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a b s t r a c t 

The sound absorption ability of porous materials is strongly related to the underlying microstructure. In 

this paper, acoustic properties of a polyurethane (PU) foam are determined from its microstructure with 

a computational homogenization method. The foam is analyzed using X-ray computed tomography (CT) 

and scanning electron microscopy (SEM). Based on the obtained microstructure information, a parallel 

model of a fully-open and a partially-open Kelvin cell with thin membranes is built to represent the 

foam. The corresponding effective material parameters, including the dynamic density and the stiffness 

tensor, are obtained by applying a computational homogenization approach. Numerical simulations of an 

impedance tube test based on Biot’s equations with parameters obtained from the homogenization are 

compared with the measured sound absorption coefficients. Considering the limitations of the simplified 

microscopic model, a good agreement between the measurements and the simulation results for the PU 

foam is found. 

© 2016 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Acoustic foams are widely used for sound absorption purposes,

whereby their performance strongly depends on the underlying

complex microstructure. The sound propagation problem in porous

materials can be solved using multiscale models. For example, the

asymptotic homogenization method has been applied to a porous

material including an elastic solid skeleton and a compressible

viscous gaseous fluid ( Burridge and Keller, 1981; Auriault et al.,

1985 ). Moreover, the mixture theory was used to obtain a set of

macroscopic constitutive equations by applying volume integra-

tions on the microscopic mass and momentum conservation equa-

tions ( Pride et al., 1992; Coussy et al., 1998 ). Recently, the authors

proposed a computational homogenization approach for acoustic

porous materials ( Gao et al., 2015; 2016 ). It straightforwardly as-

sesses the macroscopic influence of the microstructure and a com-

parison with direct numerical simulations (DNS) illustrated the

feasibility of this approach for a simple cubic microstructure. In

this paper, the homogenization approach is exploited and assessed

by comparing the measurements of impedance tube tests on a real

polyurethane (PU) foam with simulations based on a representa-

tive microstructural volume element of this foam. 
∗ Corresponding author. Fax: +31 40 244 7355. 

E-mail address: j.a.w.v.dommelen@tue.nl (J.A.W. van Dommelen). 
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The homogenization method relies on a statistically represen-

ative microstructural description for the foam. A unit cell model

an capture the essential microstructural features of a foam if it is

dentified properly. For example, the effective elastic properties of

pen-cell foams were predicted by using a 2D honeycomb ( Warren

nd Kraynik, 1987 ) and a 3D cubic cell ( Gibson and Ashby, 1999 ).

 widely used geometry is the Kelvin cell, a tetrakaidecahedron

ell that can fully fill the space and nearly minimizes the surface

nergy ( Thomson, 1887 ). In open-cell foams, the effective elastic

roperties are related to the struts and the vertices. Ample work

as been done by focusing on these two aspects of the Kelvin cell.

arious shapes of cross-sections such as circular, square, equilat-

ral triangular and Plateau borders have been studied in Zhu et al.

1997) , Warren and Kraynik (1997) , Li et al. (2003) and the influ-

nce of the material in the vertex has been investigated in Gong

t al. (2005) . It has been shown that the effective elastic properties

redicted by these Kelvin cell models agree well with experimen-

al data ( Li et al., 2003; Gong et al., 2005 ). Although random multi-

ell models and Weaire–Phelan cell models can be more accurate,

he Kelvin cell still shows a satisfactory performance in terms of

redicting linear elastic properties ( Jang et al., 2008; 2010; Buf-

el et al., 2014 ). Many acoustic foams are partially-open foams

n which cell faces are partially covered by thin membranes. The

embranes can influence not only the viscous-thermal dissipation

n foams ( Lu et al., 1999; 20 0 0; Doutres et al., 2011; Hoang and

errot, 2012; Zhang et al., 2012 ) but also the elastic properties

 Zhang et al., 2012; Hoang et al., 2014 ). Therefore, membranes have

http://dx.doi.org/10.1016/j.ijsolstr.2016.09.024
http://www.ScienceDirect.com
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een implemented in the Kelvin cell model resulting in good pre-

ictions of both the acoustic properties ( Hoang and Perrot, 2012;

outres et al., 2013; Doutres et al., 2014 ) and the elastic properties

 Hoang et al., 2014 ), considering the simplicity of this model. 

To define a representative microscopic model, besides the me-

hanical properties of the material, a proper understanding of the

icrostructure is required. Besides the strut length and the strut

hickness, information on the cell volume and the cell orienta-

ion can be important. X-ray computed-tomography (CT) may be

sed to obtain a 3D image of the foam and to characterize its

icrostructure. For example, PU foam samples were investigated

nd information regarding the strut length, the face area and the

ell volume has been quantified from stick figure images processed

y volume thinning in Montminy et al. (2004) . The characterized

esults were used for building a Kelvin cell model ( Perrot et al.,

007 ) and multi-cell models with perturbed Kelvin cells ( Jang

t al., 2008; 2010 ). Scanning electric microscopy (SEM) is widely

sed to observe detailed features of the microstructure. For in-

tance, the geometry of the struts and the cells of PU foams has

een extracted from SEM images and used for further modeling in

ong et al. (2005) and Buffel et al. (2014) . Moreover, ratios of open

nd partially-open faces of PU foams were estimated by counting

he number of various types of faces in Doutres et al. (2011) and

hang et al. (2012) . 

In this paper, the PU foam is characterized by using both X-ray

T and SEM. The X-ray CT is used for the characterization of the

keleton of the foam including information of the struts, the faces

nd the cells. The opening and the distribution of thin membranes

re studied on the basis of SEM images. In this paper, a relatively

imple microscopic representative model, which requires an afford-

ble computational power and time, is used. Therefore, a parallel

odel of a fully-open Kelvin cell and a partially-open Kelvin cell

s built based on the geometrical characterization results. Next, the

omputational homogenization approach is applied and the effec-

ive material parameters of the foam are obtained. The homoge-

ization approach is assessed by comparing the results of the sim-

lations at the homogenized macro scale with experimental mea-

urements. 

