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Abstract

The Biot theory is commonly used for the simulation of the vibro-acoustic behaviour of poroelastic materials. How-
ever, it relies on a number of material parameters which can be hard to characterise. These parameters are nowadays
often determined using dedicated measurement setups for each parameter, yielding a time-consuming and costly char-
acterisation. This paper presents a characterisation method which is able to identify all material parameters using only
an impedance tube. The method relies on the assumption that the sample is clamped within the tube, that the shear
wave is excited and that the acoustic field within the tube is no longer one-dimensional. The effect of the material
on the sound field is quantified using reflection coefficients or relative pressures. This paper numerically shows the
potential of the developed method. It therefore performs a sensitivity analysis of the quantification parameters and a
parameter estimation using global optimisation methods. A new 3-step procedure is developed and validated to yield
robust parameter estimations. The effect of numerically simulated noise on the robustness on the parameter estima-
tion is also discussed. It is shown that even in the presence of this noise the developed procedure leads to a robust
parameter estimation.
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1. Introduction

Due to increasingly restrictive legal regulations and increasing customer demands, the vibro-acoustic behaviour of
products becomes a topic of high importance in for example the automotive sector and industrial machinery environ-
ments. The quest for lighter and hybrid cars to reduce the fuel consumption and the ecological footprint of the vehicles
in general, inherently comes with deteriorated noise and vibration properties [1]. Therefore, these industries typically
use poroelastic materials to keep noise limited to acceptable levels. Besides, the same quality has to be delivered in
ever shorter time-to-market cycles. Therefore, the use of virtual prototyping tools has become an essential part of the
design process.

Both aspects enlarge the need for a reliable simulation of the effect of poroelastic materials on the sound field. For
vibro-acoustic simulations, the Biot theory [2], as adapted by Johnson et al. [3], Champoux and Allard [4] (JCA), is
commonly used [5] and describes the dynamic behaviour of the poroelastic material by two coupled partial differential
equations. The model applies a homogenised solid and a compressible fluid continuum description on a macroscopic
level. It has been shown that this homogenisation is justified if the pore dimensions are much smaller than the
wavelengths of the different waves propagating through the material. The Biot theory predicts the existence of three
waves which propagate in both phases simultaneously: two longitudinal waves and one shear wave.

Different numerical procedures such as Finite Element formulations e.g. [6, 7, 8], the Transfer Matrix Method
[9], Trefftz approaches [10, 11, 12] and hybrid approaches [13] have been developed to predict the outcome of
vibro-acoustic problem settings including poroelastic materials. Each method and formulation has its advantages
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and drawbacks, but the accuracy of the simulations using each of them logically relies on the accuracy of the material
properties.

To describe the behaviour of the poroelastic material, the JCA model of Biot’s theory uses a number of material
dependent parameters, which can be related to properties of the frame material, properties of the fluid filling the
voids, and the geometry of the pores, respectively. The standard properties of air are assumed to be known in this
paper. The geometry of the pores determines the porosity φ, the tortuosity α∞, the flow resistance σ, the viscous
characteristic length Λ and the thermal characteristic length Λ′. Furthermore, the bulk density of the skeleton ρ1, the
complex Young’s modulus of the frame in vacuum E and the complex shear modulus of the frame N depend on the
solid constituent.

Currently, there are different approaches to obtain the above mentioned parameters. For all parameters, dedicated
tests and associated measurement setups, advantages and disadvantages, have been discussed in literature, see e.g.
[5, 14, 15, 16, 17] and references therein. Parameters such as the porosity and airflow resistivity can be easily measured
using standard techniques, while the others show to be more difficult to determine with sufficient accuracy. Besides,
due to the use of different test setups, the characterisation of poroelastic materials is costly and time consuming.
Other authors propose to determine multiple parameters at once, using optimisation strategies. The main example
is the procedure described in [18], which applies an equivalent fluid model and uses Kundt tube measurements to
determine the characteristic lengths and the tortuosity. This method has also been commercially implemented in
FOAM-X, which in addition allows to extract φ and σ [19]. The use of transmission tube measurements to retrieve
all parameters at once has been proposed in [20], however, large differences with respect to reference values are
sometimes observed and it is indicated that the constrained edge of the sample may have an influence.

As has been shown in [21], round-robin tests to validate the reproducibility on measurements of the acoustic
impedance and absorption of porous foams using a Kundt tube show a large spread on the results. It is indicated
that specification of sample preparation and sample support should be included in the measurement procedure. This
illustrates the sensitivity of measurement results to the test setup.

When considering impedance tube measurements, as has been shown in various studies, e.g. see [22, 23, 24], the
mounting conditions can have an important impact on the results. When the sample is clamped into the tube, also
the shear wave is excited and the sample has a stiffer behaviour. To account for these effects, analytical expressions
are insufficient to accurately predict the dynamic behaviour in certain frequency ranges and numerical prediction
techniques should be applied. When impedance tube measurements are applied for inverse material characterisation,
analytical expressions are used, applying equivalent fluid models [18] or Biot models [20]. In the former case often
needles are inserted in the samples to rigidify the porous material. This way, the effect of solid phase on the material
sample is minimised and the behaviour of the poroelastic material better approximates the equivalent fluid behaviour.
In the latter case it is presumed that sliding edge boundary conditions [25] are valid and that the sample is loosely
fitting in the tube.

Recently an efficient numerical method has been developed which allows modelling an impedance test setup in
which the sample is clamped into the tube [26]. The main goal of this paper is to exploit the fact that the sound field
within the measurement tube is not one-dimensional when the sample is clamped into the tube. It will be shown,
given the assumption that fixed edge boundary conditions accurately represent the physical behaviour of the sample,
it is possible to retrieve all poroelastic material parameters, performing one single measurement campaign and using
a widely available and low cost impedance tube. Besides, it is validated whether the number and location of the
microphones can be optimised to obtain a better convergence.

This paper is organised as follows. Section 2 describes the developed procedure and the numerical model used
to support this procedure. Section 3 explains the assets of using a 2D model and describes the parameters used to
quantify the sound field in the Kundt tube. This quantification is necessary to perform a parameter estimation using
optimisation methods. Section 4 assesses the sensitivity of the different quantification parameters to the material
parameters. This section also discusses the frequency dependency and the spatial dependency of the sensitivity.
Section 5 assesses the use of global optimisation methods for parameter estimation. These optimisation methods use
multiple starting points to obtain a better performance than local optimisation methods. A more robust parameter
estimation procedure is presented. Section 6 describes the effect of noise on the optimisation performance. The paper
concludes with a number of final remarks.
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2. Problem description

This paper investigates whether a Kundt tube measurement setup can be used (with minor adaptations) in com-
bination with efficient numerical simulations using the Wave Based Method (WBM) to estimate all parameters of a
poroelastic material, associated with both the fluid and the solid phase. To this extent, this section first briefly explains
the Biot theory of poroelasticity. Thereafter, a short description of the measurement setup and the WBM model are
given.

