 However, there can be observed an excellent match
between the FEM and the TMM results, and the modelled behaviour at higher frequen-
cies matches similarly well to the measurements as for the sixth model. Furthermore,
it can be observed that when the screens are modelled as limp it has, in contrast to the
sixth model, no influence whether the resistive screen is modelled as an elastic shell or
as limp porous material with impervious surfaces in FEM.

This leaves the first, the sixth and the seventh model as candidates for further investi-
gations. Generally, it can be noted that the overall behaviour of the absorption coeffi-
cient is well captured by the models. The absorption coefficient peaks at low frequen-
cies are calculated much higher than measured but these peaks mostly occur outside
of the frequency range, for which the measurements are valid (≥ 250 Hz). The peaks
at higher frequencies (side A) strongly depend on the mounting conditions and are
difficult to predict.

Figure 3.14: Full system, model 1. Adjusting the porosity value in the TMM model
gives a better fit to the FEM results and the measured data. The measurements are
valid above 250 Hz.

9Using these Young’s moduli, the 12 elements per wavelength criterion in FEM is fulfilled with an
element size of 0.5 mm.

10It has to be noted here that the mentioned peaks occur outside of the frequency range for which the
measurements are valid.
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Table 3.8: Evaluation of different modelling approaches for the full system (compare Figure 3.17).

screen felt resistive screen comment
v1 poroelastic poroelastic poroelastic Needs adjustment (decrease) of porosity in TMM, i.e. a poroelastic

modelling of the resistive screen is possible when the porosity is very
low.

v2 porous limp poroelastic porous limp Does not fit the measured data (due to limp modelling of resistive
screen).

v3 perforated poroelastic elastic solid Bug with perforated plate objects in Actran (in Actran 2020 perforated
plate objects do not behave correctly when coupled to poroelastic
materials).

v4 perforated porous limp elastic solid "
v5 perforated poroelastic poroelastic "
v6 poroelastic poroelastic limp impervious (FEM) Works with adjustment of resistive screen modelling (limp porous

with impervious surfaces instead of elastic solid).
v7 porous limp poroelastic elastic solid Gives wrong resonances (at low frequencies), also works with limp

impervious modelling of resistive screen.
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Figure 3.15: Full system, model 6. Modelling the resistive screen as limp porous mate-
rial with impervious surfaces matches the FEM to the TMM results. The measurements
are valid above 250 Hz.

Figure 3.16: Full system, model 7. When the screens are modelled as limp it does not
have an influence whether the resistive screen is modelled as elastic shell or as imper-
vious limp porous material in FEM. The measurements are valid above 250 Hz.
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Figure 3.17: System 1, all modelling approaches (compare Table 3.6). The measure-
ments are valid above 250 Hz. The dashed lines represent the FEM results, the solid
lines the TMM results. Additional lines are specified in Figure 3.14, 3.15 and 3.16.
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3.3.2 Plane wave normal incidence (3D models with increased Young’s

modulus)

As described in Section 3.2.1.2, the Young’s modulus of all materials has to be increased
by a factor of ten in order to achieve a sufficiently high number of elements per wave-
length at 2 kHz with the available computational power. With the original material
parameters, the resulting number of degrees-of-freedom (using a small 0.01 m2 sam-
ple) is too high to be calculated even by a dedicated simulation server (requiring too
much memory space; this issue is discussed more in detail in Chapter 4). The results of
the TMM and FEM simulations with the increased Young’s moduli are shown in Figure
3.18 together with the measured data. It can be observed that for models v1 and v6, for
which there is observed a good agreement between the FEM and TMM results in the
2D model with the original Young’s moduli, the results match worse for the 3D model
with the increased Young’s moduli due to a shift of the resonance peaks in frequency.
This shift does not occur for model v7. The reason for this is unclear. Apart from these
resonance peaks, the measured behaviour is, however, still well captured by the 3D
models with increased Young’s moduli, especially at high frequencies.

Figure 3.18: Full system, modelling approaches v1, v6 and v7 (compare Table 3.6). The
measurements are valid above 250 Hz. The Young’s moduli of all materials have been
increased by a factor of ten, in both the TMM and FEM simulations.
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The modelling of the sound transmission loss of the multi-layer noise shield is based
on the results obtained in the modelling of the sound absorption for normally incident
plane waves. The absorption modelling allowed the identification of the most accurate
modelling approaches for the single layers, as well as the modelling approaches for
the complete multi-layer noise shield system which give the best match to the TMM
simulations and measurements. These results are used in the setup of the transmission
models. Since there is no measured data available for the transmission loss, the FEM
simulation results can only be compared to the results of the TMM simulations for
validation. The transmission loss of the complete system is calculated for normally
incident plane waves in 2D and 3D models and for a diffuse incident sound field in 3D
models. Mesh size sensitivity studies are added for the 2D plane wave case and the 3D
diffuse incidence case.

4.1 Methodology

This section describes the methodology of the FEM model setup. The TMM setup is
essentially the same as described in Section 3.2.2 (apart from calculating the trans-
mission loss instead of the absorption coefficient) and not repeated here. The only
investigated system is the full noise shield model, with different modelling approaches
as listed in Table 3.8.

4.1.1 FEM: Model setup

This section describes the FEM model setup for normally incident plane waves in 2D
and 3D and a diffuse incident sound field in 3D.

4.1.1.1 Plane wave normal incidence in 2D

The transmission model for plane wave normal incidence in 2D is set up in a similar
way as described for the 2D plane wave normal incidence absorption model in Section
3.2.1.1. Instead of terminating the sample by a rigid backing, an air-filled tube with the
same dimensions as the incidence tube is placed on the other side of the sample. At the
end of this tube, an additional modal duct component is defined, which lets the wave
transmitted through the sample propagate without being reflected at the end of the
tube, thereby simulating a tube of infinite extend for the wave propagating away from
the sample. The transmission loss is calculated from the incident power of the modal
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Figure 4.1: FEM model simulating transmission from plane wave incidence in a 2D
geometry.

duct component in the first tube and the incident power of the modal duct component
in the second tube as

T L = 10log

(

Winctube,1

Winctube,2

)

dB = 10log

(

Winc

Wtrans

)

dB. (4.1)

The edges of the sample are given sliding boundary conditions, thereby simulating a
material of infinite extend.
The chosen mesh size is shown in Table 4.1. With this mesh, the number of nodes per
wavelength listed in Table 4.2 is reached. All layers except the resistive screen easily
fulfil the 12 elements per wavelength criterion. The results are shown in Section 4.2.1.

Table 4.1: Mesh size in the 2D plane wave normal incidence transmission model. The
normally incident plane wave is propagating in y-direction.

mesh size: x y

tube 0.1 mm 10 mm
sample 0.1 mm 0.1 mm

Table 4.2: Number of nodes per smallest wavelength at 2 kHz for the different layers.
The normally incident plane wave is propagating in y-direction.

layer nodes per wavelength: x y

screen B 60.1 60.1
screen A 60.4 60.4
felt B 63.8 63.8
felt A 45.5 45.5
resistive screen 10.1 10.1
air 1715 17.2

4.1.1.2 Plane wave normal incidence in 3D

As for the absorption models, the 3D model (Figure 4.2) for plane wave transmission is
almost identical to its 2D counterpart. Just as the absorption model, the lengths of the
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Figure 4.2: FEM model simulating transmission from plane wave incidence in a 3D
geometry.

air volumes are the same as the width of the sample (10 cm). Utilising the same sliding
boundary conditions and modal duct components, the model is designed to generate
as similar results to the 2D model as possible. Like for the absorption model, the nodal
density required to fulfil the 12 elements per smallest wavelength criterion with the
original material parameters cannot be implemented due to insufficient memory on
the calculation server. By applying the same solution of increasing the Young’s modu-
lus, models can be simulated up to 2 kHz while avoiding numerical issues.

The chosen mesh size is the same as for the 3D absorption model which can be seen
in Table 3.3. The number of nodes per smallest wavelength is shown in Table 3.4. The
results are shown in Section 4.2.3.