. Homogenization approach 

When an acoustic wave is propagating in a porous material,

here are two coupled problems at different scales: at the macro-

copic scale, the porous material is considered as homogeneous,

hereas at the microscopic pore scale the material is intrinsically

nhomogeneous. In the homogenization approach, the macroscopic

haracteristic length related to the external excitation is assumed

o be much larger than the microscopic characteristic length, i.e.

he two problems at the macro- and micro-scales can be separated.

he two problems are studied in the frequency domain and the

ime derivative is replaced by j ω where j is the imaginary unit and

 is the angular frequency. At the macroscopic scale, the solid dis-

lacement u 

s 
M 

and the fluid pressure p 
f 
M 

are chosen as the macro-

copic field variables. Momentum conservation of the solid and

ass conservation of the fluid govern the macroscopic behavior:

f s M 

= ∇ M 

· ( σs 
M 

) 
T 

, and ε f 
M 

− ∇ M 

· u 

f 
M 

= 0 . (1)

ere, the operator ∇ M 

represents the spatial gradient at the

acroscopic scale. In the first equation, σs 
M 

is the macroscopic

auchy stress of the solid and f s 
M 

is the inertial force exerted on

he solid. In the second equation, ε f 
M 

is the macroscopic volumet-

ic change of the fluid and u 

f 
M 

is the fluid displacement. 

In the microscopic representative volume element (RVE), the

olid phase and the fluid phase are coupled through a continu-

us interface condition. In the solid, the displacements u 

s 
m 

are gov-
rned by conservation of linear momentum and Fourier’s law is

dopted for the thermal diffusion: 

−ω 

2 ρs 
0 u 

s 
m 

= ∇ m 

· σs 
m 

s 
0 C 

s 
p jωθ s 

m 

= −∇ m 

·
(
−k s ∇ m 

θ s 
m 

)
. (2) 

ere, ρs 
0 

is the static density of the solid; σs 
m 

is the microscopic

auchy stress of the solid; C s p is the thermal capacity at constant

ressure; θ s 
m 

is the temperature of the solid; and k s is the thermal

onductivity of the solid. The isotropic linear elastic constitutive

aw is applied by ignoring thermal expansion: 

s 
m 

= 

(
K 

s − 2 

3 

G 

s 
)

tr ( ε 

s 
m 

) I + 2 G 

s ε 

s 
m 

, (3) 

ith K 

s and G 

s the bulk and shear moduli of the solid. The linear

train in the solid is given by ε s m 

= 

1 
2 

[∇ m 

u 

s 
m 

+ (∇ m 

u 

s 
m 

) T 
]
. The fluid

s governed by the linearized Navier–Stokes–Fourier equations: 

−ω 

2 ρ f 
0 

u 

f 
m 

= − ∇ m 

p f m 

+ ∇ m 

·
[ 

jωμ f 
(
∇ m 

u 

f 
m 

+ 

(∇ m 

u 

f 
m 

)T − 2 

3 

(∇ m 

· u 

f 
m 

)
I 

)] 
f 

0 
C f p jωθ f 

m 

= jωp f m 

− ∇ m 

·
(
−k f ∇ m 

θ f 
m 

)
p f m 

P 0 
= 

θ f 
m 

T 0 
− ∇ m 

· u 

f 
m 

, (4) 

here ρ f 
0 

is the static density of the fluid; u 

f 
m 

is the microscopic

uid displacement; p 
f 
m 

is the fluid pressure; μf is the viscosity of

he fluid; C 
f 
p is the thermal capacity of the fluid at constant pres-

ure; θ f 
m 

is the temperature of the fluid; k f is the thermal con-

uctivity of the fluid; and P 0 = 0 . 101 MPa and T 0 = 293 K are the

mbient pressure and temperature. A periodic boundary condition

s adopted on the solid external surface based on the macroscopic

olid deformation: 

 

s + 
m 

− u 

s −
m 

= (∇ M 

u 

s 
M 

) T ·
(
x s + m 

− x s −m 

)
, (5)

here + and 

− denote opposite boundary points. For the fluid, the

ressure on the boundary is assumed to depend on the macro-

copic fluid pressure and its gradient 

p f m 

= p f 
M 

+ ∇ M 

p f 
M 

· x f m 

(6)

nd the boundary viscous traction is ignored. Furthermore, a pe-

iodic boundary condition for the thermal flux is applied, so that

he total thermal flux leaving the RVE vanishes. 

The microscopic RVE problem is solved using the finite element

ethod. Based on the microscopic response, the condition of en-

rgy consistency is enforced to retrieve the work-conjugate macro-

copic solid stress and macroscopic fluid displacement: 

(1 − φ) f s M 

= 

1 

V 

∫ 
S s e 

(n · σs 
m 

) dA , (1 − φ) σs 
M 

= 

1 

V 

∫ 
S s e 

(n · σs 
m 

) x m 

dA 

φε f 
M 

= 

1 

V 

∫ 
S f e 

n · u 

f 
m 

dA , φu 

f 
M 

= 

1 

V 

∫ 
S f e 

(n · u 

f 
m 

) x f m 

dA , (7) 

here S s e and S 
f 
e are the external solid surface and the external

uid surface respectively. Since the microscopic RVE problem is

inear, only effective material parameters are required. Note that

hen the microscopic fluctuation of the solid and the average of

he macroscopic fluid deformation are small, Biot’s poroelastic the-

ry is recovered at the macroscopic scale: 

(1 − φ) f s M 

− φ∇ M 

p f 
M 

= −ω 

2 (1 − φ) ρs 
0 u 

s 
M 

− ω 

2 φρ f 
0 

u 

f 
M 

φ∇ M 

p f 
M 

+ ω 

2 φρ f 
0 

u 

s 
M 

= −ω 

2 ρc ·
(
u 

f 
M 

− u 

s 
M 

)
, (8) 

ith a linear stress–strain relation: 

(1 − φ) σs 
M 

= 

4 D : ε 

s 
M 

+ Qε f 
M 

−φp f = Q : ∇ M 

u 

s 
M 

+ Rε f 
. (9) 
M M 
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Fig. 1. Grayscale SEM images of the foam. 