2.1. Poroelastic materials
The Biot theory [2, 5] is most commonly applied to model the mutually coupled dynamic behaviour of the skeleton

and the interpenetrating fluid inside a poroelastic material. It applies a homogenisation of the material into a separate
solid and fluid continuum description which holds as long as the wavelengths of the propagating waves (two longitu-
dinal and one shear wave) are much larger than the pore size. The Biot equations, which follow from the momentum
equations and the constitutive relations, can be written as two coupled, vectorial, partial differential equations:

N∇2us(r) + ∇[(Ã + N)es(r) + Q̃e f (r)] = −ω2(ρ̃11us(r) + ρ̃12uf(r)), (1)

∇[Q̃es(r) + R̃e f (r)] = −ω2(ρ̃12us(r) + ρ̃22uf(r)), (2)

with us(r) and uf(r) the unknown vectorial deformation fields of the solid and fluid phase respectively and e•(r) =

∇ · u•(r) the respective volumetrical strains. The Biot equations are complemented by a set of three conditions for
each point on the boundary. These can be either sliding edge conditions (zero normal deformations in the solid and
fluid phase and zero shear stress in the solid phase), fixed edge conditions (zero normal deformations in the solid and
fluid phase and zero tangential deformations in the solid phase) or free edge conditions (zero normal stress in the solid
and fluid phase and zero shear stress in the solid phase).

The material parameters of the solid skeleton are given by the shear modulus N and the first Lamé coefficient in air
Ã, which can be derived from the frame Young’s modulus E. The behaviour of the interpenetrating fluid is modelled
by the effective bulk modulus, which is proportional to R̃. Both phases are mutually coupled by a factor Q̃. The
inertial and viscous damping effects are comprised in the density terms ρ̃11 (derived from the skeleton bulk density
ρ1), a coupling term ρ̃12 and ρ̃22 (derived from the fluid bulk density ρ0).

The most often used theory to determine these parameters R̃ = (1 − φ)K̃ f , Q̃ = φK̃ f , ρ̃11, ρ̃12 and ρ̃22 is the
semi-phenomenological model of Johnson et al. [3], Champoux and Allard [4] , which assumes that the air saturating
the porous material has a low compressibility compared to the skeleton compressibility. In this modelling framework,
the determining parameters can be calculated from a frequency independent set of parameters describing the bulk
properties of the pores. These are the porosity φ, describing the volume fraction of fluid phase to the overall volume,
the bulk density of the frame ρ1, the tortuosity α∞, taking into account the true acoustic propagation length due to the
curvature of the pores, the flow resistance σ and the viscous and thermal characteristic length, Λ and Λ′ respectively,
describing the scale on which either viscous or thermal dissipation mechanisms act. A poroelastic material can thus
be modelled with the Biot equations using the JCA assumptions, apart from the standard air properties which are
assumed to be known, 3 solid phase parameters and 5 parameters describing the homogenised pore geometry and
distribution.

Further information on the JCA model of Biot’s theory can be found in the reference textbook by Allard and Atalla
[5].

2.2. Measurement setup
The Kundt tube (Fig. 1) is a conventional test setup that allows for easy characterisation of absorptive materials.

In this cylindrical tube, an acoustic pressure field is generated by a speaker, situated on one end. The sound field
is influenced by a material sample placed on the other end. Through measurement of the sound pressure, a general
assessment of the absorptive characteristics of this material sample can be made. When the acoustic wavelength
is larger than 1.73 times the tube diameter [30], higher order modes will fit the cross-section of the tube, causing
unwanted non-plane wave modes propagating in the tube. Below this frequency, the acoustic field inside the tube
can be assumed to be 1D. This assumption roughly holds up to 4.9 kHz. Below this frequency, the pressure field
inside the tube can be decomposed into an incoming and a reflected wave. The ISO-standard [30] also sets a lower
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frequency of validity. If the wavelengths are too long, no clear pressure difference can be measured at the microphone
location. This frequency is driven by the distance between the microphones and is be around 340Hz for the given
setup. The ratio of the amplitudes of both defines the reflection coefficient R, which can be determined from the
measured acoustic pressures at two microphone locations:

R =
e jkx1 − e jkx2 p1/p2

e− jkx2 p1/p2 − e− jkx1
, (3)

with x1 and x2 the distance of the first and second microphone to the sample and p1 and p2 the pressures measured
by these microphones. From this reflection coefficient, the absorption value α of the sample can be straightforwardly
calculated:

α = 1 − |R|2. (4)
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Figure 1: Sketch of a typical Kundt tube measurement setup.

However, a purely 1D pressure field is almost impossible to replicate since the effect of the boundary conditions
on the sample cannot be neglected. The 1D behaviour only holds for sliding edge boundary conditions. In all other
boundary condition sets, the shear wave is excited as well. In practice, there is always a degree of clamping of the
sample. As a result, the real boundary conditions are somewhere in between sliding edge and fixed edge boundary
conditions. In this case, the underlying differential equations have to be used rather than the derived reflection co-
efficient R. For the poroelastic material sample, the Biot equations (1)-(2) are used. The acoustic field inside the
cylindrical cavity is described by the well-known acoustic Helmholtz equation:

∇2 p(r) + k2 p(r) = 0, (5)

in which p is the acoustic pressure and k is the acoustic wave number. This equation is complemented with one
condition for each point on the boundary, prescribing pressure (Dirichlet), normal velocity (Neumann) or normal
impedance (Robin).

In this paper, a Kundt tube with a diameter of 40 mm and a length of 100 mm will be used. In this, the effect of a
rigidly backed sample with a thickness of 5 mm is assessed using two microphones which are located at a distance of
x1 = 89 mm and x2 = 139 mm from the sample. Further information on this setup can be found in [22].

2.3. Numerical model

Since the Kundt tube has a simple cylindrical geometry, the recently developed axisymmetric Wave Based Method
(WBM) is perfectly suited for this problem because of its high efficiency [26]. The WBM [27, 28] is a numerical mod-
elling technique for solving steady-state dynamic problems described by a (set of) Helmholtz equation(s). Contrarily
to conventional element-based approaches, which finely discretise the problem domain and apply polynomial approxi-
mation functions, the WBM subdivides the problem into large convex subdomains. Within these domains, the solution
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is approximated by so-called wave functions, which are exact solutions to the governing differential equation(s). Al-
though the wave functions satisfy the governing differential equations a priori, they can still violate the boundary and
interface condition(s). Using a weighted residual Galerkin approach, these errors are minimised, leading to a system
of equations in the unknown wave function contributions. After solution of the system of equations, these can be
post-processed into any field variable of interest.

