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Abstract 

The properties of a polyurethane foam are greatly influenced by the 
addition of graphite particles during the manufacturing process, 
initially used as a fire retardant. These thin solid particles perturbate 
the nucleation process by generating bubbles in their immediate 
vicinity. A large body of work has focused on foams that are 
reasonably homogeneous. In this work, we propose a modeling 
approach for inhomogeneous foams that includes membrane effects 
and allows pore size distributions to be accounted for. The cellular 
structure of the foam is obtained through a random Laguerre 
tessellation optimized from experimental properties. The structure of 
real foam samples is analyzed using X-ray computed tomography and 
scanning electron microscopy, followed by image processing, to create 
three-dimensional, digital models of the samples. The corresponding 
effective material parameters, including the permeability, the 
tortuosity and the viscous characteristic length, are subsequently 
computed by applying a numerical homogenization approach. All the 
numerical data are presented, discussed and gauged against 
experimental results. 

Introduction 

Polyurethane (PU) foams generally present a disordered structure with 
a random distribution of pore size and are utilized in many applications 
where acoustical properties are required. The study of its acoustical 
properties has been carried out by several works, in which the link 
between acoustical properties and microstructural parameters have 
been predicted by different geometry models [20,2,19]. It has been 
shown that the presence of  membranes is a key parameter to control 
acoustic absorption capacity of foams; and that both i) the proportion 
of closed membranes and ii) the closure ratio of open membranes must 
be taken into account in the model [2,20]. However, the previous 
works have been carried out with the constant pore size using 
essentially combinations and appropriate averaging approaches based 
on idealized periodic unit cells (PUCs). Therefore, the major objective 

                                                                 

1 https://www.mecanum.com/porosimetre-densimetre?lang=en 

of this paper is to study the permeability and acoustic properties of 
anisotropic and/or locally inhomogeneous foams. 

In this study, we focus on the influence of pore size distribution and 
membrane effect on the acoustic properties of PU foams. The pore size 
distribution and the pore anisotropy are characterized from X-Ray 
micro-tomography imaging. The membranes content is evaluated by 
the fraction of closed membranes and the aperture ratio of open 
membranes from scanning electron microscope images. A three-
dimensional (3D) structural model based on a polyhedral description 
of the foam is achieved by determining appropriate attributes of the 
seeds of Laguerre tessellations from experimental properties. The 
viscous and thermal permeabilities, tortuosity, viscous and thermal 
characteristic lengths computed along the x, y, and z axis perpendicular 
to the cubic unit cell boundaries in which the polyhedra are generated. 
This provides the transport properties for the calculation of the sound 
absorption coefficient of the PU foam samples derived using the semi-
phenomenological JCAL model [3,5]. Finally, the computed viscous 
permeability and sound absorption coefficients are compared with 
three-microphone impedance tube acoustical measurements. 

Characterization of the foam samples 

Porosity and permeability 

The open porosity 𝜙𝜙 of a foam is defined as the ratio of the 
interconnected pore volume to the total bulk volume of the foam 
domain. It is an important geometrical parameter, which relates the 
properties of the air saturating in the interconnected pores to the 
effective properties of the foam [1]. In this work, the open porosity was 
measured by the pressure/mass method, which is based on the ideal gas 
law, developed by L. Beranek and further elaborated by Y. Salissou 
and R. Panneton [16]. The measurement was carried out at CERA - 
Centre d'Etudes et de Recherche Automobile (Reims) with the system 
of porosity and density meter Phi-X.1 

The permeability 𝑘𝑘0(𝑚𝑚2) of the foam sample is determined by the 
measurement of the airflow resistivity 𝜎𝜎 (𝑁𝑁𝑁𝑁/𝑚𝑚4) through the relation 
𝜎𝜎 = 𝜂𝜂/𝑘𝑘0 where 𝜂𝜂 is the viscosity of the air saturating in the 

https://www.mecanum.com/porosimetre-densimetre?lang=en
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interconnected pores. The resistivity is measured by a measurement of 
the pressure drop depending on volumetric airflow rate as described in 
DIN EN 29053 (ISO 9053) with an airflow resistivity meter AFD 300 
– AcoustiFlow2 at MSME – Multi Scale Modeling and Simulation 
laboratory (Marne-la-Vallée). 