4.1.1.3 Diffuse incidence in 3D

The 3D transmission model for diffuse sound incidence is different from its normal in-
cident plane wave counterpart. For diffuse incidence, modal duct components cannot
be used. The air components are expanded to be significantly wider than the sample
and their outer shells are modelled as infinite fluid elements, simulating free field ra-
diation. On the infinite fluid domain on the incidence side a "Sample Random Diffuse
Field"-boundary condition is defined to create the diffuse incident sound field. This
allows the user to specify the number of angles (parallels) of incidence of the sound
field from a spherical sector with its centre in the middle of the sample surface. The
angle and radius of the sector are also specified by the user. The settings chosen for
this model are 16 parallels spread over a maximum angle of 80◦ (around the axis paral-
lel to the sample normal vector) and a radius about ten times longer than the width of
the sample. The transmission loss is calculated similarly to the plane wave incidence
with Equation 4.1. The incident power Winc is defined as the power flow through the in-
cident surface of the sample, with the same size as the sample. The transmitted power
Wtrans is defined as the power flow going out through the infinite fluid domain on the
radiating side.
For the diffuse transmission model (Figure 4.3), the original parameters of each mate-
rial are used, as well as the version with increased Young’s moduli. The chosen mesh
size is shown in Table 4.3. The resulting numbers of nodes per smallest wavelength
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Figure 4.3: FEM model simulating transmission from diffuse incidence in a 3D geom-
etry.

at 2 kHz are listed in Table 4.4 for the original material data and Table 4.5 for the ver-
sion with increased Young’s moduli. The results are shown in Section 4.2.5. The mesh
size sensitivity study is done for the model with increased Young’s moduli since for the
smallest possible node distance of 1 mm the 12 elements per smallest wavelength cri-
terion is not fulfilled with the original material data. In the mesh size sensitivity study
the node distances 20 mm, 15 mm, 10 mm, 8 mm, 6 mm, 4 mm, 2 mm and 1 mm are
used.

Table 4.3: Mesh size for the different layers. The normal of the sample surface is paral-
lel to the z-axis. The ø column indicates the length of the diagonal in the 3D cuboids.

layer mesh size: x y z ø

screen B 1.0 mm 1.0 mm 1.0 mm 1.7 mm
screen A 1.0 mm 1.0 mm 1.0 mm 1.7 mm
felt B 1.0 mm 1.0 mm 1.0 mm 1.7 mm
felt A 1.0 mm 1.0 mm 1.0 mm 1.7 mm
resistive screen 1.0 mm 1.0 mm 0.1 mm 1.4 mm
air 20.0 mm 20.0 mm 20.0 mm 34.6 mm

Table 4.4: Number of nodes per smallest wavelength at 2 kHz for the different layers
(with original Young’s moduli). The normal of the sample surface is parallel to the z-
axis. The ø column indicates the number of nodes along the length of the diagonal in
the 3D cuboids.

layer nodes per wavelength: x y z ø

screen B 6.0 6.0 6.0 3.5
screen A 6.0 6.0 6.0 3.6
felt B 6.4 6.4 6.4 3.8
felt A 4.5 4.5 4.5 2.7
resistive screen 1.0 1.0 10.1 0.7
air 8.6 8.6 8.6 5.0
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Table 4.5: Number of nodes per smallest wavelength at 2 kHz for the different layers
(with increased Young’s moduli). The normal of the sample surface is parallel to the
z-axis. The ø column indicates the number of nodes along the length of the diagonal
in the 3D cuboids.

layer nodes per wavelength: x y z ø

screen B 19.0 19.0 19.0 11.2
screen A 19.1 19.1 19.1 11.2
felt B 20.2 20.2 20.2 11.9
felt A 14.4 14.4 14.4 8.5
resistive screen 3.2 3.2 32.1 2.3
air 8.6 8.6 8.6 5.0

4.1.2 Measurements

Extensive preparations to measure the diffuse sound transmission loss of the noise
shield in the reverberation room at Chalmers were made. These measurements could
not be carried out due to force majeure. A detailed planning of the required double wall
construction for these measurements can be found in Appendix E.

4.2 Results

In this section, the results of the sound transmission loss simulations are presented.

4.2.1 Plane wave normal incidence (2D models)

The transmission loss for plane wave normal incidence has been calculated for the
models v1, v2, v6 and v7 as specified in Table 3.8 with the model setup described in
Section 4.1.1.1.1 Please note that model v1 in this and the following investigations is
always modelled with a decreased porosity in the TMM simulations (φ= 10−5, as deter-
mined from the results shown in Figure 3.14) unless indicated otherwise. The results
are shown in Figure 4.4 and 4.5. It can be seen that model v2, which has been ruled
out for the absorption coefficient calculation because of its poor match to the mea-
sured data, also behaves differently than the other three models in the transmission
case. Under the assumption that models which yield valid results for the absorption
coefficient (which is the case for models v1, v6 and v7 – but not v2) also yield valid re-
sults for the transmission loss, this suggests that model v2 is not suitable for modelling
the sound transmission loss. This indicates that also for modelling the sound trans-
mission loss the inclusion of visco-thermal dissipation in the resistive screen is to be
avoided. For the remaining three approaches, it can be seen that for none of them the
TMM and FEM results match perfectly but the general shape of the transmission loss
curves is well predicted. The best fit is observed for model v7. In model v6 the TMM
and FEM results match very well from 500 Hz upwards while there are higher devia-
tions at low frequencies. For model v1 it can be observed that in congruence with the

1The perforated plate models v3, v4 and v5 were not investigated again due to the previously de-
scribed erroneous results obtained from the perforated plate elements in Actran 2020.
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results of the absorption simulations, the porosity value in the TMM model has to be
decreased to match to the FEM simulations. The obtained results have to be evaluated
under consideration of the results presented in Section 3.3.1.6. These show that also
for the absorption the best match between the FEM and TMM results can be observed
for model v7 which, however, does not match as well to the measurements as model
v6 below 300 Hz. As a reminder (compare Table 3.8), the difference between models v6
and v7 is that in model v6 the elasticity of the screens is included, while the screens are
modelled as limp in model v7. This causes that for model v7 the frequencies at which
the prominent peaks in the absorption coefficient at low frequencies appear do not
match to the measured data as well as for model v6.2 Since this does not seem to be
relevant for the sound transmission loss (compare Figure 4.4), model v7 is chosen for
further analyses because of the better agreement between the TMM and FEM results
and because of the reduced amount of degrees-of-freedom in the FEM model when
modelling the screens as limp.
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Figure 4.4: Transmission loss for plane wave normal incidence in 2D FEM models
compared to TMM results. The version numbers v1 - v7 correspond to the models
specified in Table 3.8.

2Note that, strictly speaking, these peaks appear in a frequency range where the measured data is not
valid.
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Figure 4.5 shows that the deviations between the different FEM models are higher than
between the different TMM models. The values predicted by both methods are in
about the same range but at single frequencies there occur differences of up to 10 dB.
Since there is no measured data for the transmission loss available, these results cannot
be experimentally validated. It shows, however, that, depending on the hypotheses of
the modelling approach, the results can be quite different. In the FEM results, it seems
like the differences decrease with increasing frequency. The larger differences at low
frequencies could be due to local elastic resonance effects.

Figure 4.5: Transmission loss for plane wave normal incidence in 2D FEM models
compared to TMM results. This plot shows the envelope of the curves shown in Figure
4.4. Please note that the observed differences are only due to different hypotheses in
the different models and not due to different material parameters or similar.

4.2.2 Mesh size sensitivity study for plane wave normal incidence (2D

models)

The transmission loss for plane wave normal incidence is calculated for model v7 (Ta-
ble 3.8) with different mesh sizes. The mesh size is generally the same for all layers but
the mesh size of the individual layers is bounded by their thickness, i.e. there are at
least two nodes per layer (one on each surface). The results obtained for the transmis-
sion loss for different mesh sizes (between 0.1 mm and 25 mm) are shown in Figure
4.6. The mean and maximum deviations to the result obtained with the finest chosen
mesh size are listed in Table 4.6.
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Figure 4.6: Transmission loss for normally incident plane waves with model v7, using
different mesh sizes.

Table 4.6: Deviation of the transmission loss for different mesh sizes from the finest
mesh size (0.1 mm). Compare Figure 4.6.

mesh size mean deviation (in dB) maximum deviation (in dB)
25 mm 0.81 4.12
15 mm 0.86 5.09
6.4 mm 0.65 4.81
2.3 mm 0.31 3.65
1.1 mm 0.11 2.39

0.75 mm 0.06 1.26
0.56 mm 0.03 0.69
0.45 mm 0.02 0.47
0.38 mm 0.01 0.33

As expected, the deviation of the calculated transmission loss to the result obtained
with the finest chosen mesh size (0.1 mm) generally increases with increasing mesh
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size. As the result with a mesh size of 0.38 mm is still different from the result at 0.1 mm,
it shows that at this resolution the model has not fully converged. However, the maxi-
mum deviation from the finest resolution is below 1 dB for mesh sizes of 0.56 mm and
lower. To determine the deciding factors for the convergence behaviour and to deter-
mine, which number of elements per wavelength can be considered as sufficient, the
number of elements per wavelength is plotted as a function of the frequency and the
mesh size in Figure 4.7 and 4.8 for the two felts. The horizontal lines in these plots indi-
cate the actual mesh size along with the thickness, which is different from the defined
mesh size when the thickness is smaller than the defined mesh size. In this analysis,
only the mesh size along the thickness is considered because this is the main propa-
gation direction for normally incident plane waves. Furthermore, because of dealing
with normally incident plane waves, the influence of the shear wave is expected to be
negligible.

