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Abstract 
 

Transportation is a large and growing part of the world’s energy 
consumption. This drives a need for reduced weight of rail 
vehicles, just as it does for road vehicles. In spite of weight 
reductions, the vehicle still has to provide the same level of 
acoustic comfort for the passengers. Porous materials, with more 
than 90% air, are often included in multi-layer vehicle panels, 
contributing to acoustic performance without adding much weight. 
Here the acoustic performance of open cell porous materials, with 
focus on flow resistivity, is evaluated based on simplified micro-
structure models to investigate the effect of anisotropy on the 
performance In order to evaluate how the redistribution of 
material affects the flow resistivity, the porosity of the material is 
kept constant. Two micro-geometries are analysed and compared: 
the hexahedral model and the tetrakaidecahedron (Kelvin cell). For 
flow resistivity calculations the solid frame is assumed to be rigid. 
The models are elongated in one direction to study the influence of 
micro-structural anisotropy on the macro level flow resistivity. To 
keep porosity constant, two different approaches are investigated. 
The first approach is to let strut thickness be uniform and adjust 
the volume of the cell to a constant ratio compared to the isotropic 
case. The second approach is to let the strut volume, and cell 
volume, be constant. For an anisotropic hexahedral cell with 
uniform strut thickness, the flow resistivity increases substantially 
with increasing height to width ratio for the hexahedral model, 
while the flow resistivity for the tetrakaidecahedron model with 
uniform strut thickness decreases with increasing height to width 
ratio. For both geometries and constant strut volume, the average 
flow resistivity is close to the same constant value. For uniform 
strut thickness the relative volume of anisotropic to isotropic 
volume is very important.   
 
Keywords: acoustics, porous material, flow resistivity, micro-
structure, calculation, foam, strut, anisotropic 



Sammanfattning 
 
En stor och växande del av världens energikonsumtion går till 
transporter. För att reducera energiåtgången efterfrågas såväl bilar som 
tåg med lägre vikt. Trots viktreducering är det väsentligt att fordonen 
fortfarande ger en god akustisk och termisk komfort för passagerarna, Ett 
sätt att möta båda dess krav är att använda porösa material, som till mer 
än 90% är luft, i konstruktionen. Många porösa material är anisotropa 
som en följd av tillverkningsprocessen. I den här avhandlingen undersöks 
hur anisotropin det porösa materialet inverkar på flödesmotståndet, 
genom att göra en förenklad modell av materialets mikro-struktur. 
 
Eftersom syftet är att undersöka hur en och samma mängd material kan 
omfördelas för att förändra egenskaper, hålls porositeten konstant. Två 
olika förenklade mikrostruktur modeller för att beräkna flödesmotstånd 
studeras. De två mikrogeometrier som jämförs är dels den hexahedrala 
cellen och dels Kelvin cellen. För beräkningen av flödesmotstånd antas 
ramverket av det solida materialet vara oeftergivligt. Modellerna sträcks 
på höjden för att införa anisotropi. Det leder till bestämda förhållanden 
mellan total mängd solid och cellens volym, beroende på den princip for 
skalning som används. Den första är att låta fibrernas tjocklek vara 
konstant, vilket leder till att volymen måste ändras så att förhållandet 
förblir konstant. Den andra är att låta varje fibers volym vara konstant, 
liksom cellens volym (men inte formen). I detta fall kommer en sträckt 
fiber kommer då att bli tunnare och en kortare fiber tjockare.  
 
För en anisotrop hexahedral cell med konstant fibertjocklek ökar 
flödesmotståndet med ökande anisotropi. För Kelvin cellen med konstant 
fibertjocklek minskar istället flödesmotståndet med ökande anisotropi. 
Den hexahedrala cellens volym minskar med ökande anisotropi, medan 
Kelvin cellens volym ökar. Eftersom flödesmotstånd beräknas per 
volyms-enhet, kommer en mindre cell volym att öka dess storlek och en 
större cellvolym att minska dess storlek. 
 
För båda geometrierna med konstant volym på de enskilda fibrerna, blir 
det resulterande medelvärdet av flödesmotståndet konstant, med ungefär 
samma värde som de isotropa modellerna. Mikro-geometrin, och 
anisotropi har mycket liten inverkan på medelvärdet i det fallet, även om 
komponenterna ändras. För konstant fibertjocklek är kvoten mellan 
anisotrop och isotrop cellvolym mycket viktig för storleken på 
flödesmotståndet. 
 