The polyurethane foam investigated in this study exhibits a high open 
porosity value, 𝜙𝜙 = 0.986 ± 0.001; and low permeability value, 𝑘𝑘0 =
(1.91 ± 0.21) × 10−10(𝑚𝑚2). These somehow contradictory values 
suggest that the membrane and/or pore size distribution effects are 
strong. 

Pore size distribution 

The distributions of pore size of the foam samples are obtained from 
X-Ray computed micro-tomography (X-ray μCT), a non-destructive 
method enabling to observe the foam cross-sectional cuts in the 
micrometer range. Due to the poor X-ray mass attenuation coefficients 
of the PU foam under study, the thin membranes essentially disappear 
in the corresponding μCT images, the pores are usually connected 
through the fluid phase. For further morphological analysis, the pores 
have to be separated as individual ones. Following Nistor et al., a 
proper morphological characterization of the foam is performed from 
the 3D porous structure of the PU foam reconstructed using 
tomography cross-section images acquired at the F2M 
microtomography platform available at Navier laboratory [10]. Four 
main steps are required (Fig. 1): 

1. First, the foam struts must be obtained through binarization 
and noise filtering of the obtained images. 

2. In the second step; a distance transform map of individual 
pores is computed together with an inversion of the images 
from the first step. 

3. Then, a watershed transform allows separating one pore 
from another. 

4. Finally, the foam surroundings are deleted. 

When the procedure described above is performed as illustrated in Fig. 
1, the distribution of the pore size can be estimated from the 3D 
reconstructed foam. In the pore size distribution, the pore size is 
represented by a so-called equivalent diameter d, which represents the 
diameter of a sphere with a volume equivalent to the volume of the 
corresponding pore. From now on, and unless otherwise stated, the 
normalized pore size will be referred to as 𝑑𝑑/〈𝑑𝑑〉, where 〈𝑑𝑑〉 is the 
average diameter over all pores. Also, worth to be mentioned is that 
the performed procedure also provides with the relative position of 
each pore, together with the corresponding neighboring pores. 

The sphericity index s, which can be defined as the ratio of the surface 
area of the sphere of equivalent volume over the surface area S of the 
corresponding pore, is another interesting shape parameter. The 
sphericity index takes a maximal value of one for a spherical pore and 
it will take small values if the pore shape differs significantly from the 
shape of a sphere. This sphericity index is defined by, 

                                                                 

2 
https://www.akustikforschung.de/en/produkte/messgerate/stromungs
widerstandsmessgerat-aed-300-acoustiflow/ 

𝑁𝑁 =  �36𝜋𝜋
𝑉𝑉2

𝑆𝑆3�
1/3

 

(1) 

and is applicable to represent the anisotropic character of the pores. 

All image processing and analysis steps were carried out by using the 
open-source FIJI software with the plugins MorphoLibJ [7,18].  

 
Figure 1. Detection and pore size distribution from X-ray μCT and image 
analysis. A)  Original image of micro-tomography. B) Binarized image 
generating the struts system of foam. C) Image obtained after distance 
transform and inversion. D) Detected pores after segmentation by watershed 
transform. E & F) 3D visualization of struts system and the corresponding 
detected pores. 