As an example of an analysis, the behaviour with the biggest mesh size (25 mm) is in-
vestigated. For this mesh size, it can be observed that the first frequency at which the
deviation from the result with 0.1 mm mesh size exceeds 1 dB is around 300 Hz. The
number of elements per wavelength shown in Figure 4.7 and 4.8 is represented in a
clearer form just for this mesh size in Figure 4.9.3 The numbers of elements per wave-
length at 300 Hz are given in Table 4.7. It is interesting to note that the shear wave is
described almost as accurately as the fast compressional wave.

Table 4.7: Number of elements per wavelength in propagation direction of the nor-
mally incident plane wave at 300 Hz for mesh sizes of 25 mm in felt B and 4.1 mm in
felt A, respectively. Compare Figure 4.9.

felt A felt B
shear wave 7.4 1.7

compressional wave 1 10.7 2.4
compressional wave 2 29.3 15.5

When assuming that the shear wave is of negligible importance in this case, it can be
observed that the remaining numbers of elements per wavelength are in a range which
is probably sufficient, apart from the compressional wave in felt B. The low resolution
for the first compressional wave in felt B is probably the reason why the model starts
to break down at this frequency with this mesh size.

Going up slightly higher in frequency, to 400 Hz, where the errors are higher but still
in the same clearly defined order as for 300 Hz (compare Figure 4.6), it is investigated,
which numbers of elements per wavelength for the two compressional waves lead to
which deviations in the calculated transmission loss from the result with the finest
mesh size (Table 4.8).

3Please observe that for felt A a mesh size of 4.1 mm instead of 25 mm is investigated due to the
thickness of this layer which is prohibiting bigger mesh sizes in the propagation direction of the normally
incident plane wave, which is investigated here.
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Figure 4.7: Number of elements per wavelength (along the propagation direction of
the normal incident plane wave) for different mesh sizes for felt A. The lines indicate
the effective mesh sizes.
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Figure 4.8: Number of elements per wavelength (along the propagation direction of
the normal incident plane wave) for different mesh sizes for felt B. The lines indicate
the effective mesh sizes.
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Figure 4.9: Number of elements per wavelength in propagation direction of the nor-
mally incident plane wave for a defined mesh size of 25 mm. This can be seen as a cut
through Figure 4.7 and 4.8 for this specific mesh size. The speeds of sound in the two
felts are shown in Figure C.1.

Table 4.8 shows a study on the error at 400 Hz for different mesh sizes, depending on
the number of elements per wavelength for the two compressional waves in felt A and
felt B. For the three coarsest meshes it shows that the resolution of the first compres-
sional wave (fluid wave) in felt B is mostly responsible for the high errors. Once the two
compressional waves in both felts are meshed with at least 7 elements per wavelength,
the error becomes smaller than 1 dB. Since this observation matches to the common
criteria which are usually used in FEM modelling (6 or 7 elements per wavelength for
convergence), it is concluded that these criteria are also valid in this case, although it is
stated in [2] that 6 elements per wavelength are not sufficient for poroelastic materials
and that (in special cases) up to 12 elements may be needed for convergence (compare
Section 2.3.2.1). In addition to this, it can also be noted that, as expected, in this case
for normally incident plane waves the shear wave is of minor importance, as an error
below 1 dB is already reached when the shear wave in felt B is still captured with less
than 5 elements per wavelength.

58



4. Transmission

Table 4.8: Number of elements per wavelength (in propagation direction of the nor-
mally incident plane wave) and resulting error (deviation from the calculated trans-
mission loss with a mesh size of 0.1 mm) at 400 Hz for the three different wave types in
the two felts. Compare Figure 4.6, 4.7 and 4.8. The mesh size values given in brackets
specify the value for felt A, when different from the value for felt B.

wave type mesh size
elements / wavelength

error
felt A felt B

compressional 1
25 mm (4.1 mm)

7.8 1.8
4.12 dBcompressional 2 26.3 13.3

shear 5.5 1.3
compressional 1

15 mm (4.1 mm)
7.8 3.0

1.74 dBcompressional 2 26.3 22.2
shear 5.5 2.1

compressional 1
6.4 mm (4.1 mm)

7.8 7.0
0.93 dBcompressional 2 26.3 52.0

shear 5.5 4.9
compressional 1

2.3 mm
14.0 19.4

0.15 dBcompressional 2 46.8 144.6
shear 9.8 13.7

compressional 1
1.1 mm

29.3 40.5
0.04 dBcompressional 2 97.9 302.5

shear 20.4 28.6

4.2.3 Plane wave normal incidence (3D models with increased Young’s

modulus)

As for the 3D absorption models, the 3D transmission models are created with an in-
creased Young’s modulus for all layers (factor of ten). The TMM and FEM results for
normally incident plane waves are shown in Figure 4.10. It can be seen that, as for the
3D absorption, the FEM and TMM results match best for model v7 (compare Table 3.8).
Figure 4.11 shows the differences between the different modelling approaches. For
both FEM and TMM the differences between the three different modelling approaches
exceed 10 dB at 2 kHz. This, again, shows that the general shape of the transmission
loss is predicted in the same way for all models but there can be large differences in the
predicted values depending on the hypotheses which are made in the modelling.
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Figure 4.10: Transmission loss for plane wave normal incidence in 3D FEM models
compared to TMM results. The version numbers v1 - v7 correspond to the models
specified in Table 3.8. Models with increased Young’s moduli.

Figure 4.11: Transmission loss for plane wave normal incidence in 3D FEM models
compared to TMM results. This plot shows the envelope of the curves shown in Figure
4.10. Please note that the observed differences are only due to different hypotheses in
the different models and not due to different material parameters or similar. Models
with increased Young’s moduli.
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4.2.4 Diffuse incidence (3D models with original material data)

The calculated transmission loss for TMM and FEM for a 3D model (version with orig-
inal material data) under diffuse sound incidence (0° - 80°, eliminating grazing inci-
dence) is shown in Figure 4.12 for model versions v1, v6 and v7. Figure 4.13 shows the
envelope of the plots in Figure 4.12.

It can be observed that the transmission loss at low frequencies in the FEM result is
higher than for the TMM model, due to the finite size (0.01 m2) of the FEM model. By
applying a Bonfiglio finite-size-correction (compare [31]) in the TMM model, it can be
accounted for the reduced radiation efficiency at low frequencies. This is assumed to
have an influence up to the lowest critical frequency in the system, since above that the
radiation efficiency will be close to 1 for both the finite- and infinite-size versions. This
finite-size-correction can, however, not account for the influence of the finite-size on
the vibrational behaviour, which explains the difference between the FEM and TMM
results at low frequencies. At higher frequencies the FEM results become almost iden-
tical to the TMM results without finite-size-correction. The highest difference between
the different FEM models is 6 dB at 700 Hz.
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Figure 4.12: Transmission loss for diffuse incidence (0° - 80°) in 3D FEM models com-
pared to TMM results with and without Bonfiglio finite-size-correction. The version
numbers v1 - v7 correspond to the models specified in Table 3.8.

61



4. Transmission

Figure 4.13: Transmission loss for diffuse incidence (0° - 80°) in 3D FEM models com-
pared to TMM results with and without Bonfiglio finite-size-correction. This plot
shows the envelope of the curves shown in Figure 4.12. Please note that the observed
differences are only due to different hypotheses in the different models and not due to
different material parameters or similar.

4.2.5 Diffuse incidence (3D models with increased Young’s modulus)

The calculated transmission loss for TMM and FEM for a 3D model (version with in-
creased Young’s moduli) under diffuse sound incidence (0° - 80°, eliminating grazing
incidence) is shown in Figure 4.14 for model versions v1, v6 and v7. Figure 4.15 shows
the envelope of the plots in Figure 4.14.

The shape of the calculated transmission loss is different from the one obtained with
the original material data but similar observations can be made. Above 700 Hz, with
decreasing influence of finite-size effects, the TMM and FEM results are almost iden-
tical, especially for models v6 and v7. For model v1 the calculated transmission loss at
the upper limit of the investigated frequency range is 10 dB lower in the FEM results
than in the TMM results. Figure 4.14 shows that the different FEM models have very
little deviations at low frequencies where the transmission loss is mostly governed by
the size of the sample. At higher frequencies, the deviations exceed 10 dB.
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Figure 4.14: Transmission loss for diffuse incidence (0° - 80°) in 3D FEM models com-
pared to TMM results with and without Bonfiglio finite-size-correction. The version
numbers v1 - v7 correspond to the models specified in Table 3.8. Models with in-

creased Young’s moduli.

Figure 4.15: Transmission loss for diffuse incidence (0° - 80°) in 3D FEM models com-
pared to TMM results with and without Bonfiglio finite-size-correction. This plot
shows the envelope of the curves shown in Figure 4.14. Please note that the observed
differences are only due to different hypotheses in the different models and not due to
different material parameters or similar. Models with increased Young’s moduli.