In the model, the cylindrical acoustic cavity of the Kundt tube is the first subdomain. Within this domain, wave
functions which satisfy the acoustic Helmholtz equation are used. The boundary conditions are all Neumann con-
ditions: zero normal velocity for the rigid boundary and unit normal velocity as excitation. The second subdomain
covers the poroelastic sample. According to the procedure described in [10], the Biot equations are first decoupled
into three Helmholtz equations. The dynamic variables of these three decoupled Helmholtz equations are then again
approximated by three sets of wave functions. The boundary conditions in this case are either sliding edge and fixed
edge conditions. On the acoustic-poroelastic interface, continuity is enforced between the normal stress and the nor-
mal deformations on both sides of the interface. The tangential stress in the solid phase is zero here. The back of the
poroelastic sample is considered clamped (i.e. rigid backing).

All this leads to the coupled acoustic-poroelastic model shown in Fig. 2. Further information and more theoretical
background on the model can be found in [26].

Figure 2: Axisymmetric WBM model of the Kundt tube with a 5 mm sample.

3. Quantification of the effect of the material

In order to perform an estimation of the material parameters, the effect of the poroelastic material on the sound
field needs to be evaluated using a quantification parameter. This section first discusses the radial variation of the
sound field. This variation needs to be taken into account when the quantification parameters are defined. Secondly,
this section discusses different possibilities for the quantification parameters.

Most parameter characterisation methods start from the assumption of 1D behaviour of the sample and the sound
field in the Kundt tube. This assumption is not always valid, as has been discussed in section 1. Since in practice a
poroelastic sample is at least partly clamped in the tube, or important air gaps between the sample and the Kundt tube
exist [24, 29], the sound field will show a radial variation. Indeed, when the poroelastic material is (partly) clamped,
the center of it will be able to move, while the edges must remain fixed. This leads to a variation of the sound field
in the radial direction. Air gaps between the sample and the Kundt tube give rise to acoustic leakage and thus need to
be absolutely avoided in measurements. Therefore, the diameter of the sample is always taken slightly larger than the
Kundt tube diameter, which leads to a (at least partially) clampled sample.

Figure 3(a) illustrates the difference in absorption coefficient prediction between sliding edge and fixed edge
boundary conditions as calculated for a 5 cm eurocell sample. The backside of the sample is always considered
fixed. Appendix A gives the properties of eurocell. This figure shows that the absorption coefficient α has a different
behaviour when fixed edge boundary conditions are used instead of sliding edge boundary conditions. This difference
is clearly visible at rather low frequencies (200 Hz - 2000 Hz), while it disappears at higher frequencies. Indeed, due
to the smaller wavelengths at higher frequencies, the effect of the boundary conditions on the sound field is smaller.

Figure 3(b) illustrates the radial variation of the sound field in a different way. This figure shows the logarithm of
p̂(z) as a function of the axial coordinate z for eurocell and fixed edge boundary conditions. A quantification p̂(z) of
the spatial deviation relative to a 1D field can be obtained by taking the rms value of the deviation of the sound field
from the mean value at each radial location. This value p̂(z) can be calculated as follows, with N = 100:

p̂(z) =

√√√ N∑
i=1

(
p(ri, z) − p̄(z)

p̄(z)

)2

, with p̄(z) =
1
N

N∑
i=1

p(ri, z). (6)
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In these equations, p(ri, z) is the spatial pressure field in the Kundt tube, and p̄(z) is the average of the pressures in
the radial direction for a given axial location z. This figure shows that the radial variation of the spatial sound field
is mainly limited to the near field. However, the radial variation in response of the poroelastic sample also has an
influence on the magnitude of the sound field and therefore influences the sound field in the whole Kundt tube. This
can be concluded from figure 3(a), since the measurement points used to calculate the absorption coefficient are not
located in the near field. This figure also illustrates the ISO 10534-2 recommendation that the microphone should be
located at at least one diameter (8 mm) distance from the sample, in order to recover an approximately planar wave
sound field [30].
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Figure 3: Quantification of the radial variation of the sound field of eurocell.

One quantity to assess the effect of a poroelastic material on the sound field is the reflection coefficient. The
definition of the reflection coefficient implicitly uses the assumption of a 1D surface wave and the existence of only
one incident and one reflected wave. Therefore, the reflection coefficient may not be the best quantity for exploiting
the 2D information the WBM model provides. In the ideal case and for a 1D model, the calculation of the reflection
coefficient using (3) yields the same result for all couples of two measurement points. In practice however, the
clamping conditions of the poroelastic sample cause 2D effects and consequently gives differences in the reflection
coefficient depending on its location. Also, noise causes differences in reflection coefficients measured at different
locations. This makes it useful to define different reflection coefficients, based on different measurement points as
follows:

Ri =
e jkx1 − e jkxi p1/pi

e− jkxi p1/pi − e− jkx1
, i , 1, (7)

where xi is the distance of measurement point i to the poroelastic sample and pi the pressure in this measurement
point. The use of multiple reflection coefficients makes it possible to use more microphone locations in the Kundt
tube, thus filtering out measurement noise and taking into account the radial variation of the sound field.

Another parameter which can be used for the quantification of the influence of the poroelastic material on the sound
field is the relative pressure prel. This parameter uses the pressure measurements in a more direct way, without using
any 1D assumptions and can also be calculated for different measurement points. Unlike the reflection coefficient, the
relative pressure is, even in the 1D case, different for different measurement point combinations and is defined as:

prel,i =
p2

1 + p2
i

p1 pi
, i , 1, (8)

with pi the pressures at the different measurement points and p1 the pressure at the reference point.
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4. Sensitivity analysis

A first step towards a material characterisation is performing a sensitivity analysis of the quantification parameters
(reflection coefficient and relative pressure) to the primary material parameters. This sensitivity analysis gives more
insight in the problem of parameter estimation for a number of reasons. First, a sensitivity analysis can show which
material parameters have a large influence on the quantification parameters. Parameters with a small influence on the
studied quantity will probably be harder to estimate through a model inversion, since a change in these parameters
will only have a small effect on this quantity. Second, a sensitivity analysis can find the frequency dependency of
these quantities. This knowledge can be used to determine the frequency range which is used for the parameter
identification. Third, a sensitivity analysis can determine which spatial locations of the microphones are suited best
to obtain a high sensitivity and thus probably a better parameter estimation performance.