From the procedure described above, a parallelepipedic field of view 
of 6 × 6 × 6 𝑚𝑚𝑚𝑚3 containing 2131 pores was analyzed with a voxel 
size corresponding to 6 𝜇𝜇𝑚𝑚. The distribution of pore size together with 
the complement of the sphericity index, 1 – s, are plotted in Fig. 4.  

https://www.akustikforschung.de/en/produkte/messgerate/stromungswiderstandsmessgerat-aed-300-acoustiflow/
https://www.akustikforschung.de/en/produkte/messgerate/stromungswiderstandsmessgerat-aed-300-acoustiflow/
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Furthermore, the porosity is also estimated, by considering that the 
solid part of the foams is mainly concentrated in the struts system, 
through the binarized image (see Fig. 1B & E). The proportion of solid 
part is equal to 1.37 %. Accordingly, the porosity is equal to 98.63 %, 
a value in full agreement with the data independently obtained from 
the pressure/mass measuring method. We note that the small difference 
is in agreement with the fact that the membranes are not appearing in 
the 3D reconstructed foam.  

Membrane characteristics 

The characterization of membranes is performed by analyzing the 
surfaces of the foam sample through scanning electron microscope 
(SEM) images. A polygon is superimposed over each individual 
window. For each opened membrane, an ellipse is used to characterize 
the area of the corresponding aperture size (see Fig. 2). Then, the area 
of the superimposed polygons and of ellipses are determined. The 
proportion of closed and open membranes, respectively denoted by 𝑥𝑥𝑐𝑐 
and 𝑥𝑥𝑜𝑜, are also reported. The aperture ratio of open membranes is 
further estimated as 𝑡𝑡𝑜𝑜 =  �𝐴𝐴𝑒𝑒𝑒𝑒/𝐴𝐴𝑝𝑝𝑒𝑒, where 𝐴𝐴𝑝𝑝𝑒𝑒 is the area of the 
polygon corresponding to a window for which the membrane is open 
and 𝐴𝐴𝑒𝑒𝑒𝑒 is the area of the ellipses associated with the given aperture. 
Then the average of aperture ratio 〈𝑡𝑡𝑜𝑜〉 is deduced.  

For the PU foam under study, several tens SEM images of both the top 
and bottom sample surfaces analyzed, a mean value for the proportion 
of closed membranes 〈𝑥𝑥𝑐𝑐〉 = 0.76 is observed, and the average of 
aperture ratio for the open membranes 〈𝑡𝑡𝑜𝑜〉 = 0.17 is obtained. 

 
Figure 2. Characterization of pore windows by SEM image. 

The thickness of the membrane is also estimated through SEM images. 
Its average value is in the range 1− 2𝜇𝜇𝑚𝑚, in agreement with the 
membrane thickness of polyurethane foams found in other works [2, 
20]. One can note that the membrane thickness is very thin when 
compared to the average pore size 〈𝑑𝑑〉 = 360 𝜇𝜇𝑚𝑚. This property will 
be used later on to justify that the thickness of the walls separating cells 
can be ignored in order to reduce the size of the finite element model. 

Acoustic measurements 

A three-microphone impedance tube (length, 1 m; diameter, 40 mm) 
was used to characterize the acoustic properties of the PU foam under 
study. Based on this experimental setup, (i) the sound absorption 
coefficient at normal incidence (𝑆𝑆𝐴𝐴𝑆𝑆𝑁𝑁𝑁𝑁) is directly measured, and (ii) 
supplementary frequency-dependent response functions of the porous 
material modeled as an equivalent fluid are determined from the 
pressure transfer functions between the microphones [ (Salissou et 
Panneton 2010)], i.e., equivalent density 𝜌𝜌�𝑒𝑒𝑒𝑒  and equivalent bulk 
modulus 𝐾𝐾�𝑒𝑒𝑒𝑒.   