63



4. Transmission

4.2.6 Influence of parameter variation

Figure 4.16 shows a comparison of the calculated transmission losses with original
and increased Young’s moduli. Figure 4.17 shows the difference between the calcu-
lated transmission losses. It can be seen that there is a very good agreement between
the TMM, TMM Bonfiglio and FEM predictions on the effect of changing the Young’s
moduli for model v6 and a good agreement for model v7. The agreement for model
v1 is worse. Since it has already been shown earlier that poroelastic modelling of the
resistive screen (as in model v1) leads to differences between the different modelling
approaches, this result is not unexpected.
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Figure 4.16: Comparison of calculated transmission losses with original (low E) and
increased (high E) Young’s moduli.
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Figure 4.17: Difference between the calculated transmission losses with original and
increased Young’s moduli.

4.2.7 Mesh size sensitivity study for diffuse sound incidence (3D mod-

els with increased Young’s modulus)

The transmission loss for diffuse incidence (0° - 80°) has been calculated for model
v7 (Table 3.8) with different mesh sizes. For the sensitivity study, the version with in-
creased Young’s moduli is used. The distances between the nodes within the sample
are generally defined to be the same in all three dimensions and for all layers. How-
ever, since the distance between the nodes along the thickness of the individual layers
cannot be bigger than the thickness of the individual layers, the maximum node dis-
tance in this direction has an upper limit. For defined node distances bigger than the
thickness of individual layers this results in a cuboid rather than a cubic arrangement
of the nodes in the mesh. The diagonal mesh size is dependent on the layer and calcu-
lated as the diagonal of these cuboids (and, therefore, up to a factor of

p
3 larger than

the defined node distance).4 The results obtained for the transmission loss for differ-
ent defined node distances (between 1 mm and 20 mm) are shown in Figure 4.18. The
mean and maximum deviations to the result obtained with the smallest chosen node
distance are listed in Table 4.9.

4These considerations are in contrast to the investigation carried out for normally incidence plane
waves in 2D, where only the mesh size along the thickness is considered.
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Figure 4.18: Transmission loss for diffuse incidence (0° - 80°) with model v7 (increased

Young’s moduli), using different mesh sizes.

Table 4.9: Deviation of the transmission loss for different defined mesh sizes from the
finest mesh size (1 mm) in the range from 20 Hz to 2 kHz. Compare Figure 4.18.

mesh size mean deviation (in dB) maximum deviation (in dB)
20 mm 0.51 3.71
15 mm 0.42 4.21
10 mm 0.32 4.33
8 mm 0.25 3.45
6 mm 0.19 2.15
4 mm 0.07 0.57
2 mm 0.02 0.12

From Figure 4.18 it can be seen that the calculated transmission loss follows the same
shape for all investigated mesh sizes but the deviations between the results obtained
with different mesh sizes are higher at higher frequencies. Table 4.9 shows that the de-
viations between the mesh sizes 1 mm and 2 mm are ≤ 0.12 dB (0.02 dB in average)
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in the frequency range from 20 Hz to 2 kHz which indicates that at this mesh size the
results have sufficiently converged. This legitimates the use of the results with 1 mm
mesh size as reference. As expected, the deviations from this reference result are gen-
erally increasing with increasing mesh size and increasing frequency. Figure 4.19 and
4.20 provide more detailed information about the number of elements per wavelength
in the two felts at each frequency and for each mesh size. The legend entries in Figure
4.19 and 4.20 refer to the defined distance between the nodes5 while the associated
lines in the plot show the diagonal mesh size (diagonal of the cuboid grid).

Similarly as for the convergence study with the normally incident plane wave in 2D, it is
also in this case investigated more in detail, what number of elements per wavelength
for the different wave types are required to achieve which error. As a reminder, in the
2D study shear waves are considered as negligible and only the mesh size in the propa-
gation direction of the normally incident plane wave is considered. In contrast to that,
in the 3D study with a diffuse incident sound field, all three wave types and the mesh
size in all three dimensions is considered. Based on the results shown in Figure 4.18
a frequency of 1.25 kHz is chosen for this example analysis. The numbers of elements
per wavelength for the different mesh sizes are listed in Table 4.10.

Table 4.10: Number of elements per wavelength and resulting error (deviation from
the calculated transmission loss with a mesh size of 1 mm) at 1.25 kHz for the three
different wave types in the two felts with increased Young’s moduli. Compare Figure
4.18, 4.19 and 4.20. The given mesh sizes are the diagonal mesh size for felt A and felt
B and the defined distance between the nodes in the cuboid grid (in brackets). The
normal of the sample surface is parallel to the z-axis. The ø columns represent the
number of elements per wavelength along the diagonals of the cuboid grid.

wave type mesh size
elements / wavelength

errorfelt A felt B
x/y z ø x/y/z ø

compressional 1
28.6 mm / 34.6 mm / (20 mm)

1.66 8.1 1.16 2.28 1.32
2.25 dBcompressional 2 3.19 15.58 2.24 8.32 4.80

shear 1.15 5.61 0.81 1.61 0.93
compressional 1

21.6 mm / 26 mm / (15 mm)
2.22 8.1 1.54 3.05 1.76

1.20 dBcompressional 2 4.26 15.58 2.96 11.1 6.41
shear 1.53 5.61 1.07 2.15 1.24

compressional 1
14.7 mm / 17.3 mm / (10 mm)

3.32 8.1 2.26 4.57 2.64
1.10 dBcompressional 2 6.39 15.58 4.34 16.64 9.61

shear 2.30 5.61 1.56 3.22 1.86
compressional 1

12 mm / 13.9 mm / (8 mm)
4.15 8.1 2.76 5.71 3.30

0.95 dBcompressional 2 7.99 15.58 5.31 20.81 12.01
shear 2.88 5.61 1.91 4.03 2.33

compressional 1
9.4 mm / 10.4 mm / (6 mm)

5.54 8.1 3.53 7.62 4.40
0.80 dBcompressional 2 10.65 15.58 6.77 27.74 16.02

shear 3.84 5.61 2.44 5.37 3.10
compressional 1

6.9 mm / 6.9 mm / (4 mm)
8.31 8.31 4.80 11.42 6.59

0.31 dBcompressional 2 15.97 15.97 9.22 41.61 24.02
shear 5.75 5.75 3.32 8.06 4.65

compressional 1
3.5 mm / 3.5 mm / (2 mm)

16.61 16.61 9.59 22.85 13.19
0.08 dBcompressional 2 31.94 31.94 18.44 83.22 48.05

shear 11.51 11.51 6.64 16.12 9.31
compressional 1

1.7 mm / 1.7 mm / (1 mm)
33.23 33.23 19.18 45.69 26.38

/compressional 2 63.88 63.88 36.88 166.44 96.10
shear 23.01 23.01 13.29 32.24 18.61

5Where possible, the distance is the same in all three dimensions.
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Figure 4.19: Number of elements per wavelength for different mesh sizes for felt A

(increased Young’s modulus). The lines indicate the diagonal mesh sizes.
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Figure 4.20: Number of elements per wavelength for different mesh sizes for felt B

(increased Young’s modulus). The lines indicate the diagonal mesh sizes.
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Figure 4.21: Number of elements per wavelength for different mesh sizes for the resis-

tive screen (increased Young’s modulus). The lines indicate the diagonal mesh sizes.
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When considering an error ≤ 1 dB as sufficiently small, it can be observed from Table
4.10 that at 1.25 kHz this criterion is reached with a defined node distance of 8 mm. At
this mesh size, the 12 elements per wavelength criterion is only fulfilled for some wave
types in some dimensions. In fact, only the second compressional wave (solid wave)
is sampled with more than 6 elements per wavelength in x-, y- and z-direction in both
felts. The shear wave is sampled with less than 6 elements in all dimensions and the
first compressional wave (fluid wave) only reaches above 6 elements per wavelength
for felt A in z-direction. With a node distance of 4 mm, for which an error of 0.31 dB
is reached, the second compressional wave is sampled with more than 12 elements
per wavelength in both felts in all dimensions, the first compressional wave is sampled
with more than 8 elements per wavelength in both felts in all dimensions and the shear
wave is sampled with almost 6 elements per wavelength in felt A and more than 8 ele-
ments per wavelength in felt B. These results indicate that following the general rule of
thumb of having at least 6 elements per smallest wavelength also in this case leads to
errors significantly below 1 dB. It should be noted that only the two thickest layers of
the five-layer assembly are considered here. Figure 4.21 shows that the first compres-
sional and the shear wave in the resistive screen are not sampled with sufficiently high
precision according to this criterion with a mesh size of 4 mm at 1.25 kHz. However,
it can be assumed that due to the negligible stiffness of the resistive screen the effects
of shear waves within the screen are negligible. Since the resistive screen is close to
being impervious, also the influence of the first compressional wave (fluid wave) is
small. The applying engineer should, therefore, evaluate which layers of multi-layer
assemblies are of most importance for the overall behaviour (and should be meshed
accurately enough), and which layers do not require accurate meshing.