The sensitivity analysis is performed by calculating the sensitivity for 100 frequencies, linearly divided in the
range from 100 Hz to 3000 Hz. For convenience and to lower the calculation time, the sensitivity analysis is carried
out in two steps using the chain rule:

S λ =
∂H
∂λ

=
∂H
∂χRe

∂χRe

∂λ
+

∂H
∂χIm

∂χIm

∂λ
, (9)

where S λ is the sensitivity to a material parameter, H is the quantity of which the sensitivity is determined (e.g. the
reflection coefficient), λ is a material parameter (e.g. the tortuosity) and χ is an intermediary complex-valued param-
eter. While the influence of the material parameter λ on the intermediary parameter can be determined analytically,
the calculation of sensitivity of H to this intermediary parameter χ needs the solution of the entire model of the Kundt
tube. Therefore, the inversion of an ill-conditioned system of equations is necessary, which is resource intensive.
By using the intermediary parameter χ, the computational effort needed to perform the sensitivity analysis is vastly
reduced. The intermediary parameters used in this paper are K f and ρ̃11 and appear directly in the Biot equations. If
the sensitivity of H to a parameter λ is influenced via the intermediary parameter ρ̃11, it will also be influenced through
ρ̃12 and ρ̃22. However, the influence on the sensitivity of these three parameters is very similar. Therefore it suffices to
study the sensitivity of H to λ through only one of these parameters, ρ̃11.

4.1. Material dependency of the sensitivity
Figure 4 shows the rms-average over all frequencies of the sensitivity of the reflection coefficient to the differ-

ent material parameters for 5 materials, as specified in Appendix A. These materials have very different material
parameters. Therefore, the analysis based on these 5 materials is representative for a general poroelastic material.

The sensitivity of the relative pressure is very similar and is not shown. From this figure follows the low sensi-
tivity to Λ and, less pronounced, to NIm, which suggests that these parameters could cause difficulties in a parameter
estimation. The former is to be expected as the samples are relatively thick and the flow resistivities not too high,
such that the viscous effects are mainly driven by the flow resistivity. When the sensitivity to a given parameter λ is
low, differences in the value of this parameter lead to hardly different values of the quantification parameter H, which
makes it difficult to detect differences in λ using this quantification parameter.

4.2. Frequency dependency of the sensitivity
An analysis of the frequency dependency of the sensitivity of the quantity H can show which frequency region is

best suited for the estimation of the material parameters. As pointed out earlier, this is the frequency range in which
the sensitivity to the material parameters is highest.

Figure 5 shows the frequency dependency of the sensitivity to E1,Im and Λ′. Although the ratio of the sensitivities
for the different materials differs strongly between the different material parameters, the frequency dependencies of
the sensitivity to most other parameters are very similar to that of E1,Im. Only the sensitivity to Λ′ exhibits a strongly
different frequency dependency, which is probably because Λ′ is the only material parameter propagating through ρ̃11.
The other material parameters propagate through K̃ f .

Figure 5a shows that fireflex1, fireflex2, eurocell and urecom have a zone of high sensitivity at frequencies below
1500 Hz, while melamine exhibits a zone of high sensitivity at higher frequencies. It can therefore be concluded that
it is difficult to unambiguously define a frequency range to estimate the material parameters, since the region which
exhibits a high sensitivity to the material parameters differs for each material.
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Figure 4: Sensitivity of the reflection coefficient and mean sensitivity of all materials, for a test setup as specified in section 2.2 and a sample
thickness of 5 mm.

The sample thickness has an influence on the frequency dependency of the sensitivity. On one hand, a change in
thickness causes a change in resonance frequencies. On the other hand, the sensitivity to some material parameters is
higher when using a thinner sample. This provides possibilities for enhancing the parameter estimation convergence,
which are, however, not further discussed in this paper, as it is often not straightforwardly possible to obtain material
samples with a different thickness.
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Figure 5: Frequency dependency of the sensitivity of the reflection coefficient for the test setup as described in section 2.2.

4.3. Spatial dependency of the sensitivity

While the reflection coefficient would be the same for every location of the measurement points in the case of
perfect 1D behaviour, the value of the relative pressure depends on the location of these measurement points. A
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sensitivity analysis can therefore be used to determine an optimal axial location for these points. The measurement
point locations are constrained to the inner surface of the Kundt tube, just like in a real setup where they are positioned
in order not to disturb the sound field. Figure 6(a) shows the spatial sensitivity of the relative pressure to the tortuosity
α∞ for melamine. The positions of the measurement points on the x- and y-axis are measured in terms of the distance
to the poroelastic sample. Since the definition of relative pressure is symmetric, only half of the domain for the
sensitivity analysis needs to be calculated. Again, apart from Λ′, the sensitivity of the other material parameters is
very similar to that of α∞.
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Figure 6: Logarithm of the sensitivity of the relative pressure for melamine.
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Figure 7: Sensitivity for the relative pressure using a reference pressure at d1 = 5.6 cm from the poroelastic material.

From these figures it is clear that (except for Λ′) the sensitivity to the material parameters is the highest at measure-
ment point locations close to the sample. Therefore, figure 6(b) shows a close-up of figure 6(a). This figure indicates
that, rather than only one optimal pair of points, there exists a combination of point pairs with an approximately
equally high sensitivity. To take near field information into account, a first point is chosen very close to the sample.
A distance of d2 = 1 cm yields an optimal distance of d1 = 5.6 cm from the sample for the second point. This second
point d1 is taken as the reference point, since it contains less near-field information and therefore can be intuitively
seen as a more robust reference.

Once this reference point is determined, additional measurement points can be found by performing a sensitivity
analysis based on this reference point. Figure 7(a) shows the result of the sensitivity analysis for melamine. Based
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on this sensitivity analysis, a number of locations for additional measurement points is defined. Table 1 shows the
different measurement point configurations used in this paper.

Number of measurement points Location of the measurement points
(distance to poroelastic sample in mm)

2 measurement points, original configuration 89; 139
2 measurement points, optimised configuration 56; 10
4 measurement points 56; 10; 100; 180
7 measurement points 56; 10; 100; 180; 260; 380; 650

Table 1: Location of measurement points for material characterisation based on the relative pressure.

However, figure 7(b) shows that for example for eurocell the sensitivity as a function of the location of extra
measurement points is entirely different. Measurement points with a high sensitivity for one material will therefore
not necessarily have a high sensitivity for another material. This makes it very difficult to determine a location which
a priori optimises the parameter estimation for an unknown material. This paper uses the measurement points in
Table 1, defined based on the sensitivity of melamine. Therefore, it can be expected that the parameter estimation
procedure converges better for melamine using relative pressures, but not necessarily for the other materials. Since it
is impossible to determine the optimal measurement point location before identifying the material, it is reasonable to
define the measurement setup based on one given material.

4.4. Conclusion

As this section shows, the sensitivity of the quantification parameters is strongly dependent on the test sample
itself, the frequency band considered and the location of the measurement points. Besides, these sensitivities depend
strongly on the considered material. This makes it difficult to specify a generally applicable measurement test lay-out
for the parameter identification of poroelastic materials. In this paper, the optimal measurement point locations for
melamine were used. It is not trivial to optimise the measurement point locations for a broad range of materials. As a
rule of thumb, one should locate at least one point in the near field to exploit the extra information the axisymmetric
Kundt tube model offers over 1D models. Based on the sensitivity analysis, frequency ranges in which the parameter
estimation is performed are also selected.