Table 1 

Bulk density, Young’s modulus, porosity and loss factor of the 

foam. 

ρ0 [ kg m 

−3 ] Ē x [MPa] φ̄ [ - ] ηx [ - ] 

25 0 .018 ± 0.0037 0 .970 ± 0.0018 0 .19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

The mean value μL and the standard deviation σ L of the strut 

length and the three coefficients in the polynomial relation. 

μL [ μm ] σ L [ μm ] a [ μm 

2 ] b [ μm 

3 ] c [ μm 

4 ] 

171 108 335 9 .53 × 10 4 −1 . 92 × 10 7 
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1 Using a Phoenix X-ray CT scanner with a scanning voltage of 60 kV and a cur- 

rent of 240 μA 
Here, Biot’s effective parameters ρc , 4 D , Q and R are obtained nu-

merically from the microscopic response. 

3. Foam characterization 

In this section, the macroscopic properties of the foam are given

and the microstructure of a PU foam is characterized using X-ray

CT and SEM. Moreover, the properties of the PU are discussed. 

3.1. Macroscopic properties 

A 30 cm × 30 cm × 5 cm plate of PU foam was supplied by

Huntsman Polyurethanes. In this paper, the 5-cm thickness direc-

tion of the plates is referred to as the x axis. The bulk density ρ0 

and the loss factor ηx of the foam are provided by the supplier.

Here, the loss factor is defined as the ratio of the imaginary part

and the real part of the stiffness. The Young’s modulus Ē x (along

the x axis) was obtained from the compression curves of 6 speci-

mens (5 cm diameter cylinders with a height of 5 cm) where the

engineering strain was ranging from 1.5% to 3.0% with a loading

rate during compression of 100 mm/min. These properties and the

corresponding standard deviations are summarized in Table 1 . 

3.2. Geometrical characterization of the skeleton 

SEM images of the foam are presented in Fig. 1 . Fig. 1 a shows

a cross-section along the x axis, whereas Fig. 1 b depicts a cross-

section perpendicular to the x axis. Obviously, the structure of this

foam is anisotropic. Furthermore, thin membranes are observed in

the images. 

The X-ray CT measurements are used to characterize the geom-

etry of the skeleton of the foam ( Montminy et al., 2004 ). Three

cylindrical samples (with a diameter of 15–20 mm and a height

of 25–30 mm) of the foam were scanned with a spatial resolu-
ion of 5 μm 

1 . The samples were aligned such that the height di-

ection corresponds with the x axis. Moreover, the three samples

ere taken from different positions of the raw sheets to obtain

epresentative data and reduce the influence of inhomogeneities

ithin a sheet. For each sample, two cubic volumes with 500 3 vox-

ls were taken for analysis and labeled as ‘a’ and ‘b’. The scanning

esults provide grayscale images, which are converted into 3D bi-

ary images by applying Ostu’s threshold method ( Otsu, 1979 ). The

orosity φ was calculated as the fraction of ‘0’ elements in the

ssociated matrix. The average porosity of the six cubes is given

n Table 1 . The 3D binary images were further processed by using

hinvox ( Palágyi and Kuba, 1999; Min, 2011 ). The thick struts in

he images were thinned into sticks ( Montminy et al., 2004 ), pre-

erving the connectivity. The locations of vertices and the associ-

ted connectivity were identified using the processed stick images.

The strut length is taken as the distance between two con-

ected vertices. By making a slice in the middle of a strut, the mid-

rea of the strut is obtained by counting the number of non-zero

ixels in the slice. The thickness depends on the resolution of the

can, which is therefore unreliable for very thin struts ( Montminy

t al., 2004 ). Hence, struts thinner than 5 pixels were ignored.

oreover, struts shorter than 50 μm were also ignored because

hey were categorized as large vertices. The mean value and the

tandard deviation of the strut length are given in Table 2 . In the

nalyzed results, the struts are classified into different groups ac-

ording to the strut length. The group width is 25 μm for struts

horter than 300 μm and 50 μm for other struts. The correspond-

ng mean values and the standard deviations of the mid-area are

alculated and shown in Fig. 2 . The data was fitted by a 2nd-order

olynomial with respect to the inverse of the strut length as de-

icted by the red curve. The coefficients of the polynomial are also

isted in Table 2 . In Fig. 2 , a clear trend emerges: a shorter strut is

hicker than a longer one. The cross section of a strut is variable

long its length and has the Plateau border characteristic ( Gong

t al., 2005; Jang et al., 2008 ). However, the variable thickness of a
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Fig. 2. Relation between the mid-area and the length of the strut. (For interpre- 

tation of the references to color in this figure, the reader is referred to the web 

version of this article.) 

Fig. 3. Distribution of the number of struts per face in the foam. 

s  

t  

m  

a  

m

 

m  

a  

m  

1  

t  

l  

l  

m

 

t  

f  

t  

n  

s  

o  

s  

4  

s  

i  

c  

5  

a  

o  

t  

s  

a

 

l  

Fig. 4. Orientations of the 1st principal axes of the cells. The projection direction is 

the x axis. 
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2  

n  

t  
trut and the Plateau border only have an influence on the acous-

ical behavior, which is significantly smaller than that of the thin

embranes ( Perrot et al., 2007; Doutres et al., 2011 ). Therefore,

 constant triangular cross-section is assumed in the numerical

odel. 