4.2.8 Mesh size sensitivity study for diffuse sound incidence (3D mod-

els with original Young’s modulus)

For the sake of completeness, the transmission loss has been calculated for the same
mesh sizes with the original material data. The results are shown in Figure 4.22. It can
be observed that the deviations are higher than in the version with increased Young’s
modulus, which is expected since the number of nodes per wavelength is smaller. The
mean and maximum deviations to the result obtained with the finest mesh size (1 mm),
given in Table 4.11, indicate that at the finest mesh size the results have not yet fully
converged (the number of elements per wavelength at 2 kHz is given in Table 4.4).
This supports the choice of the model with increased Young’s moduli for the sensitivity
study and shows that with the currently available computational power the modelling
of the system with original material data cannot be handled ideally. From Table 4.4
it can be observed that for increasing mesh sizes the mean and maximum deviations
initially increase up to a mesh size of 8 mm and then, when the mesh size is further
increased, decrease again. This is counter-intuitive and could be explained by a cer-
tain “randomness” of the results when the mesh size is much too coarse. From Figure
4.22 it can be observed that in the lower frequency range the errors obtained with the
different mesh sizes are in a clear order, which is not the case in the upper part of the
investigated frequency range, i.e. there the results are “random” and do not converge.

71



4. Transmission

10
2

10
3

0

5

10

15

20

25

30

35

1 mm

10
2

10
3

10
-4

10
-2

10
0

20 mm

15 mm

10 mm

8 mm

6 mm

4 mm

2 mm

Figure 4.22: Transmission loss for diffuse incidence (0° - 80°) with model v7 (original

material data), using different mesh sizes.

Table 4.11: Deviation of the transmission loss for different defined mesh sizes from the
finest mesh size (1 mm) in the range from 20 Hz to 2 kHz. Compare Figure 4.22.

mesh size mean deviation (in dB) maximum deviation (in dB)
20 mm 0.78 3.74
15 mm 0.85 5.64
10 mm 1.00 8.15
8 mm 1.05 10.52
6 mm 0.76 5.95
4 mm 0.43 3.49
2 mm 0.15 1.36
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4.2.9 Memory demands

As seen in the previously described sensitivity study, the FEM simulation of poroelastic
materials requires a fine mesh size. Though the simulated sample only has an area of
0.01 m2, the number of elements already ranges in the millions, with most having four
degrees-of-freedom. The required memory to run the simulations with the mesh size
shown in Table 4.3 is shown in Table 4.12.

Table 4.12: Peak process memory from different simulations variants.

v1 v6 v7
Peak process memory 40596 MB 40687 MB 38242 MB

Models v1 and v6 use poroelastic components to model the sample, which leads to
similar memory requirements. In model v7 the screens are modelled as limp with
only one degree-of-freedom, which decreases the memory requirements. Due to the
screens only being a small part of the model, this decrease is minor.
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Figure 4.23: Peak memory usage in FEM compared to an estimate of the number of
elements in the sensitivity study simulations from Section 4.2.5.

The largest factor in terms of memory usage is the size of the mesh, which can be seen
in Figure 4.23. The required memory increases with the number of elements, where the
number of elements in a single component can be calculated as n = ( ti

∆n
+1)( L

∆n
+1)2,

where L is the length of each side, ti the thickness of the component and ∆n the size of
each element. This results in an estimated required memory of M(∆n) ∝ 1

∆n3 . As seen
in Figure 4.23, a simulation using the original parameters and staying within the 1 dB
error criteria up to 2 kHz, according to the sensitivity study in Table 4.6, would require
a peak memory usage of 45 GB, which, while not impossible to run, is impractical. As
a reminder, the simulated sample only has an area of 0.01 m2.
It is worth noting that there is an exponential relation between wavelength and fre-
quency, which is hinted in Figure 3.5, resulting in an even higher memory cost for each
gain in the frequency range.
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5
Discussion

The simulations of the absorption coefficient have been useful to understand the in-
teraction between different layers in the investigated multi-layer assembly. By testing
seven different modelling approaches for the complete five-layer assembly, comparing
the FEM results to the results from TMM simulations and measurements, the models
with the best match to measured data and the best match between FEM and TMM cal-
culations could be identified. Particularly, it was found that the resistive screen needs
to be modelled as impervious (or with a very low porosity), that the elastic properties of
the felts need to be included in the model and that the elastic properties of the screens
need to be included as well – if the resonances at low frequencies in the absorption
coefficient (where the measured data is not accurate) are of interest. In future imple-
mentations, it might be of interest to model the screens as perforated plates, since this
allows the use of 2D shell elements instead of 3D volume elements. In the current
version of Actran (Actran 2020) this has, however, been found to yield erroneous re-
sults.1Apart from resonance peaks, which depend on the boundary conditions of the
sample and are, therefore, difficult to predict, there has been found a good match of
the FEM and TMM results to the measured data for models v1, v6 and v7. The Kundt’s
tube measurements carried out by the authors of this report (see Appendix D) show
some deviations from the data which was provided by Matelys – Research Lab, which
is also mostly due to the resonance peaks occurring at different frequencies. It shows,
however, that the exact mounting conditions of the sample are of the utmost impor-
tance when doing Kundt’s tube measurements of poroelastic materials with a signifi-
cant stiffness.

Comparing the results of the absorption simulations to the results of the transmission
simulations, it has been found that models which yield similar results for the sound ab-
sorption coefficient (v1, v6 and v7) also yield similar results for the transmission loss,
while model v2, which shows a different characteristic in the calculated absorption co-
efficient, also behaves differently from the other three models in the transmission loss
investigation. Due to these observations, it is expected that the calculated transmission
loss would also match well to measured data. This, however, needs to be confirmed
by measurements, the preparations for which are presented in Appendix E. The cal-
culated sound transmission losses show that the resonance peaks which occur in the
absorption coefficient at low frequencies are not relevant for the sound transmission
loss. Therefore, model v7 has been identified as the preferred model for characteris-
ing the transmission loss of the investigated five-layer noise shield assembly because

1In contact with the FFT support it has been confirmed that the perforated plate object is currently
not working correctly when coupled to poroelastic materials.
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modelling the screens as limp reduces the number of degrees-of-freedom in the FEM
model and also reduces the amount of required material data.

The mesh size sensitivity studies for normally incident plane waves in 2D (Section
4.2.2) and diffuse incident sound fields in 3D (Section 4.2.7) have shown that follow-
ing the classic rule of thumb of sampling with at least 6 or 7 elements per smallest
wavelength is sufficient to keep mesh-related errors below 1 dB. Exceptions from this
are wave types and material layers which do not have a significant influence on the
overall behaviour. In terms of wave types, these are e.g. shear waves in the 2D model
for normally incident plane waves. In terms of material layers, these are e.g. the thin
resistive screen. It has been shown that sufficiently accurate results are already reached
without fulfilling all the mesh size requirements for these layers and wave types. This
is because the screens are not expected to deform as such, rather they enable the felt to
deform by being impervious and add some mass effects. It is up to the implementing
engineer to develop a feeling for which wave types in which layers have a significant
influence on the overall behaviour – and should, therefore, be meshed sufficiently fine
– and which do not.

That said, it also has to be noted that the FEM simulation of soft poroelastic materials
is currently still very much limited by the available computational power and memory
resources. The finest investigated mesh size for which the sound transmission loss of
the investigated five-layer system (model v7) could still be calculated without exceed-
ing the memory limit of the dedicated simulation server was 0.5 mm, that is for a sam-
ple size of 0.01 m2.2 This mesh size resulted, however, in a calculation time of around
80 hours per frequency, which is not practical. The transmission loss was, therefore,
calculated with a finest mesh size of 1 mm. Table 4.4 shows that with this mesh size
the previously described meshing recommendations are not fulfilled at a frequency of
2 kHz when using the original Young’s moduli of the materials. When investigating the
sound transmission loss through noise shields which are implemented in trucks, the
areas of the noise shields which need to be modelled are much larger than 0.01 m2 and
the noise shields are only a part of the complete models. This means that the upper-
frequency limit of validity will be much lower than 2 kHz when the mesh size is chosen
coarse enough to not exceed the memory limits of the simulation server.
In all the FEM-models in this report, all elements have been described using linear
interpolation. Quadratic interpolation is known to lower the number of required el-
ements per wavelength at the cost of higher calculation times. A preliminary inves-
tigation was made to investigate the possibility of using quadratic instead of linear
elements. It was found that the memory demand which is reduced by using fewer
elements is balanced out by the larger calculation effort that is needed per element,
resulting in about the same calculation effort for achieving a certain accuracy. This
should be investigated more thoroughly.