5. Parameter estimation using global optimisation

The goal of this paper is to assess whether the actual clamping conditions of a sample can be exploited for
parameter estimation using global optimisation methods. To this goal, an efficient WBM model of the Kundt tube
is used. The parameter estimation problem is formulated as a minimisation problem in which a goal function f (x)
is minimised. As Figure 8 shows, this goal function calculates the difference between the quantification parameter
as calculated with the estimated material parameters and the measurements of the quantification parameter, in a least
squares formulation. The quantification parameter can be the reflection coefficient or relative pressure. This paper only
considers simulation-based measurements, generated by a forward simulation of the poroelastic Kundt tube model.
Symbolically, the goal function at iteration j of the optimisation procedure can be expressed as:

f
(
xj

)
=

∥∥∥Φ(xj) −Φm
∥∥∥2

2 , (10)

where Φm is the quantification parameter calculated from the (virtual) measurements and Φ(xj) is the quantification
parameter calculated from estimate j of the material parameters using a forward simulation of the Kundt tube WB
model. In this formulation the quantification parameters Φ(xj) and Φm are expressed as vectors, with as entries the
real and imaginary part (in the case of the relative pressure as the quantification parameter) for each measurement
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point:

Φ(xj) =



R1(xj)
...

Ri(xj)
...

RN(xj)


or Φ(xj) =



Im
(
prel,1(xj)

)
Re

(
prel,1(xj)

)
...

Im
(
prel,i(xj)

)
Re

(
prel,i(xj)

)
...

Im
(
prel,N(xj)

)
Re

(
prel,N(xj)

)



, (11)

for reflection coefficients (7) and relative pressures (8), respectively. The quantification parameterΦm needs to be only
calculated one time from the (virtual) pressure measurements, whileΦ(xj) needs to be calculated in each iteration j of
the optimisation since the reflection coefficient and relative pressure are in that case a function of xj. The optimisation
variable x contains all the aforementioned material parameters. Therefore, the optimisation method used tries to
estimate all material parameters simultaneously.

Calculate goal 
function

Optimisation step

Calculate reflection 
coefficients or 

relative pressures

Calculate reflection 
coefficients or 

relative pressures

Stopping 
criterion

StopNot ok, iterate

Optimisation loop

Measurement of the 
sound field

(in this paper: 
forward simulation)

Initial estimate
of the parameters

Estimated 
parameters

New estimate 
of the 

parameters

Figure 8: Flowchart of the general optimisation procedure.

Most commonly, local optimisation methods are used for the minimisation of the goal function. These methods
start from an initial estimate of the optimisation variable x, and try to find in each iteration a vector x which leads to a
lower value of the goal function. When one of the stopping criteria is met, the last optimisation variable value is taken
as the optimal one. An example of a stopping criterion is that value of the goal function or the optimisation variable
changes less than a specified tolerance.

Optimisation problems are in general formulated in the following way, with g(x) and h(x) the equality and in-
equality constraints respectively [31]:

minimise
x∈Rn

f (x)

subject to g(x) = 0,
h(x) ≤ 0.

(12)

In the parameter estimation procedure discussed in this paper, no equality or inequality constraints are added, which
leads to an unconstrained least-squares optimisation problem

Most optimisation routines use Newton-like (derivative-based) optimisation methods. For these methods, con-
vergence is guaranteed for convex optimisation problems. In a convex optimisation problem, f (x) and h(x) in (12)
should be convex, while g(x) should be affine [31]. The parameter estimation using the WBM model of the Kundt
tube leads to a strongly non-convex problem. For such a problem, local optimisation does not necessarily lead to the
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global minimum of the goal function. In this case, the optimisation gets stuck in a local minimum of the goal function.
In general, for a non-convex function it is impossible to verify if the attained local minimum is also the global one.
Global optimisation methods try to cope with this problem, mostly by determining several local optima from different
initial values for x. The higher the number of initial values for x, the higher the chances of convergence to the global
optimum.

In a first step, no measurement noise is added to the simulated Kundt tube measurements. This makes it possible
that the parameter estimation converges to the exact parameters.

5.1. Multistart

A first parameter estimation scheme uses MultiStart, a routine of the Matlab Global optimisation Toolbox.
This global optimisation solver starts a local optimiser at a number of starting points [32]. These starting points are
generated using a random number generator. As a local optimiser, the non-linear least square solver lsqnonlin is
used. This solver uses a trust region Newton-like method to locally solve the optimisation problem [33]. Figure 9
illustrates this procedure.

Local 
optimization 1

Local 
optimization i

Local 
optimization N 

...
...

Multistart
Generate 

(pseudo)random 
parameter sets

Select best 
parameter set

...
...

Measurement of the 
sound field

(in this paper: 
forward simulation)

Lower and upper 
bound on parameter 

estimates

Estimated 
parameters

Initial estimate 1
 of the 

parameters

Initial estimate i
 of the 

parameters

Initial estimate N
 of the 

parameters

Figure 9: Flowchart of the Multistart global optimisation procedure.

5.1.1. Procedure
Section 4.2 points out that the sensitivity of both the reflection coefficient and the relative pressure to material

parameters is strongly frequency dependent. Since these quantities are used to quantify the effect of the poroelastic
material on the sound field, the performance of the parameter estimation will depend on the frequency range in which
the estimation is performed. Based on figure 5(a) two frequency ranges are determined, containing 100 frequencies
each, linearly divided between a minimum and maximum value. A first range includes frequencies from 100 Hz up
to 1500 Hz, since certain materials (like fireflex 1, fireflex 2, eurocell and urecom) exhibit a high sensitivity in this
frequency region. A second frequency range includes frequencies from 100 Hz up to 3000 Hz, since other materials
(e.g. melamine) show a high sensivity only above 1500 Hz.

The local lsqnonlin solver stops at the following stopping criteria: (i) the 2-norm of the difference of 2 con-
secutive iterations of the optimisation variable is less than 10−5; (ii) the difference in goal function of 2 consecutive
iterations is less than 10−12; (iii) the number of goal function evaluations exceeds 333 (for the frequency range up
to 3000 Hz). The optimisation in the frequency range up to 1500 Hz uses as stopping condition (iii) a maximum of
441 goal function evaluations, since the data for this case is taken from a MultiStart-run performed as part of a
further described multi-step procedure. The MultiStart parameter estimation is performed for different test setup
configurations, as defined in Table 1, based on a sensitivity study. The optimisation is first performed for all materials
described in Appendix A using 5 starting points. In order to always start from the same starting points, the random
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number generator used to generate these points is reset before each simulation. For melamine, a material which
exhibits a low computational cost, the parameter estimation is also started from 40 starting points.