Numerical simulations 

Generation of the foam structures 

Random Laguerre tessellation are widely used to simulate the pore 
structures of polydisperse foams [15,8,21]. In these works, the 
Laguerre tessellations were essentially based on a random dense 
packing of hard spheres, which have a distribution of sphere sizes 
coinciding with the pore size distributions of foam samples.  In this 
case, large differences between the spherical and pore centroids can be 
obtained and therefore, the quantitative reproduction of the pore size 
distribution found in experimental data is rather poor. Recently, an 
improved algorithm of Laguerre tessellations has been developed [14]. 
The idea is to consider the desired (experimental) pore properties as an 
input of the problem, from which the attributes of the seeds are 
determined by updating tessellations between iterations from a generic 
algorithm (until an optimal configuration is found). It is also 
recommended to replace small edges and faces by single vertices, a 
correction method called regularization such that the tessellations can 
further be meshed with good finite element conditioning. Tiny facets 
are neglected when 𝜆𝜆 <  𝜖𝜖〈𝜆𝜆〉, where 𝜆𝜆 is the facet area, 〈𝜆𝜆〉 is the 
average area and 𝜖𝜖 is the threshold that restricts the facets surface area. 
Typically, 0.01 ≤  𝜖𝜖 ≤ 0.10 [4]. In this work, 𝜖𝜖 = 0.05 corresponds 
to the facets surface area threshold used for regularization. 

A structure of 242 pores is generated to mimic the pore size 
distribution of the PU foam under study. It is assumed that the pore 
size follows a lognormal probability law, with mean 0.36 mm and 
standard deviation 0.29 𝑚𝑚𝑚𝑚. The sphericity is also assumed to follow 
a lognormal distribution with a 1 - s lognormal distribution of average 
0.23 and standard deviation 0.068. The average proportion of open 
membranes 〈𝑥𝑥𝑜𝑜〉 and the average of aperture ratio for the open 
membranes 〈𝑡𝑡𝑜𝑜〉 are taken into account in the model as follows, see 
Fig. 3: (i) the open membranes are randomly selected among all the 
membranes of the model, (ii) among the membranes randomly selected 
to be opened, the membranes are locally opened by a circle with an 
aperture ratio equal to the average of aperture ratio for the open 
membranes. 
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Figure 3. Generated geometry (A) and corresponding mesh with 7 360 100 
tetrahedral elements (B). 

Calculation of acoustical properties 

The acoustical properties of the equivalent fluid characterizing visco-
thermal dissipation mechanisms within the porous structure supposed 
to be motionless can be determined from the calculation of two 
complex response functions, the equivalent density 𝜌𝜌�𝑒𝑒𝑒𝑒  characterizing 
the viscous-inertial effects and equivalent bulk modulus 𝐾𝐾�𝑒𝑒𝑒𝑒 associated 
with the thermal exchanges. Then, the equivalent wave number 𝑘𝑘�𝑒𝑒𝑒𝑒 
and equivalent characteristic impedance 𝑍𝑍�𝑒𝑒𝑒𝑒  directly follows from 
analytical calculations. 

For rigidly backed porous material of thickness 𝐿𝐿𝑠𝑠, the sound 
absorption coefficient 𝑆𝑆𝐴𝐴𝑆𝑆𝑁𝑁𝑁𝑁 at normal incidence is given by: 

𝑆𝑆𝐴𝐴𝑆𝑆𝑁𝑁𝑁𝑁 = 1 − �
𝑍𝑍𝑠𝑠 − 𝜌𝜌0𝑐𝑐0
𝑍𝑍𝑠𝑠 + 𝜌𝜌0𝑐𝑐0

�
2

, 𝑍𝑍�𝑠𝑠 = −𝑖𝑖𝑍𝑍�𝑒𝑒𝑒𝑒/𝜙𝜙𝑐𝑐𝜙𝜙𝑡𝑡�𝑘𝑘�𝑒𝑒𝑒𝑒𝐿𝐿𝑠𝑠� 

(2) 

where 𝜌𝜌0 is the density of air at rest, 𝑐𝑐0 is the sound speed in air and 
𝑍𝑍�𝑠𝑠  is the normal incidence surface impedance. 