As lined out, the FEM modelling of soft poroelastic materials with short wavelengths
is still very much limited by the computational resources available today. However, it
also has to be noted that the differences in the calculated sound transmission loss due
to different modelling approaches (only considering approaches which yield similar

2For a node distance of 0.4 mm the memory limit was exceeded.
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results, i.e. models v1, v6 and v7) at the upper limit of the investigated frequency range
exceed 10 dB (for the model with increased Young’s moduli, compare Figure 4.15). With
the same model, the maximum error due to different mesh sizes (up to 20 mm) only
reached 4.3 dB (compare Table 4.9). This does not mean that fulfilling mesh require-
ments is not important, but it shows that the choice of modelling approach (between
several models which essentially yield the same shape for the sound transmission loss)
is at least as important as the precision of the mesh.

The generally good agreement between the FEM and TMM results for the sound ab-
sorption coefficient and sound transmission loss of the investigated system suggests
that when only those measures are of interest, TMM should be used as a faster and
computationally more efficient alternative to FEM modelling. However, as soon as sys-
tems with more complex structures and finite dimensions or the interaction with the
surroundings are of interest, the possibilities of TMM are very limited so that FEM has
to be used.

Future work includes the validation of the calculated transmission loss by measure-
ments and the assessment of the transmission properties of systems where the com-
pression grade changes over the area of the sample. Finding means of modelling larger
areas of poroelastic materials accurately enough without exceeding the currently avail-
able computational resources will increase the usability of the method.
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6
Conclusion

The sound absorption coefficient and sound transmission loss of a multi-layer truck
noise shield, including felts of different compression grades and a resistive screen,
have been calculated in FEM and TMM. Seven approaches for modelling this system
have been investigated, three of which have been found to provide a good match be-
tween the FEM and TMM results as well as a good match to the measured data for the
sound absorption coefficient. For simulating the sound transmission loss, the model
with the lowest number of degrees-of-freedom and required material data is recom-
mended. Measurements of the sound transmission loss have been planned but could
not be carried out due to force majeure. Therefore, a comparison of the calculated
sound transmission loss with measured data has not been possible. Mesh size sensi-
tivity studies for normally incident plane waves and diffuse incident sound fields have
shown that an accurate FEM modelling of soft poroelastic materials by the use of Biot’s

theory is currently still limited by the available computational resources. A number of
6 to 7 linear elements per wavelength has been found to be sufficient to reduce the
error in the sound transmission loss due to the choice of mesh to below 1 dB, though
this requirement does not have to be fulfilled for all three wave types in all layers of
multi-layer assemblies.
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A
Additional theory

A.1 Helmholtz resonator

The resonance frequency of a Helmholtz resonator with circular holes can be calcu-
lated with

f0 =
c

2π

√

S

V
(

lh + π
2 r

) , (A.1)

where r is the radius, lh is the length, S is the area of the hole. V is the volume con-
nected to each hole and c is the speed of sound in air.
For perforated plates at a distance t from a rigid wall the effective volume for each hole
is not the total volume of air in between the plate and the wall but rather just a portion
of the volume belonging to each hole. It can be easily derived that the area A corre-
sponding to the effective volume of each hole and the hole area S are related by the
porosity φ as

φ=
S

A
. (A.2)

Using this expression, the effective volume belonging to each hole can be expressed as
a function of the porosity:

V =
S · t

φ
. (A.3)

When porous materials are modelled as perforated plates (assuming straight pores
without cross-sectional variations) the perforation radius r is equal to the viscous and
thermal characteristic lengths [2]:

r =Λ=Λ
′. (A.4)

Using these expressions, Equation A.1 can be re-written to calculate the Helmholtz
resonance frequency for a layer of porous material at a distance t from a rigid wall as

f0 =
c

2π

√

φ

t
(

lh + π
2Λ

) . (A.5)
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B
Fluid phase models: Parameters

Table B.1: Parameters used in the different fluid phase models: Overview.

Model Required parameters

DB (Delany-Bazley)
• Static air flow resistivity σ

DBM (Delany-Bazley-Miki)
• Static air flow resistivity σ

Miki
• Static air flow resistivity σ

• Open porosity φ

• High frequency limit of the dynamic tortuosity α∞

JCA
• Static air flow resistivity σ

• Open porosity φ

• High frequency limit of the dynamic tortuosity α∞
• Viscous characteristic length Λ

• Thermal characteristic length Λ
′

JCAL
• Static air flow resistivity σ

• Open porosity φ

• High frequency limit of the dynamic tortuosity α∞
• Viscous characteristic length Λ

• Thermal characteristic length Λ
′

• Thermal static permeability κ′0

JCAPL
• Static air flow resistivity σ

• Open porosity φ

• High frequency limit of the dynamic tortuosity α∞
• Viscous characteristic length Λ

• Thermal characteristic length Λ
′

• Thermal static permeability κ′0
• Static viscous tortuosity αvisc.
• Static thermal tortuosity αth.
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C
Additional investigations

C.1 Speed of sound in the felts
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Figure C.1: Speed of sound in the two felts (with original Young’s moduli).
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Figure C.2: Speed of sound in the two felts (with increased Young’s moduli).
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C. Additional investigations

C.2 Elastic modelling of single layer of porous material

In contrast to the results shown in Figure 3.6 for the absorption coefficient of a single
layer of felt for normally incident plane waves, there can be observed differences be-
tween the different approaches of modelling the elastic behaviour for materials which
exhibit more elastic properties, as it is shown in Figure C.3.
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Figure C.3: Single layer of felt with different modelling approaches for the elastic be-
haviour. The felt modelled here has the same thickness as felt B.

The elastic properties of this material are given in Table C.1.

Table C.1: Properties of the felt investigated in Figure C.3 (different from the felts which
are generally investigated in this study).

ρ 26 kg/m3

E 1.16·105 Pa
η 0.11
ν 0.43
σ 2.17·105 Ns/m4

φ 0.98
α∞ 1.28
Λ 6·10−6 m
Λ

′ 2.77·10−4 m
κ′

0 7.4·10−9 m2
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C. Additional investigations

C.3 Resonances in felt-screen-felt multi-layer system

The behaviour of the felt-screen-felt multi-layer system investigated in Section 3.3.1.3
can be explained illustratively by modelling one of the felts as rigid at a time, as shown
in Figure C.4.
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Figure C.4: Felt-screen-felt multi-layer system with different modelling approaches for
the two felts.

When the backing felt is considered as rigid, the resistive screen represents a rigid back-
ing for the facing felt. This imposes a pressure maximum at the surface of the facing
felt which is touching the resisitive screen and a pressure minimum at the free surface
of the facing felt. This leads to resonances for frequencies where the thickness of the
felt corresponds to 1/4, 3/4 etc. of the wavelength of the compressional wave in the
fluid, which corresponds to the dips in the absorption coefficient at 150 Hz, 450 Hz
etc.. When the facing felt is considered as rigid, this imposes a pressure maximum
on both ends of the backing felt. This leads to resonances at frequencies, where the
thickness of the felt corresponds to 2/4, 4/4, etc. of the wavelength of the compres-
sional wave in the fluid, which corresponds to the dips in the absorption coefficient at
300 Hz, 600 Hz etc.. From Figure C.4 it can be observed that for the case when both
felts are modelled as elastic, all of these resonances appear, since there are dips in the
absorption coefficient at 150 Hz, 300 Hz, 450 Hz etc..
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D
Absorption measurement with Kundt’s

tube

To validate the TMM and FEM models for plane wave incidence, the absorption co-
efficient of each sample was measured in the impedance tube at Chalmers (Division
of Applied Acoustics). However, due to the lack of proper cutting tools, it was difficult
to cut samples to exact dimensions and leave enough tolerance to not compress the
sample in the tube without leaving any leakage. The measurements were deemed too
poor to be used for an experimental validation of the simulations, but the procedure
and results are found below.

D.1 General description of the measurements

The absorption coefficient of different multi-layer samples was measured using an
impedance tube according to ISO-10534. The tube, which is seen in Figure D.1a, utilises
one microphone which is free to rotate between two positions. The top of the tube,
where the sample is mounted, is removable and adjustable, so that the distance be-
tween the sample and microphone positions is always the same. When mounted in
the correct position, the circumference of the sample was covered with modelling clay,
as seen in Figure D.1b, to block leakage on the sides and to keep the sample in place.
The tube has a diameter of 99 mm. The length between speaker and sample is about
50 cm and the distance between the closest microphone and sample is about 25 cm.
The distance between the microphone positions is 5 cm.

D.2 Theory

D.2.1 Determining the transfer function

The transfer function to be used in this measurement is commonly referred to as the
H1-estimate, which is determined by measuring the sound pressure in two positions.
The H1-estimate is calculated with:

H1 =
S12

S11
, (D.1)

where S12 = p1(ω)(p2(ω))∗ is the cross-spectrum of the two measurements and S11 =
p1(ω)(p1(ω))∗ the auto-spectrum of one of the measurements. p(ω) is the measured
pressure amplitude in the frequency domain.
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D. Absorption measurement with Kundt’s tube

(a) (b)

Figure D.1: Measurement setup: (a) Impedance tube (b) Mounting of the sample.