The grayscale images were pre-segmented into separate do-

ains by using the watershed algorithm ( Meyer, 1994 ). To avoid

n over-segmentation due to imperfections of the image, an H-

inima transform was applied before the segmentation ( Soille,

999 ). After the segmentation, small segmented domains were ob-

ained and only the domains including a complete cell were se-

ected for further improvement: the vertices of one cell in the se-

ected domain were identified and the associated faces were deter-

ined. 

In total, 421 cells were selected and analyzed to characterize

he morphology of the foam. The number of vertices was counted

or each cell and the total average N̄ V is 20.03 ± 6.71. Similarly,

he average number of struts N̄ S is 31.01 ± 10.47 and the average

umber of faces N̄ F is 13.03 ± 4.05. The ratio of the numbers of

truts and vertices ( ̄N S / ̄N V ) is 1.55, whereas the ratio of the number

f struts and faces ( ̄N S / ̄N F ) equals 2.38. A graph of the number of

truts per face is presented in Fig. 3 . It reveals that there are many

-sided and 5-sided faces in the foam. For a Kelvin cell, the average

trut number per vertex is 1.5 and the connectivity of the vertices

s well captured by using a Kelvin cell. However, a Kelvin cell only

ontains six 4-sided faces and eight 6-sided faces. The absence of

-sided faces in the Kelvin cell may influence both the mechanical

nd acoustic properties. Since an average strut number per face

f 2.57 in a Kelvin cell is still close to the equivalent number of

he foam and since the Kelvin cell presents additional advantages

uch as simplicity and low computational costs, the Kelvin cell is

dopted here. 

After the identification of one cell, the cell volume was calcu-

ated as the volume of the convex hull of all vertices in the cell.
he mean value μV and the standard deviation σ V of all samples

re listed in Table 3 . Moreover, all data points of a single cell in

he binary image were mapped on the best matching ellipsoid.

he corresponding principal axes of this ellipsoid were used to ex-

ract the general shape and orientations of the cells. The geomet-

ical anisotropy ratio e is defined as the length of the 1st principal

xis divided by the average length of the other two principal axes,

hich have nearly the same length for all cells. The mean values

¯ of all samples are also listed in Table 3 . The average geometrical

nisotropy ratio is 2.27, indicating that the cells in the foam are

longated. 

An equal-area pole figure of the 1st principal axis is given in

ig. 4 , where the projection direction is the x axis, showing the

referred elongated direction in the foam. Note that the cells are

ypically oriented with their long axes along the x axis. 

.3. Membrane characterization 

In this section, the thin membranes are characterized using

EM images. For the samples, 2 blocks were taken from different

ositions in the raw sheets. To capture the anisotropy, two samples

ith different cross sections were taken from each block as shown

n Fig. 1 . Then, SEM images were made for every sample and di-

ection. Faces that are normal to the viewing direction in the SEM

mages were selected and the number of fully-closed faces was

ounted. The total number of analyzed faces N total and the number

f fully-closed faces N c are given in Table 4 . The area of one face

as calculated by counting the pixels inside the face. As shown

n Table 4 , the fraction of fully-closed faces in the x slice is much

maller than the one in the yz slice. Although the inhomogeneity

f the foam may also result in a difference of the two ratios, the

ajor difference originates from the non-uniform distribution of

he fully-closed faces in the foam, which preferably reside in the

z plane. Furthermore, the significant difference in the area frac-

ions of the fully-closed face also supports this result. Note that

aces which are neither parallel with the x axis nor with the yz

lane cannot be taken into account because the measurement of

he area is inaccurate. 

In Fig. 1 , there are partially-open and fully-open faces. The

pening in a face is identified by checking the contour of the

rayscale level in the local region of the face. To distinguish be-

ween partially-open and fully-open faces, a two-component Gaus-

ian mixture model was used to cluster the measured data by us-

ng an expectation–maximization algorithm ( McLachlan and Peel,

0 0 0 ). It was assumed that the opening area A o and the face area

 f follow a multivariate Gaussian distribution. The result of the

aussian mixture model is given in Table 5 . The proportion w i rep-

esents the probability of the associated group i and is determined

y the expectation–maximization algorithm ( McLachlan and Peel,

0 0 0 ). Table 5 shows that the two groups of open faces have sig-

ificantly different opening ratios, representing the area fraction of

he opening in the face. A low opening ratio ( = A o /A f ) means that
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Table 3 

Cell size and geometrical anisotropy ratios of all samples. 

1a 1b 2a 2b 3a 3b Total 

N 62 80 34 69 74 102 421 

	V [mm 

3 ] 3 .163 4 .241 1 .560 3 .878 2 .756 5 .237 20 .834 

μV [mm 

3 ] 0 .051 0 .053 0 .046 0 .056 0 .037 0 .051 0 .050 

σ V [mm 

3 ] 0 .051 0 .052 0 .047 0 .064 0 .037 0 .062 0 .054 

ē [ - ] 2 .29 2 .41 2 .06 1 .90 2 .83 2 .15 2 .27 

Table 4 

Information on the selected faces and dis- 

tribution of the fully-closed faces. A total is 

the total area of the measured faces. 	A c 
is the total area of the fully-closed faces. 

Slice x yz 

N total 127 68 

N c 28 49 

N c / N total 0 .22 0 .72 

A total [mm 

2 ] 6 .83 4 .26 

	A c / A total 0 .14 0 .73 

Table 5 

Information on partially-open and fully-open 

faces in the foam. Group 1 represents the 

partially-open faces and group 2 captures the 

fully-open faces. 