Based on the JCAL semi-phenomenological model, all of the 
appropriate response functions can be derived from the basis of 
transport parameters. The set of six transport parameters used 
(𝜙𝜙,Λ′, 𝑘𝑘0,Λ,𝛼𝛼∞, 𝑘𝑘′0) is computed by the numerical homogenization 
approach. More precisely, the porosity 𝜙𝜙 and the thermal characteristic 
length Λ′ are obtained from geometry, and other transport parameters 
are computed numerically from appropriate field averaging from three 
boundary value problems. The static viscous permeability 𝑘𝑘0 is derived 
from the Stoke equations; the tortuosity 𝛼𝛼∞ and the viscous 
characteristic length Λ are computed from the potential flow equations; 
Laplace equation of thermal diffusion enables the computation of the 
static thermal permeability 𝑘𝑘′0. The details on this numerical 
homogenization approach were described in various works [13]. These 
boundary value problems were solved by the finite element method 
using the commercial software COMSOL Multiphysics. The 
calculation is performed on three different configurations and along 
the x, y, and z axis perpendicular to the cubic unit cell boundaries in 
which the pores are generated. 

Results and discussion 

Distributions of pore size and of pore sphericity 

Figure 4 shows the comparison between the experimental 
microstructure and the simulated microstructure in terms of both the 
distributions of pore size and spheriticity s (plotted as 1 – s) together 
with the corresponding lognormal fits.

 
Figure 4. Foam morphology comparison between experimental measure, fitted 
lognormal law and reconstruction for (A) pore size distribution and (B) 1-
sphericity. 

The high value of the variation coefficient for the pore size 𝑐𝑐 = 𝜎𝜎𝑑𝑑/〈𝑑𝑑〉 
= 0.79, with 𝜎𝜎𝑑𝑑 denoting the standard deviation of the pore size d, 
denotes a wide distribution of pore sizes. The lognormal fit of the pore 
size distribution is clearly in agreement with the experimental 
microstructure, in agreement with previously reported studies of pore 
sizes in cellular materials [15]. Similarly, a lognormal fit is employed 
to extract the statistical characteristics of the sphericity of the pores. 
Considering the relatively low number of pores used to simulate the 
experimental microstructure together with a wide distributions of pore 
size and sphericity, the cell diameter and sphericity distributions 
adequately match the prescribed distributions (Fig. 4). 

Moreover, the average number of neighboring pores for the simulated 
microstructure, 9.6 , is also close to the value obtained for the 
experimental microstructure, 9.1. It is worth to be mentioned that this 
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value is exceptionally low, when compared to typical monodisperse 
foams for which the typical values lies in the range of 12− 14 [8, 21, 
9]. This exceptional feature of the PU foam under study is to be related 
primarily to the wide distribution of pore sizes: local inhomogeneity of 
the pore sizes is obtained as a result of the particular foaming process 
(small pores have fewer neighbors than larger ones). This tendency is 
increased by the statistical anisotropy of the pores. 

Acoustical properties 

The main objective of this section is to produce a comparison between 
the viscous permeability and the sound absorption coefficients 
determined from experimental measurements and multi-scale 
numerical simulations. Note that the remaining transport parameters 
can be estimated experimentally using an inverse characterization 
method proposed by Panneton and Olny [12,11], from the three-
microphone tube measurements.    In context of this work, due to time 
limitations, we the focus is on the viscous permeability. The computed 
values of the transport parameters are listed in Table I. It should be 
mentioned that the porosity used for the calculations of the equivalent 
fluid properties is the one given by the experimental value. The 
solution fields corresponding to the simulated microstructure are 
shown in Fig. 5, together with a comparison of the sound absorption 
coefficient at normal incidence for the experimental and simulated 
microstructures. A strong anisotropy of the transport properties is 
induced by the pore size and shape inhomogeneity. In average, for the 
three-different simulated microstructures, the computed viscous 
permeability 1.60 ± 1.38 × 10−10𝑚𝑚2 is in agreement with measured 
value 1.91 ± 0.21 × 10−10 𝑚𝑚2. Once again, the variability of the 
simulated permeability is due to the relatively low number of simulated 
pores. Figure 5D show that the computed sound absorption coefficient 
is in line with measurements, without any adjusted parameter. We note 
that the presence of membranes reduces the foam sample permeability 
and favors a strong coupling between the fluid and the solid phase of 
the foam, which also explains the observed variability in the sound 
absorption measurements. Also of great interest are the high values of 
tortuosity, simulated for the first time in agreement with preliminary 
experimental observations for such kind of foams. 