D.2.2 Determining the reflection factor

The reflection factor is determined by:

r =
H1 −HI

HR −H1
, (D.2)

where HI = e− j k0s and HR = e j k0s . k0 is the wave number in air and s the distance
between the microphones (see Annex D in [32]).

D.3 Criteria, demands and validity

The primary limitation for the valid frequencies are the dimensions of the tube. In the
lower range, the valid frequency range is partly limited by the length of the tube, which
should be long enough to allow planes waves to develop properly. Non-plane modes,
that can develop, will die out at a distance of about 3 diameters, which is the minimum
distance between the speaker and microphone.
The lower frequency limit is also dependant on the spacing between the microphone
positions, which should not be lower than 5% of the wavelength of the lowest fre-
quency:

fls > 0.05c0. (D.3)

This limit is influenced by the accuracy of the analysis system. Therefore, the limit in
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D. Absorption measurement with Kundt’s tube

Equation D.3 should be seen as a general guideline. If the accuracy is poor, the range
between the microphones can be increased at the cost of a decreased upper limit.
For the Chalmers impedance tube, this limit would be 343 Hz, for c0 = 343 m/s.
The upper frequency fu is limited by the appearance of non-plane modes, which de-
pends on the diameter of the tube:

fud ≤ 0.58c0. (D.4)

It also depends on the spacing of measurement positions, where:

fus < 0.45c0 (D.5)

Using the parameters of the Chalmers impedance tube, the upper frequency limit is
1989 Hz for the first criterion and 3087 Hz for the second.

D.4 Results

As seen in Figure D.2, the measured results differ from the results measured by Matelys
– Research Lab. This indicates different boundary conditions, such as the sample be-
ing pressed against the periphery of the tube. Since the apparent boundary condition
changes between the different samples, any attempt to compensate for it in the model
would be futile. The orange line in Figure D.2 is a sample cut to 99 mm diameter with a
laser-cutter. Despite the high precision of the cut, the result is very similar, which likely
means that the tolerance is too small and that the diameter needed to be decreased by
an additional 0.5 mm - 1 mm. The lowest plot in Figure D.2 shows the measured ab-
sorption coefficient of the empty tube. Since the system registers absorption below
200 Hz, results below this frequency should be disregarded. This lower frequency limit
is in line with what is expected from Equation D.3.
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D. Absorption measurement with Kundt’s tube

Figure D.2: Comparison between measurements done at Chalmers and the measure-
ments made by Matelys – Research Lab. The lowest curve shows the absorption mea-
sured in an empty tube.
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E
Transmission measurement

To verify the transmission loss calculated by the TMM and FEM models, a room trans-
mission measurement was planned. Due to the Covid-19 pandemic it could not be
carried out. The plan for the measurement can be found below, including calculations
to ensure that the sample can be mounted without excessive sound leakage. Note that
this pre-study was written early in the project and that the layer interactions of the
multi-layer absorber had not yet been fully understood. If the measurement is carried
out according to this appendix, additional simulations should be made according to
the findings of this report to ensure that the measurement setup fulfils the demands
set by the standard.

E.1 Purpose

The purpose of the measurement is to determine if/how the transmission of sound
through a truck noise shield composed of several layers of compressed fibrous materi-
als can be accurately modelled using FEM. The results of the measurements are meant
to validate the different FEM modelling approaches in Actran, together with the TMM
simulations from AlphaCell. The methodology below is adapted to be performed ac-
cording to ISO 10140-2 at the Chalmers reverberation chamber/transmission lab.

E.2 General description of the measurements

The opening in the partition between the source and the receiving room (inner dimen-
sions of the red frame seen in Figure E.1a: 1.15 m× 1.85 m) is closed with a double
leaf gypsum wall (fitting the outer dimensions of the red frame seen in Figure E.1a,
1.32 m× 2.03 m). This wall contains a rectangular opening (0.58 m× 0.38 m), where
the test element (truck noise shield) can be mounted. Note that the test element is not
plane. The test element should not be tampered with during the mounting unless ab-
solutely necessary. If it is unable to support itself, a layer of silicone can be added along
its periphery to keep it in place. As an additional effect, this would also reduce leakage
from any potential air gap along the sides of the element.
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(a) (b)

Figure E.1: Opening between the two rooms. As seen, the partition is being pressed
against a steel frame (red) from the sending side.

To measure the sound transmission through the double leaf gypsum wall alone, it is
necessary to close the opening which is left for mounting the test element. This could
be done with a 0.58 m×0.38 m gypsum board covered with an additional heavy layer
(surface density ≈ 25 kg/m2), as recommended in ISO-standard 10140-2 . When clos-
ing the wall, the test element is kept in the opening. The space between the test ele-
ment and the additionally mounted element is filled with porous absorbing material
[1].
In the source room a diffuse sound field is generated and the average sound pressure
levels in the diffuse field of the source room and the receiving room are measured.
This requires several measurements with changing loudspeaker positions, according
to ISO:10140-5. The reverberation time in the receiving room should be measured to
determine the absorption area of the room (as specified in ISO:10140-4). Although
not required by the standard, the reverberation time of the sending room should also
be measured to ensure that it fulfils the characteristics of a diffuse sound field. The
temperature, relative humidity and static pressure shall be measured [33][34].

E.2.1 Sequence of measurements

To be able to verify the validity of the setup, several measurements should be done dur-
ing the construction, looking for cracks or other deviations from the expected results.

• Setup 1: The first measurements are made with the double leaf wall assembled
without the opening meant for mounting the test element. The reverberation
time of the receiving room is measured and the equivalent absorption area cal-
culated. Given the small size of the cut out window, this reverberation time could
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also be valid for the rest of the measurements, but this should be determined af-
ter the measurement. The transmission loss is then measured according to the
standard. The result should then be compared to expected results from simula-
tions. If any deviations appear, the setup should be searched for cracks or other
defects. Measurements should be done until the setup performs as expected.

• Setup 2: After the first setup performs in a satisfying way, the frame where the test
element is placed is cut out according to the schematics. When the partition has
been cut and reassembled, the frame is closed with the gypsum board covered
with a heavy layer. The transmission measurement is then remade and analysed.
This should give very similar results to the previous measurement and reasons
for any deviations should be determined before proceeding. This is to ensure
that the opening has not introduced any leaks.

• Setup 3: The gypsum board and the heavy layer are then removed, after which
the transmission loss is measured with an empty frame. This is to determine, at
which frequency the small sized window starts to block long wavelengths.

• Setup 4: If the previous three setups have generated satisfying results, the parti-
tion should be good enough to measure accurately. For the fourth and final set
of measurements, the test element is fitted in the frame after which the reverber-
ation time is measured once more. The transmission loss can then be measured.

E.3 Theory

In ISO:10140-2 the apparent sound reduction index/transmission loss is defined as:

R ′ =−10logτ′ dB, (E.1)

where the apparent transmission ratio τ′ is defined as:

τ′ =W2/W1. (E.2)

In this equation, W1 is the sound power which is incident on a test element and W2 is
the total power radiated into the receiving room (sum of the sound powers radiated by
the test element and flanking elements). For laboratory measurements, the apparent
sound reduction index is calculated as

R ′ = L1 −L2 +10log
Ss

A
dB (E.3)

where Ss is the surface area of the opening in which the test element is installed and
A the equivalent sound absorption area of the receiving room. L1 and L2 are the en-
ergy average sound pressure levels measured in the respective rooms. This formula
is only valid if the sound fields in both rooms are diffuse. From Sabine’s formula, the
equivalent sound absorption area is calculated as:

A =
55 V

c T60
, (E.4)

where V is the volume in the room, c the speed of sound in air and T60 the reverbera-
tion time [1].
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E.4 Criteria, demands and validity

E.4.1 Room demands

According to ISO:10140-5 the volumes of the rooms should be at least 50 m3 and differ
about 10%. The reverberation time should be

1 ≤ T60 ≤ 2(V /50)2/3.

As described earlier, the used equation for calculating the sound reduction index is
only valid if the sound fields in both rooms are diffuse. A criterion for the diffuseness
of a sound field is the Schroeder frequency

fSchroeder = 2000 Hz

√

[

T60

V

]

, (E.5)

above which the sound field in a room can be considered as diffuse [33].

E.4.2 Mounting demands (according to ISO10140-2)

The aperture depths on each side of the test element shall be different and close to
the ratio 2:1. The absorption coefficient of the materials lining the aperture shall be
smaller than 0.1 for all frequencies of interest.