Group i 1 2 

w i [ - ] 0 .82 0 .18 

N i open 99 19 

	A o [mm 

2 ] 1 .62 1 .92 

	A f [mm 

2 ] 4 .28 2 .75 

	A o / 	A f 0 .38 0 .70 
1 
N 

∑ 

(
A o /A f 

)
0 .36 0 .68 

Fig. 5. Relation of the opening ratio and the face area. The contour graph shows 

the probability density of the corresponding Gaussian distributions. 
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there is more membrane in this face and the opening ratio of a

fully-closed face is 0. In this paper, the area of a face was mea-

sured as the one enclosed by the middle lines of the struts. Due

to the thickness of the struts, the opening ratio is always smaller

than 1 and the one for a fully-open face in the foam ranges be-

tween 0.7 and 0.9. A scatter plot of the face area and the opening

ratio is shown in Fig. 5 , where the two groups are indicated by col-

ors. The corresponding Gaussian distributions are also plotted as a
ontour graph in Fig. 5 . The filling colors indicate the probability

ensity and a higher value suggests a higher probability density.

he majority of the faces in group 1 are partially-open. Note that

he average opening ratio of group 2 as given in Table 5 is close to

he one of a fully-open face. Therefore, group 1 is considered as a

roup of partially-open faces and group 2 is fully-open. 

Finally, the thickness of the membranes was measured directly

rom the SEM images. To measure the thickness, the cross sec-

ion of a membrane should be parallel with the viewing direc-

ion. An average thickness of the membranes of 1 ± 0.331 μm

as obtained based on 10 different membranes. Considering that

he membrane is much thinner than the strut, the thickness of the

embrane is further assumed to be uniform in this paper. 

.4. Solid properties 

Mechanical properties of the solid have a minor influence on

he sound absorption performance of the porous material. The me-

hanical properties of the PU are estimated based on the bulk den-

ity, the measured Young’s modulus and the corresponding nu-

erical results. It will be presented in the next section. Moreover,

he Poisson’s ratio ν = 0 . 4 is estimated from Tsukinovsky et al.

1997) and the thermal properties C s p = 1800 J kg 
−1 

K 

−1 and k s =
 . 022 W m 

−1 K 

−1 are estimated from the common thermal prop-

rties of PU ( The engineering toolbox, 2015 ). 

. Parallel model of Kelvin cells 

Based on the microstructural information obtained in the previ-

us section, a parallel model of two Kelvin cells is built for numer-

cal analysis in this section. The Kelvin cells are described in the

rst part of this section. Thereafter, the homogenization approach

s applied and the obtained effective material parameters are dis-

ussed. 

.1. Description of Kelvin cells 

The volume of the Kelvin cell is chosen as the average cell vol-

me equalling 0.050 mm 

3 as given in Table 3 . To construct an

nisotropic Kelvin cell, the vertices of an isotropic cell with a vol-

me of 0 . 050 / 2 . 27 mm 

3 are stretched along the x axis by a factor

f 2.27 as given in Table 3 . For each strut, the corresponding thick-

ess is obtained according to the polynomial relation in Table 2 .

he cross-section of the strut is assumed to be triangular with ver-

ices lying in the three associated faces. The resulting transversely

sotropic Kelvin cell without membrane (i.e. a fully-open cell) is

epicted in Fig. 6 a. 

There are three types of faces observed in the foam: a fully-

losed face, a fully-open face and a partially-open face. Here, the

ully-open cell is used to represent the fully-open faces and its

raction ϕ 1 is therefore 0.109 ( = w 2 × (1 − N c /N total ) ) such that

he fraction of the fully-open faces agrees with the statistical re-

ult for the foam. The remaining partially-open faces and the fully-

losed faces are represented by another Kelvin cell with mem-

ranes as shown in Fig. 6 b. Since the fully-closed faces in the foam

ostly appear in the yz plane, the faces normal to the x axis are
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Fig. 6. Two Kelvin cells and their fractions based on the identified geometrical microstructure data. 

Table 6 

Loading conditions used to calculate Biot’s pa- 

rameters. The index (1, 2, 3) corresponds to the 

( x, y, z ) system. 

Set ∇ M p 
f 
M 

[Pa/m] ∇ M u 
s 
M [-] p f 

M 
[Pa] 

1 10 3 e 1 0 0 

2 10 3 e 2 0 0 

3 0 0 1 

4 0 10 −3 e 1 e 1 0 

5 0 10 −3 e 1 e 2 0 

6 0 10 −3 e 1 e 3 0 

7 0 10 −3 e 2 e 2 0 

8 0 10 −3 e 2 e 3 0 

9 0 10 −3 e 3 e 3 0 
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Table 7 

Effective parameters at 100 Hz of the parallel model [kPa]. 

D 1111 D 1122 D 2222 D 2233 

18 . 10 + 0 . 05 j 5 . 37 + 0 . 04 j 4 . 31 + 0 . 04 j 3 . 23 + 0 . 04 j

D 1212 D 2323 Q 11 Q 22 

3 . 21 + 0 . 00 j 1 . 16 + 0 . 00 j 15 . 77 + 0 . 42 j 13 . 77 + 0 . 37 j
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aken fully-closed in the cell model. The opening ratio of the faces

ormal to the yz plane are set to 0.38 according to Table 5 . As

iscussed in the previous section, the obtained distribution of the

embranes was only based on faces parallel with the x axis and

he yz plane. Since the wave propagates along the x axis in the

nalyses, the opening ratio of the six-sided faces is set to 0.07 so

hat the projection of the Kelvin cell on the yz plane agrees with

he yz slice in the SEM images. 

In Fig. 6 , neither the fully-open cell nor the partially-open cell

an fully represent the microstructure of the foam alone. Hence,

he combination of the two cells is required. In this paper, a paral-

el connection of the two cells is assumed and the effective mate-

ial parameters of the foam will be obtained based on this parallel-

ell model in the next section. The porosity of the fully-open cell

s about 0.9682 and the one of the partially-open cell is 0.9638.

he weighted average porosity of the parallel model is therefore

.9643, which is close to the estimated foam porosity of 0.970 in

able 1 . 