5.1.2. Results
Table 2 shows how many out of 5 parameter estimations converge to the correct material parameters. If the

parameters could not be estimated, the number of convergences is grayed out. In the frequency range up to 1500
Hz, the parameters are correctly estimated for all materials except for melamine. However, the estimations using
frequencies up to 3000 Hz do not succeed in finding the correct parameters for any material, exept for melamine. This
is consistent with a good parameter estimation in the frequency ranges with a high sensitivity, as shown on figure 5(a).
Indeed, melamine exhibits the highest sensitivity between 1500 Hz and 3000 Hz, while the other materials show a
high sensitivity at lower frequencies. It can therefore be concluded that a high sensitivity in the frequency range used
leads indeed to a better convergence behaviour. Table 2 also shows that the parameter estimation converges in at least
one of both frequency ranges.

1500 Hz 3000 Hz 3000 Hz 3000 Hz
Material Relative pressure,

7 measurement points
Reflection coefficient,
original configuration

Relative pressure, 4
measurement points

Relative pressure, 7
measurement points

Fireflex1 3/5 0/5 0/5 0/5
Fireflex2 2/5 0/5 0/5 0/5
Eurocell 5/5 0/5 0/5 0/5
Melamine 0/5 2/5 2/5 2/5
Urecom 2/5 0/5 0/5 0/5

Table 2: Convergence of the parameter estimations based on 5 starting points in MultiStart.

When increasing the number of points to 40 points for melamine, it shows that the parameter estimation using
the reflection coefficient performs better than the estimation using relative pressures based on 7 measurement points,
as Table 3 shows. The parameter estimation using 4 measurement points for the relative pressure performs best. In
general, the percentage of converging parameter estimations is similar to the results obtained in Table 2.

Material Reflection coefficient,
original configuration

Relative pressure,
4 measurement points

Relative pressure,
7 measurement points

Melamine 19/40 21/40 16/40

Table 3: Convergence of the parameter estimation based on 40 starting points in MultiStart, using frequencies up to 3000 Hz.

5.1.3. Conclusion
The parameter estimation using MultiStart leads to two observations. First, the highly frequency-dependent

sensitivity of both reflection coefficient and relative pressure is different for different materials. Section 5.1.2 pointed
out that this difference also causes a difference in convergence to the correct parameters. Therefore, it is very difficult
to define a frequency domain in which the optimisation converges to the correct parameters for every material. Second,
when the parameter estimation does not converge to the correct parameters, always the same parameters have a large
relative error as compared to the correct ones. In the case of the parameter estimation using frequencies up to 1500 Hz,
the parameters which show the largest relative error are E1,Im, NIm and E1,Re. The difference in convergence behaviour
between reflection coefficient and relative pressures is not large enough to draw any conclusions to that respect.

5.2. 3-step procedure

The previous section shows it is not possible to define one frequency domain which gives good estimation results
for all materials, and that always the same parameters do not converge well. A 3-step procedure can lead to better
performance by solving these problems. On the one hand, it combines a parameter estimation using frequencies up
to 1500 Hz and an estimation using frequencies up to 3000 Hz, in order to perform the parameter estimation in two
different frequency ranges. On the other hand, this 3-step procedure creates a lot of different starting points for the
parameters E1,Im, NIm and E1,Re, because these are the parameters showing the largest error when optimising using

13



MultiStart. By starting from a lot of starting points for this parameters, the probability of converging to the right
value for these parameters is higher.

5.2.1. Procedure
The 3-step procedure, as shown by Figure 10 is a novel procedure which tries to find all material parameters in

3 steps. In a first step, MultiStart performs a parameter estimation using frequencies up to 1500 Hz starting from
N1 starting points. The second step creates a grid for E1,Im, NIm and E1,Re. For these parameters, the grid contains N2
equally spaced points between certain boundaries, specified below. For the other parameters, all grid points contain
the parameter value of the parameter estimation with the lowest goal function in the first step. This second step
also evaluates the goal function value of all these grid points. The third step of the 3-step procedure starts a second
MultiStart optimisation which uses the N3 grid points with the lowest goal function obtained in step 2 as starting
points. This parameter estimation uses frequencies up to 3000 Hz.

Multistart 
optimisation from N1 
measurement points

Create N2 gridpoints for 
the parameters which 

cause convergence issues, 
evaluate function values

Multistart optimisation 
from N3 gridpoints with 

the lowest function value

Step 1 Step 2 Step 3

Measurement of the 
sound field

(in this paper: 
forward simulation)

Initial estimate
of the parameters

Estimated 
parameters

Figure 10: Flowchart of the 3-step global optimisation procedure.

The 3-step procedure uses for Multistart the same stopping criteria as described before, with a maximum of
441 function evaluations (criterion (iii)). The parameters of the 3 step procedure are set as follows: N1 = 8, N2 = 5
and N3 = 4. To speed up the parameter estimation, the 3-step procedure skips the second and third step if the goal
function value is already smaller than fconv = 10−9.

The lower boundaries to construct the grid for E1,Re, E1,Im and NIm are respectively 50 · 103 Pa, 2.5 · 103 Pa and
2 · 103 Pa. The upper boundaries for these parameters are, in the same order, 500 · 103 Pa, 200 · 103 Pa and 50 · 103 Pa.
These boundaries are based on the extreme values of all materials. Since this range is only used for the determination
of the starting points for the optimisations and not used as a constraint during the optimisation, the correct parameters
of a material can still be estimated, even if these parameters would lie outside these boundaries.

5.2.2. Results
The 3-step procedure is applied for different measurement point configurations for both reflection coefficient and

relative pressure. Tables 4 and 5 show how many of the optimisations (using 4 or 8 different starting points) converge
to the correct parameter estimation for reflection coefficient and relative pressure, respectively.

A comparison of the results in both tables shows clearly that the reflection coefficient-based estimations lead to a
more robust parameter estimation than the relative pressure-based ones. The reflection coefficients lead to a correct
estimation of all material parameters in all cases, except if 7 measurement points are used. However, the parameter
estimation using relative pressures fails to estimate the parameters of different materials in most cases. The cases
where none of the starting points in step 1 and 3 leads to a convergence to the right material parameters are grayed
out in Tables 4 and 5. For example, the parameters of fireflex1 are correctly estimated in the reflection coefficient
optimisations (first line of Table 4), but not in all cases when using relative pressures (first line of Table 5). As shown
by (7), reflection coefficients take the microphone position relative to the poroelastic sample explicitly into account.
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Even though this analytical expression only holds in a 1D field, this additional information is a plausible explanation
for the better convergence of parameter estimations using reflection coefficients.