E.4.3 Partition demands (according to ISO10140-2)

As the test element is smaller than the test opening, a special partition (in our case the
double wall construction outlined below) has to be built into the test opening. The
energy transmitted through this partition has to be negligible compared to the energy
transmitted through the test element, or the measured values have to be corrected.
In order to evaluate this, the sound reduction index of the partition wall R ′

F has to be
measured separately. The energy transmitted through the partition can be neglected if

R ′
F ≥ R ′

M +15 dB. (E.6)

For small technical elements this is reduced to 10 dB, “since it is practically more dif-
ficult to achieve high limits” [1]. If this is not fulfilled, the levels have to be corrected
with

R =−10log
(

10−R ′
M/10 −10−R ′

F/10
)

, (E.7)

where R ′
M is the sound reduction index measured with the test element in the opening

and R ′
F the measured sound reduction index with the closed test opening. In any case

the limit

R ′
F ≥ R ′

M +6 dB (E.8)

has to be fulfilled (else the correction is 1.3 dB and the corresponding frequencies are
to be indicated).
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E.4.4 Measurements

In [34] the criteria for microphone positions, averaging times, correction for back-
ground noise, measurement of reverberation time and special procedures for mea-
suring at low frequencies are described. Background noise should be at least 10 dB
lower than the sound level with the signal. In ISO:10140-5, Annex D-1 the qualification
procedure for loudspeaker positions is described [33].

E.5 Setup

Figure E.2: Setup of transmission measurement.

The measurement should be done according to the demands listed in Section E.4.4.
The loudspeaker is set up in the source room and the microphone in the receiving
room. The number of necessary loudspeaker positions is then determined according
to ISO:10140-5, Annex D.1.3. The loudspeaker is then moved to the first of at least two
positions, and microphones mounted to as many positions as possible in the receiving
room. One microphone is also mounted in the source room. The measurement is con-
ducted according to the standard, Section 5.2.3, which states that white noise is played
through the speaker and measured by the microphones in both rooms. The measure-
ment is then repeated until the sound has been recorded at at least three positions in
the receiving and the source room. The loudspeaker is then moved to the next posi-
tion, where the measurement is repeated for the same microphone positions. Repeat
until the demands of Annex D.1.3 in the standard are satisfied [33].
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E.6 Planning of double wall construction

In order to measure the sound transmission loss of the noise shield according to [1], it
is necessary to also measure the flanking transmission through the wall partition. For
this purpose, the opening in the wall partition where the noise shield is mounted is
acoustically closed. With the closed opening the sound transmission loss should be
at least 15 dB (10 dB for small technical elements) higher than the sound transmis-
sion loss with the noise shield mounted. Else, the measurement becomes inaccurate
and a correction for flanking transmission has to be applied [1]. The required increase
in the sound transmission loss when closing the opening is only achieved when the
sound transmission loss of the wall partition and through the closed opening are high
enough. A feasibility study of the planned partition wall design was undertaken in Al-

phaCell. The sound transmission losses of the noise shield, the planned occlusion for
closing the opening and the double leaf partition wall design were estimated and the
difference in sound transmission loss with open and closed opening calculated.

E.6.1 Estimation of the noise shield transmission loss

In AlphaCell the expected transmission loss of the noise shield was estimated. For this
purpose, a noise shield sample was used, shown in Figure 3.1 and F.1. In AlphaCell

this was reproduced with the configuration shown in Figure F.2, using the material
data shown in Figure F.3. The calculated sound transmission loss for a diffuse incident
sound field is shown in Figure E.3. The configuration and material data were estimated
and not based on measurements, except from the fluid phase parameters of the fibrous
materials No. 14, No. 15 and No. 16, which are (old and possibly inaccurate) measured
data.1 To include elastic behaviour, the Young’s modulus of the fibrous materials was
estimated.

Figure E.3: Predicted transmission loss in dB of the noise shield.

1This data stems from the characterisation of the material which has been done earlier than the char-
acterisation by Matelys – Research Lab. The values are given in Appendix F.
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E.6.2 Estimation of the double leaf wall transmission loss

The gypsum double leaf wall is planned as follows:
• 2 × 12.5 mm gypsum board
• ∼ 80 mm fibrous material
• 3 × 12.5 mm gypsum board

This results in a total thickness of ∼ 143 mm (the available space is ∼ 170 mm). In the
centre of the double leaf wall there is an opening for the mounting of the noise shield.
In the available test facility there is an opening in the (brick)wall with the total size
1.32 m × 2,03 m. This opening is framed with a metal plate for the mounting of the wall
partition. The opening inside of this metal frame has the size 1.15 m × 1.85 m. This is
the area that the above described gypsum double leaf wall will cover. For mounting the
double leaf wall to the metal frame, the double leaf wall is framed with wooden beams.
In total, the wall geometry can be split up into four areas with different cross-sections
(from inside outwards, compare Figure E.4):

Figure E.4: Cross-section of the double leaf gypsum wall construction with indicated
areas of different cross-section. The black areas on the sides indicate the brick wall.

1. Opening, in which the noise shield is mounted (0.22 m2).2

2. Double leaf wall construction as outlined above (1.78 m2).
3. Outer area of the double leaf wall construction where there are wooden beams

between the gypsum plates (0.13 m2).
4. Area outside of the gypsum double leaf wall construction where there are wooden

beams backed by the metal plate that is used for mounting (0.55 m2). The wooden
beams are separated by space holders at the positions where force is applied for
the mounting (indicated by green arrows in Figure E.4).

For each of these areas the sound transmission loss has been calculated in AlphaCell.

2Assuming that the noise shield is cut to an area of 580 mm × 380 mm = 0.2204 m2. This is the
maximum rectangular area without holes that the noise shield can be cut to. When closing the holes the
area could be enlarged.

XIX



E. Transmission measurement

E.6.2.1 Area 1 – Opening

In this area, either the noise shield is mounted, the simulation of which has been pre-
sented above, or the opening is closed for the measurement of flanking transmission.
For closing the opening, ISO10140-2 recommends mounting an iron plate attached
to a gypsum board additionally to the measured test element and filling the space in
between with a porous absorber. Since no iron or steel plates were available, it was
planned to use bitumen with attached textile-fibre mats instead. These are attached to
both sides of a gypsum plate. A schematic of the construction is shown in Figure E.5,
with the materials indicated in Figure F.6 and the calculated transmission loss in Figure
E.6.

Figure E.5: AlphaCell model of the bitumen-gypsum occlusion.

Figure E.6: Predicted transmission loss in dB of the bitumen-gypsum occlusion.

When closing the opening as recommended in [1], i.e. with the noise shield and the
additional occlusion mounted together, the construction looks as shown in Figure F.10.
The calculated resulting transmission loss is shown in Figure E.7.
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Figure E.7: Predicted transmission loss in dB of the noise shield with the additional
bitumen-gypsum occlusion.

E.6.2.2 Area 2 – Gypsum double leaf wall

The construction and materials of the gypsum double leaf wall (cross-section area 2)
are shown in Figure E.8 and F.7. The predicted transmission loss is shown in Figure
E.11.

Figure E.8: AlphaCell model of the gypsum double leaf wall (cross-section area 2).

E.6.2.3 Area 3 – Gypsum double leaf wall with wooden beams

The construction and materials of the gypsum double leaf wall with wooden beams
(cross-section area 3) are shown in Figure E.9 and F.8. The predicted transmission loss
is shown in Figure E.11.

Figure E.9: AlphaCell model of the gypsum double leaf wall with wooden beams (cross-
section area 3).
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E.6.2.4 Area 4 – Wooden beams backed by steel plate

The construction and materials of the wooden beams backed by the steel frame (cross-
section area 4) are shown in Figure E.10 and F.9. The predicted transmission loss is
shown in Figure E.11 together with the transmission losses of cross-section areas 2 and
3.

Figure E.10: AlphaCell model of the wooden beams backed by a steel plate (cross-
section area 4).

Figure E.11: Predicted transmission loss in dB of the different cross-section areas (2-4)

E.6.3 Combined transmission loss

The total transmission loss, when the wall cross-sections 1–4 are combined consid-
ering their respective areas, is shown in Figure E.12 for three different configurations
mounted in the opening. In order to correctly measure the flanking transmission, the
sound transmission loss with the closed opening should be at least 10 dB above the
sound transmission loss with the mounted noise shield [1]. It can be seen that this is
the case only in the frequency range ∼150 Hz to 1.5 kHz when the bitumen-gypsum
occlusion is mounted instead of the noise shield. When both are mounted together, as
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recommended in [1], this requirement is fulfilled above ∼150 Hz. This would, there-
fore, be the preferable configuration. The measurement at low frequencies (< 300 Hz)
would most likely additionally be influenced by other factors like an insufficient dif-
fuseness of the sound field and the small size of the opening.

Figure E.12: Combined transmission loss of wall cross-section areas 1–4. The three
versions are with just the noise shield in the opening, with just the bitumen-gypsum
occlusion in the opening and with both mounted together as suggested in [1].

The procedure applied here (splitting up the wall into different areas, calculating the
transmission loss for each area individually and then combining the results), does not
account for interactions between the areas. For example, the vibrations of a gypsum
plate in the middle of the wall will in reality be influenced by the wooden beams at-
tached to its frame. Investigating this would require a detailed FEM or SEA model with
accurate coupling conditions.

When building the double wall construction outlined here, there would most likely oc-
cur air gaps between the different layers. These should be included in the TMM model
for a more accurate prediction.
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