.2. Homogenization of the Kelvin cell model 

Considering the anisotropy of the Kelvin cell, nine simulations

ith different loading condition as listed in Table 6 are used to

alculate Biot’s parameters. COMSOL 4.3b is used to solve the mi-

roscopic RVE problem. Because the membranes are much thin-

er than the struts, shell elements are adopted to account for the

hin membranes. Continuity of the displacements is used to cou-

le the shell elements, the fluid elements and the solid elements.

he rotation between the shell elements and the solid elements

s suppressed. As discussed in the previous section, the solid den-

ity is taken as 700.28 kg m 

−3 corresponding to a bulk density of

5 kg m 

−3 . The Young’s modulus of the solid E s is 0.7411 MPa. The

ffective Young’s modulus of the parallel model in the x direction

t 50 Hz, which is close to the loading rate in the measurement,

y using a characteristic deformation of 10 −4 , then equals 18 kPa,
hich is consistent with Table 1 . In the following discussion, for

omparison, the homogenization results of the fully-open cell and

he partially-open cell are also considered in the absence of the

arallel connection. 

In the parallel-cell model, according to the acoustic-

lectromagnetic analogy, the same macroscopic pressure gradients

as given in loading sets 1 and 2 in Table 6 ) are applied to the

wo Kelvin cells and the corresponding macroscopic fluid displace-

ents of the two cells u 

f 
M1 

and u 

f 
M2 

are used to calculate the

olume weighted-average displacement u 

f 
M 

: 

 

f 
M 

= ϕ 1 u 

f 
M1 

+ ϕ 2 u 

f 
M2 

. (10)

he weighted-average displacement is then used to calculate the

oupling density tensor ρc . Furthermore, for the calculation of 4 D ,

 and R , the same macroscopic solid deformation and the macro-

copic fluid pressure are applied to each Kelvin cell as given in

oading sets 3–9 in Table 6 . The corresponding parameters are cal-

ulated for each cell and the macroscopic properties are defined as

heir volume weighted-averages: 

 D = ϕ 1 
4 D 1 + ϕ 2 

4 D 2 , 

Q = ϕ 1 Q 1 + ϕ 2 Q 2 and R = ϕ 1 R 1 + ϕ 2 R 2 . (11) 

The obtained coupling density tensor is diagonal and the 11

omponent is shown in Fig. 7 . For comparison, ρc 
11 

calculated from

he fully-open cell and the partially-open cell are given by red

ashed and blue dashed-dotted curves, respectively. The result of

he parallel-cell model is close to the one of the partially-open cell

ecause the latter has a high fraction in the parallel-cell model.

ote that the membranes significantly increase both the real and

he imaginary parts of the coupling density tensor, indicating an

ncrease of the viscous dissipation. 

The stiffness tensor 4 D is not symmetric because of the inertial

ffects ( Gao et al., 2015 ). However, since the asymmetry is quite

mall in the studied frequency range, a macroscopically symmet-

ic solid stiffness is used instead, i.e. D i jkl = D kli j . Moreover, the

tiffness tensor is transversely cubic-symmetric with respect to the

z plane. The coefficients at 100 Hz are listed in Table 7 , show-

ng that the loss factors are of the order of 10 −3 . The small loss

actors are mainly due to the interaction between the air and the

olid since the solid is purely elastic. When the frequency increases
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Fig. 7. 11 component of the coupling density tensor ρc . (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 

Fig. 8. Set-up of the impedance tube (right) and the metallic sample holder (left). The sound source is placed on the right side of the tube and the sample is on the left. 

Fig. 9. Macroscopic configuration of the impedance-tube simulations. 
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from 100 Hz to 900 Hz, the order of the loss factors of 4 D in-

crease from 10 −3 to 10 −2 (the highest loss factor is 0.0548 for

D 2233 at 900 Hz). However, they are still considerably smaller than

the measured loss factor of 0.19 in Table 1 . Therefore, for this foam,

to account for the measured loss factor, the viscoelasticity of the

PU should be considered. Since the microscopic problem is solved

in the frequency domain, viscoelasticity may be incorporated by

using a complex Young’s modulus E s . However, experimental infor-

mation on the complex Young’s modulus is not available, and the

estimated elastic properties of the PU had to be used instead in

this paper. 

5. Macroscopic experiments and numerical simulations 

In this section, the homogenization approach is assessed by

comparing measurements in an impedance tube with correspond-

ing numerical simulations. First, experimental conditions of the

impedance tube and corresponding model assumptions are de-

scribed. Thereafter, the measurements and the numerical results

are compared and discussed. 

5.1. Impedance tube measurements 

The set-up of the impedance tube is shown in Fig. 8 . The length

of the tube is 1 m and the internal diameter is 50 mm. Six micro-
hones are distributed uniformly along the tube and the distance

etween two microphones is 175 mm. Four cylindrical samples

ith a thickness of 40 mm were prepared for the measurements.

uring the measurement, the sample was put in a metallic sample

older with an internal diameter of 50 mm. The impedance tube

nd the holder were connected tightly and a thin rubber ring was

sed between the connection to avoid air leakage. Furthermore, a

olid metallic disk with the same dimension as the holder was as-

embled behind the holder and it was considered as a rigid back

late in the measurement. Another rubber ring was used in the

onnection of the holder and the rigid back plate. More details of

his set-up can be found in Temiz et al. (2015) . 