The influence of the number of measurement points and their location is less pronounced. This can be explained
by noting that the optimal measurement point location is different for different materials. Therefore, the used mea-
surement points, which are optimised for melamine, may deteriorate the performance of the parameter estimation
for other materials. Indeed, the sensitivity of additional measurement points can be lower than the sensitivity of the
existing ones, and may thus have a negative influence on the convergence. In general, it can be concluded that there is
no identifiable advantage in using different measurement points as the original measurement setup.

Material Original measurement points 2 measurement points 4 measurement points 7 measurement points
Step 1 Step 3 Step 1 Step 3 Step 1 Step 3 Step 1 Step 3

Fireflex1 2/8 - 1/8 - 2/8 - 1/8 -
Fireflex2 3/8 - 2/8 - 3/8 - 2/8 -
Eurocell 2/8 - 6/8 - 4/8 - 5/8 -
Melamine 0/8 1/4 0/8 3/4 0/8 2/4 0/8 0/4
Urecom 4/8 - 2/8 - 2/8 - 2/8 -

Table 4: Convergence of the parameter estimation using the 3-step procedure, reflection coefficient.

Material Original measurement points 2 measurement points 4 measurement points 7 measurement points
Step 1 Step 3 Step 1 Step 3 Step 1 Step 3 Step 1 Step 3

Fireflex1 0/8 0/4 0/8 0/4 0/8 2/4 2/8 -
Fireflex2 3/8 - 2/8 - 3/8 3/4 1/8 -
Eurocell 3/8 - 0/8 0/4 4/8 4/4 5/8 -
Melamine 0/8 3/4 0/8 3/4 0/8 0/4 0/8 4/4
Urecom 5/8 - 1/8 - 2/8 2/4 1/8 -

Table 5: Convergence of the parameter estimation using the 3-step procedure, relative pressure.

6. Effect of noise

To verify the robustness of the parameter estimation, it is important to assess the effect of noise. Therefore
Gaussian noise is added to the virtual measurements, generated by a forward simulation of the Kundt tube model,
used in this section.

6.1. Procedure

The noise on the measurements, simulated by the Kundt tube model, is added by using the Matlab routine randn
with a standard deviation equal to the noise amplitude. According to literature, microphones suffer from a thermal
noise of about 41 dBA [34]. Thermal noise has a constant spectral power density and its amplitude has a Gaussian
distribution [35, 36]. In a first approximation, noise with an amplitude of 40 dB is therefore applied on the simulated
measurements for all frequencies. This amplitude is equal to

p = pre f · 10(40/20)
≈ 0.0020 Pa, (13)

with pre f = 2 · 10−5 Pa. The parameter estimation uses the 3-step procedure described in the previous section with the
same parameters: N1 = 8, N2 = 5 and N3 = 4.

Higher noise levels, as shown in Table 6 are applied on the simulated measurement results as well, to see at which
point the parameter estimation does not converge any more. The parameter estimation is again performed for different
measurement point locations, in order to assess the effect of these different configurations on the robustness of the
parameter estimation.
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6.2. Results

Tables 6 and 7 show the results of the parameter estimation including measurement noise, when using the reflection
coefficient and different measurement points for fireflex2 and melamine. These two materials were chosen since they
have a very different behaviour and are therefore representative for a large range of materials. These tables show for
the first and third step of the 3-step procedure how many of the local solvers converge to the correct parameter values.
Since the correct material parameters are known in this paper, it is easy to verify the convergence of the optimisation
to the right solution. However, in practice it is difficult to assess if a found solution is a global one. The value of
the goal function, the kind of stopping criterion which stopped the simulation (e.g. no more changes in the function
value as compared to stopping after the maximum number of iterations) and comparison of different local optima can
give an indication on whether the optimisation converged to the right parameters. For the parameter estimation using
measurements including noise, the third step of the 3-step procedure is never skipped, because, due to the noise, the
goal function value becomes never smaller than fconv = 10−9.

These tables also illustrate that the effect of noise on the convergence is rather small. The number of convergences
can even increase with added noise, for example for melamine, using the original Kundt tube setup. This can be
explained by the influence of chance on the optimisation. Depending on the starting point, a local optimisation can
evolve to the right parameters (global minimum) or get stuck in a local minimum. Since the addition of noise deforms
the optimisation space, it is possible that more starting points converge to the global solution (change of the regions
of attraction). While at a noise level of 80dB most parameter estimations still converge to the right solution, in most
cases the parameter estimation does not converge anymore when the noise level is 90dB.

Original measurement points 2 measurement points 4 measurement points 7 measurement points
Step 1 Step 3 Step 1 Step 3 Step 1 Step 3 Step 1 Step 3

No noise 3/8 - 2/8 - 3/8 - 2/8 -
40 dB 2/8 1/4 2/8 0/4 3/8 1/4 2/8 0/4
50 dB 4/8 1/4 2/8 0/4 3/8 1/4 2/8 1/4
60 dB 2/8 1/4 2/8 0/4 2/8 0/4 2/8 1/4
70 dB 2/8 1/4 2/8 0/4 1/8 0/4 3/8 1/4
80 dB 2/8 1/4 2/8 1/4 2/8 1/4 1/8 1/4
90 dB 0/8 1/4 0/8 0/4 0/8 0/4 2/8 0/4

Table 6: Convergence of the parameter estimation using the 3-step procedure and reflection coefficient, for measurements containing noise, fireflex2.

Original measurement points 2 measurement points 4 measurement points 7 measurement points
Step 1 Step 3 Step 1 Step 3 Step 1 Step 3 Step 1 Step 3

No noise 0/8 1/4 0/8 3/4 0/8 2/4 0/8 0/4
40 dB 0/8 2/4 0/8 1/4 0/8 3/4 0/8 0/4
50 dB 0/8 2/4 0/8 3/4 0/8 3/4 0/8 3/4
60 dB 0/8 2/4 0/8 3/4 0/8 0/4 0/8 3/4
70 dB 0/8 2/4 0/8 0/4 0/8 3/4 0/8 1/4
80 dB 0/8 3/4 0/8 3/4 0/8 0/4 0/8 2/4
90 dB 0/8 2/4 0/8 0/4 0/8 0/4 0/8 0/4

Table 7: Convergence of the parameter estimation using the 3-step procedure and reflection coefficient, for measurements containing noise,
melamine.

Figures 11 and 12 show the maximum relative error on the material parameters for fireflex and melamine at
different noise levels. This figure shows that in most cases, parameter estimations using the original measurement
points yields smaller relative errors as compared to parameter estimations using other measurement point locations.
The use of near field information or more measurement points seems to lead to a lower accuracy instead of a higher
one. This can possibly be explained by the fact that the sound pressure is lower at the microphones located close to
the poroelastic sample, which leads to a higher relative influence of the noise level on the quantification parameter. In
general, it can be concluded that the optimisation procedure is very robust against noise: even when 80dB of noise
is added, the relative error on the estimated parameters is less than 10% when using the original measurement point
location.
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Figure 11: Maximum relative error on the material parameters for the parameter estimations using the 3-step procedure with measurements
containing noise, for fireflex2.