Table 1. Computed transport parameters. ( 𝑘𝑘0[× 10−10𝑚𝑚2], 𝑘𝑘′0[× 10−8𝑚𝑚2], 
𝛬𝛬 ,𝛬𝛬′[𝜇𝜇𝑚𝑚]) 

 Config. 1 Config. 2 Config. 3 
Ave. 

 𝑥𝑥 𝑦𝑦 𝑧𝑧 𝑥𝑥 𝑦𝑦 𝑧𝑧 𝑥𝑥 𝑦𝑦 𝑧𝑧 

𝜙𝜙 𝟎𝟎.𝟗𝟗𝟗𝟗𝟗𝟗 

Λ′ 662.7 661.0 663.7 𝟗𝟗𝟗𝟗𝟔𝟔.𝟓𝟓 

𝑘𝑘0 0.39 0.68 4.25 1.00 3.07 0.56 0.40 2.53 1.50 𝟏𝟏.𝟗𝟗𝟎𝟎 

𝛼𝛼∞ 5.68 5.90 2.44 4.43 3.06 5.04 4.33 2.96 3.05 𝟒𝟒.𝟏𝟏𝟎𝟎 

Λ 138.9 186.1 258.3 175.9 101.8 144.2 123.4 130.5 174.2 𝟏𝟏𝟓𝟓𝟗𝟗.𝟑𝟑 

𝑘𝑘′0 6.51 6.52 6.56 𝟗𝟗.𝟓𝟓𝟑𝟑 

 

 
Figure 5. Solution field: (A) Stoke flow. (B) Potential flow. (C) Thermal field. 
(D) Sound absorption coefficient (𝑆𝑆𝐴𝐴𝑆𝑆𝑁𝑁𝑁𝑁). Sample thickness: 21𝑚𝑚𝑚𝑚. 

Conclusions 

A three-dimensional model of heterogeneous foams including a wide 
distribution of pore size and sphericity was obtained to predict the 
acoustical properties of a heterogeneous polyurethane foam with high-
porosity manufactured following a nucleation perturbation technique. 
The heterogeneity and anisotropy of foam sample were taken into 
account by means of the distributions of pore size and pore sphericity 
used as input parameters. These experimental distributions obtained 
from the X-Ray micro-tomography images were fitted by two 
lognormal laws. The 3D geometry model uses an advanced Laguerre 
tessellation algorithm in which the membrane thickness was neglected 
and the facets smaller than a given critical threshold removed to 
increase the quality of the mesh subsequently used in the finite element 
method. The proportion of closed membranes and the aperture ratio of 
open membranes were measured through SEM images and included in 
the model. The determination of the transport parameters of the 
modeled microstructures followed from numerical homogenization, 
from which the sound absorption coefficient at normal incidence was 
derived. Despite the variability of the computed permeability of the 
simulated microstructures, the average value of the computed 
permeability was found to agree with the experimental one, which 
supports the validation of the proposed model. Additional work is 
underway for a better validation of the heterogeneous foam model. It 
includes a detailed examination of the experimental values of the 
transport parameters, modelling microstructures with a larger number 
of pores, simulating a large number of heterogeneous configurations. 
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