The diameters of the samples were slightly larger than 50 mm

o avoid air leakage between the rigid wall and the samples. This

mplies that the samples were slightly pre-compressed in the ra-

ial direction during the measurements. The influence of this fac-

or is not considered because the deformation of the foam in the

adial direction is smaller than about 3%. The test frequency ranges

rom 100 Hz to 900 Hz with a step size of 20 Hz. According to

he pressure values of the microphones along the impedance tube,

he normal incident sound absorption coefficients can be calcu-

ated based on the reflective pressure p ref and the incident pres-

ure p inc by using a plane wave assumption: 

= 1 −
∣∣∣∣ p ref 

p inc 

∣∣∣∣
2 

. (12)

.2. Model assumptions and numerical solution 

The macroscopic configuration of the impedance tube simula-

ions is shown in Fig. 9 . The behavior of the air is governed by

he Helmholtz equation with a sound speed c air = 343 m/s, and a

iven incident plane wave p inc = e − jkx [ Pa ] , where k is the wave

umber and x is the horizontal distance from the air-porous in-

erface with the acoustic–poroelastic coupling condition ( Panneton

nd Atalla, 1996 ). In the measurements, the foam samples were

ot glued to the solid disk and the holder. Hence, a 1-mm air gap

s introduced between the foam and the rigid back plate (i.e. the
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Fig. 10. Comparison between the measurements and the numerical simulations. 

The markers are the results of the measurements and different symbols represent 

different sam ples. 
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olid disk). Considering the pre-compression of the samples, the

all is considered as motionless and impenetrable for the air. The

iscretization is based on 648 triangular-prism second-order ele-

ents in the foam layer and the simulations are conducted in 3D

sing COMSOL 4.3b. In the simulations, sound absorption coeffi-

ients are calculated according to Eq. (12) and are averaged over

he interface between the foam and the air. 

.3. Results and discussions 

A comparison of the sound absorption coefficients is plotted in

ig. 10 . In the 20 0–40 0 Hz regime, the resonance of the foam re-

ults in peaks in the numerical results and plateaus in the mea-

urements. When the frequency becomes higher than 400 Hz, the

arallel-cell model and the partially-open cell model agree much

etter with the measurements than the fully-open cell without the

embranes, showing that the membranes increase the dissipation

mainly the viscous dissipation Hoang et al., 2014 ) in the foam. 

The different behavior in the resonance regime between sim-

lations and measurements mainly originates from the deviation

etween the corresponding loss factors. As discussed in the previ-

us section, the measured loss factor of the foam is 0.19, whereas

he loss factors obtained in the simulations, ranging from 10 −3 to

0 −2 , are much smaller than this value. To study the influence of

he loss factor, an additional test simulation is conducted by in-

reasing the loss factor of D 1111 to 0.19 without affecting its real

art, which increases the magnitude of D . The sound absorption
1111 

Fig. 11. Comparison of simulation
oefficients of the two simulations are shown in Fig. 11 a. Because

 1111 is larger in this simulation (i.e. η1111 = 0 . 19 ), at low frequen-

ies, the corresponding deformation of the foam is smaller than

he one of the parallel-cell model when the same pressure is ap-

lied and therefore, the stored energy of the solid is also less. As

hown in Fig. 11 b, the fraction of the total energy stored in the

olid E s t in the simulation with an increased loss factor is smaller

han the one in the parallel-cell model, particularly in the 200–

00 Hz range. This suggests that the resonance of a foam with a

igher loss factor is less efficient in terms of the sound absorption

erformance. Therefore, the resonance peak is smoother in the test

imulation. Here, the total stored energy of the solid E s t and the to-

al stored energy of the fluid E 
f 

t are calculated by 

E s t = (1 − φ) 

∫ 
V p 

[ σs 
M 

:ε 

s 
M 

+ f s M 

·u 

s 
M 

] dV and 

 

f 
t = −φ

∫ 
V p 

(
p f 

M 

ε f 
M 

+ u 

f 
M 

·∇ M 

p f 
M 

)
dV , (13) 

here V p is the domain of the porous material. 

For 50 0–90 0 Hz, the partially-open cell and the parallel mod-

ls underestimate the absorption coefficients. At high frequencies,

he main absorption mechanism is the viscous dissipation between

he fluid and the solid, which is mainly affected by the thin mem-

ranes. According to the SEM images, more fully-closed mem-

ranes are observed near the top and the bottom of the cell (along

he x direction). This characteristic is not fully captured in a sin-

le Kelvin cell because of the limited number of faces. Secondly,

he opening of the 6-sided faces in the Kelvin cell does not exactly

gree with the statistical analysis because the membrane informa-

ion mainly focuses on the faces parallel with the viewing direction

n the SEM images. Thirdly, although the connections between dif-

erent types of cells is simply described by the parallel-cell model,

he effective fluid path in reality is still considerably more compli-

ated. For example, the coupling between two Kelvin cells, which

an increase the viscous dissipation, is not included in a parallel-

ell model. Furthermore, the differences among the samples indi-

ate that the spatial inhomogeneity of the foam within the sheet

ay be significant. Hence, the samples tested in the impedance

ube may have a somewhat different microstructure, particularly

he thin membranes, than the ones analyzed in the SEM images.

inally, also note the intrinsic limitations due to the use of a Kelvin

ell such as the uniform cell size, the absence of 5-sided faces, etc.

The comparison with experimental results shows that the pre-

ented homogenization approach can be used to predict the ab-

orption performance of the studied acoustic foam when the mi-

roscopic RVE is properly identified. Because the fraction of the

ully-open faces is small in the studied foam, the numerical results
s with different loss factors. 
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Fig. 12. Microstructure of a foam with many fully-closed faces and comparison of the measurements and the simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o  

t  

a  

b

 

t  

w  

c  

i  

u  

m  

a  

t  

d  

o  

4  

s  

q  

g  

s  

f  

f

A

 

d  

o  

n  

P  

m  

C  

a

A

f

 

t  

1  

i  

t  

t  

a  

s

 

T  
of the partially-open cell model and the parallel-cell model are

similar and they are close to the experimental results. The small

difference between the two models indicates that the fully-open

Kelvin cell has a limited effect on the sound absorption perfor-

mance of this foam. The results show that the implementation of

the thin membranes is essential for the foam to recover a correct

sound absorption performance at 50 0–90 0 Hz. 