40dB 50dB 60dB 70dB 80dB
0

2

4

6

8

10

12

14

16

M
ax

im
um

 r
el

at
iv

e 
er

ro
r 

on
 th

e 
pa

ra
m

et
er

s 
[%

]

Noise level [dB]

melamine

 

 
Reflection coefficient, original measurement point location
Reflection coefficient, 2 measurement points
Reflection coefficient, 4 measurement points
Reflection coefficient, 7 measurement points

Figure 12: Maximum relative error on the material parameters for the parameter estimations using the 3-step procedure with measurements
containing noise, for melamine.

7. Conclusions

This paper presents a method to characterise poroelastic materials using Kundt tube measurements in combination
with efficient numerical WB models. The method developed assumes fixed edge boundary conditions, which means
the poroelastic sample is clamped in the Kundt tube. Therefore, this paper assumes the boundary conditions are
known.
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Two quantities taking into account the effect of the poroelastic material on the surrounding acoustic field are
chosen: the reflection coefficient and the relative pressure. A sensitivity analysis studies the sensitivity of these 2
quantities to the material parameters. This analysis shows that Λ and NIm are the parameters to which both quantities
have the lowest sensitivity. The sensitivity analysis also demonstrates the strong frequency dependency of the sensi-
tivity. Moreover, the sensitivity of the relative pressure depends on the measurement point locations. Besides, both
frequency and spatial dependencies differ strongly for the different materials. Whereas parameter estimation methods
can adapt to the difference related to the frequency dependency by using different frequency ranges, using different
measurement points for different estimations is not feasible in practice.

Because of the strong non-convex character of the parameter estimation optimisation problem, local optimisation
solvers do not converge to the correct material parameters. Therefore, this paper focuses on the use of global opti-
misation methods. These methods start an optimisation from pseudorandomly chosen starting points and therefore
exhibit a higher chance of converging to the global minimum. Use of the MultiStart global optimisation method
leads to the estimation of the correct material parameters for all materials either using a frequency range containing
frequencies up to 1500 Hz or a frequency range containing frequencies up to 3000 Hz. The 3-step procedure uses
this insight to develop a more robust procedure. This procedure combines both frequency ranges and gives special
attention to the parameters which do not converge well using MultiStart. This 3-step procedure finds the correct
parameters for all materials. In general, the use of reflection coefficients leads to a more robust parameter estimation
than using relative pressures. The reflection coefficient takes the distance of the microphones to the poroelastic sample
explicitly into account, which is a possible explanation for this behaviour. There is no clearly identified advantage in
the use of multiple measurement points or optimised measurement point configurations.

The effect of noise is investigated for the parameter estimation using reflection coefficients. A parameter estimation
including (numerically generated) measurement noise points out that the influence of noise is rather small. The method
used appears to be quite robust to noise, since even higher levels of noise (up to 80 dB for most measurement point
configurations) do not lead to a worse convergence. Also this analysis incorporating noise does not show advantages of
using the optimised measurement point configuration over the original one. To the contrary, the original measurement
point configuration leads to a lower relative error on the parameters estimated. For this configuration, the relative error
on the estimated parameters is smaller than 10% when 80 dB of noise is added. This illustrates the robustness of the
developed procedure against noise. In general, it can therefore be concluded that the developed procedure leads to a
robust parameter estimation for a broad range of materials, using a standard Kundt tube.
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Appendix A. Material properties

Absolute temperature Tabs = 297.45 K
Density ρ0 = 1.1949 kg/m3

Dynamic viscosity η = 15.5099 · 10−6 Pa·s
Ratio of specific heats γ = 1.4
Universal gas constant R = 286.7 J/(kg·K)
Thermal conductivity κ = 2.60 · 10−2 W/(m·K)
Specific heat capapcity at constant pressure cp = 1005 J/kg·K

Table A.8: Properties of air.
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Porosity h = 0.95
Bulk density of the frame ρ1 = 37.3 kg/m3

Tortuosity α∞ = 1.17
Flow resistance σ = 9200 kg/(m3·s)
Viscous characteristic length Λ = 179 · 10−6 m
Thermal characteristic length Λ′ = 359 · 10−6 m
Shear modulus of the frame N = 66 · 103 + 4 · 103 j Pa
Young’s modulus of the frame in vacuum E1 = 148 · 103 + 14 · 103 j Pa

Table A.9: Properties of fireflex1.

Porosity h = 0.95
Bulk density of the frame ρ1 = 32 kg/m3

Tortuosity α∞ = 1.4
Flow resistance σ = 8900 kg/(m3·s)
Viscous characteristic length Λ = 180 · 10−6 m
Thermal characteristic length Λ′ = 360 · 10−6 m
Shear modulus of the frame N = 66 · 103 + 3 · 103 j Pa
Young’s modulus of the frame in vacuum E1 = 158 · 103 + 17 · 103 j Pa

Table A.10: Properties of fireflex2.

Porosity h = 0.95
Bulk density of the frame ρ1 = 126 kg/m3

Tortuosity α∞ = 1.07
Flow resistance σ = 52000 kg/(m3·s)
Viscous characteristic length Λ = 19 · 10−6 m
Thermal characteristic length Λ′ = 38 · 10−6 m
Shear modulus of the frame N = 154 · 103 + 11 · 103 j Pa
Young’s modulus of the frame in vacuum E1 = 372 · 103 + 38 · 103 j Pa

Table A.11: Properties of eurocell.

Porosity h = 0.95
Bulk density of the frame ρ1 = 9.4 kg/m3

Tortuosity α∞ = 1.01
Flow resistance σ = 9500 kg/(m3·s)
Viscous characteristic length Λ = 166 · 10−6 m
Thermal characteristic length Λ′ = 249 · 10−6 m
Shear modulus of the frame N = 95 · 103 + 6 · 103 j Pa
Young’s modulus of the frame in vacuum E1 = 260 · 103 + 30 · 103 j Pa

Table A.12: Properties of melamine.

Porosity h = 0.95
Bulk density of the frame ρ1 = 96.3 kg/m3

Tortuosity α∞ = 1.5
Flow resistance σ = 40000 kg/(m3·s)
Viscous characteristic length Λ = 60 · 10−6 m
Thermal characteristic length Λ′ = 119 · 10−6 m
Shear modulus of the frame N = 86 · 103 + 4 · 103 j Pa
Young’s modulus of the frame in vacuum E1 = 235 · 103 + 28 · 103 j Pa

Table A.13: Properties of urecom.
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