The parallel model of single Kelvin cells is expected to be ap-

plicable for both partially-open and fully-open foams since it in-

cludes the corresponding partially-open and fully-open cells. Ob-

viously, for foams with many fully-closed faces, the parallel model

cannot properly represent the material. An example of such a foam

is shown in Fig. 12 . This foam has a uniform distribution of fully-

closed faces and almost 60% of the faces are fully-closed. Assuming

that the fully-closed faces are represented by a fully-closed Kelvin

cell (with all faces fully-closed), and adopting the same method

presented earlier, the homogenization approach is applied next. For

this type of foam, the simulation results fail to capture the charac-

teristics of the measurements (see Fig. 12 ). This is can be attributed

to the deficient description of fully-closed faces in the numerical

model. Although the fraction of the fully-closed faces in this type

of foam is quite high, it is not realistic to attribute all the fully-

closed faces to a single fully-closed Kelvin cell because a fully-

closed cell is rare in real foams. To describe the high fraction of

the fully-closed faces, a multi-cell model may be used, however it

entails a high computational cost, and is therefore not considered

in this paper. More details of the microstructure and the numerical

simulations of the foam with many fully-closed faces can be found

in Appendix A . 

6. Conclusions 

The microstructure of an acoustic PU foam has been investi-

gated to construct a microscopic RVE. The connectivity of the ver-

tices, the strut thickness and the statistical cell morphology were

analyzed through X-ray CT. It has been found that a transversely

isotropic Kelvin structure can represent the skeleton structure of

this foam. The opening and the distribution of the thin mem-

branes were studied based on SEM images. Three types of faces

were observed: fully-closed faces, fully-open faces and partially-

open faces. The fully-closed faces are distributed non-uniformly in

the foam and there are more partially-open faces than fully-open

faces. To obtain a relatively simple but representative microstruc-

ture, two single Kelvin cells are built based on the characterization

results. According to the membrane information, non-uniformly

distributed membranes were incorporated in one single Kelvin cell

to represent the fully-closed faces and the partially-open faces. An-
ther Kelvin cell without membranes was considered to include

he fully-open faces. The two Kelvin cells have different fractions

nd a parallel arrangement was adopted to include the effects of

oth cells. 

Next, a computational homogenization approach was applied to

he Kelvin cells and the effective material parameters of the foam

ere obtained. This homogenization approach was assessed by

omparing experimental measurements and simulations. Consider-

ng the limitations of the simplified microscopic models, the sim-

lation results of the impedance tube agree with the experimental

easurements well, showing the feasibility of the homogenization

pproach for the studied foam. The partially-open cell model and

he parallel-cell model both give similar and good descriptions. A

ifference between the models with membranes and the one with-

ut membranes mainly occurs when the frequency is higher than

00 Hz. It reveals that the thin membranes are important for the

ound absorption performance of this foam type at mid–high fre-

uencies. The opening and the distribution of the membranes to-

ether determine the viscous effects at the pore scale and are es-

ential to correctly capture the sound absorption performance of a

oam. Nevertheless, the presented approach still has limitations for

oams with a high fraction of fully-closed faces. 
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ppendix A. Modeling of the foam with many fully-closed 

aces 

Comparing with the foam studied in the body of the paper,

his foam with many fully-closed faces has a smaller density of

5 kg m 

−3 and a higher Young’s modulus of 0.21 MPa. The poros-

ty estimated based on X-ray CT images is 0.985. By following

he same characterization procedures, the result of the analysis of

he X-ray CT images is given in Table A.8 . Cells in this foam are

lso elongated along the x axis and a transversely-isotropic Kelvin

tructure should be considered. 

The distribution of the fully-closed faces is uniform as shown in

able A.9 , i.e. there is no significant difference between the x slice

http://dx.doi.org/10.13039/501100003246
http://dx.doi.org/10.13039/501100003195
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Fig. A.13. Three Kelvin cells and their corresponding fractions. 

Table A.8 

Geometrical data extracted to build a transversely isotropic 

Kelvin structure. 

a [ μm 

2 ] b [ μm 

3 ] c [ μm 

4 ] μV [mm 

3 ] ē [ - ] 

505 −2 . 65 × 10 4 3 .83 × 10 7 0 .092 1 .40 

Table A.9 

Data on the selected faces and 

distribution of the fully-closed 

faces. 

Slice x y 

N total 202 141 

N c / N total 0 .61 0 .56 

A total [mm 

2 ] 5 .36 3 .75 

	A c / A total 0 .61 0 .55 

Table A.10 

Data on partially-open and fully- 

open faces in the foam with 

many fully-closed faces. 

Group i 1 2 

w i [ - ] 0 .69 0 .31 

N i open 105 35 

	A o [mm 

2 ] 0 .63 0 .82 

	A f [mm 

2 ] 2 .78 1 .45 

	A o / 	A f 0 .23 0 .56 
1 
N 

∑ 

(
A o /A f 

)
0 .25 0 .57 

a  

p
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a  

f  
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R
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B  
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G  
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H  

 

H  

J

 

J

 

L
 

L  

L  

M  

M  

M  

M  

O  

P  

 

P  

 

P  

 

P  

S  

T  

 

T  
nd the yz slice. Moreover, Table A.10 shows that the fraction of

artially-open faces is larger than the fraction of fully-open faces. 

Based on the above information, three types of Kelvin cells

hown in Fig. A.13 are built in the parallel model: a fully-open cell,

 partially-open cell with a uniform opening ratio of 0.25, and a

ully-closed cell with all fully-closed faces (i.e. the opening ratio is

ero). 
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