Nyckelord 
Poröst material, skum, fiber, flödesmotstånd, mikro-struktur, anisotropi  
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Micro-structure modelling of acoustics of open 
porous materials 

 
1. Introduction 

 

1.1 Environmental impact of transportation 

 

Today the transport sector is facing enormous challenges. In order 
to meet the target of keeping the global temperature increase at a 
level not more than 2 degrees above pre-industrial levels, the 
emissions of greenhouse gases (GHG) have to go down, while the 
demand for transportation is increasing globally [6]. This increase 
is happening in spite of the average energy use per car being 
reduced, since the demand for transport activity is larger than the 
technical improvements can counteract. 
 
One way to achieve this is to shift transportation from road and air 
to rail transport, as well as a continuing development and 
improvement of rail transport. Rail is not suitable for all types of 
transportation, but areas where it has a potential for providing 
transport solutions in combination with a reduced environmental 
impact are urban transportation and medium distance travel 
between regional centres. To make rail an attractive alternative it 
has to combine energy efficient and cost effective solutions 
together with good passenger comfort and low environmental 
impact over the life of the product.   
 
An opportunity to reduce the amount of resources for vehicles is to 
simplify the design. If the different functional requirements, 
including environmental impact, thermal, acoustic and vibration 
comfort as well as reliability and structural integrity are taken into 
account in an early design phase, it is easier to find an optimum 
design, where the material is well used. Another possibility is to 



 

reduce the weight per passenger-km [14]. For an active product 
like cars which is running hundreds of thousands of kilometres 
every year, for 25 years or more, this has a huge impact on the life 
cycle cost of the train. This can both be done by increasing the 
number of passengers, which for a metro translates to thinner 
walls and layout for high capacity, as well as by reducing the 
weight of the vehicle. 
 
The response from European authorities to the environmental 
challenges has been to put restrictions of greenhouse gas emissions 
from cars, forcing a development of lightweight cars and cars 
running on alternative fuels, including electricity. For cars, 
electricity as a fuel is most favourable for short distances due to the 
limitation in battery capacity, even if much research is being 
carried out with the objective to make electrified road transport 
also a long distance alternative. Electrified rail transportation does 
on the other hand not suffer from those limitations, since the 
energy supply is available all along the track. The rail system also 
offers other advantages that can help in finding solutions to 
reducing the environmental impact of transportation.  
 
Areas where rail-bound transport would bring an improvement to 
the global development are to move road transportation for long 
distance freight transport to rail, and to move road and air 
transportation of passengers at medium distances to rail. A third 
application where rail offers advantages is for mobility in urban 
areas using high capacity metro systems. This market is increasing 
with the global trend of urbanisation [9], and is not only driven by 
environmental concerns. The need for people to get to their 
destination without spending hours in traffic congestion is also 
important. This development is very clear in large cities in China 
and India, where the Metro network has expanded substantially 
over the last decades.  
 
If the trains and metros are to be an attractive alternative, it has to 
provide a good level of comfort. An advantage compared to cars on 
medium distances is that it is possible to rest or work on a train, 
but this requires a good acoustic, vibration and thermal comfort, 
even if the weight of the train is reduced. Since weight is the easiest 
way to improve the acoustic comfort, the conflicting requirements 



 

drive a need for acoustically good lightweight panels. The 
lightweight panels very often include some kind of porous 
material, since they add very little weight, but provide thermal and 
acoustic insulation. 
 

1.2. Porous materials in vehicle design 

Porous materials are frequently used in vehicle because of their 
special properties. One of the most important ones is their thermal 
insulation properties. For a rail vehicle the carbody with the 
passengers should have room temperature, whether it is running in 
northern Sweden at -30 ˚C or in Delhi in India in +45˚ C, see 
Figure 1.  

 
 

Figure 1. To the left Delhi Metro, India operating in up to 45˚ C 
and high humidity. To the right X55 (SJ 3000) during winter 
testing on Malmbanan in Sweden (the Iron Ore line) north of the 
arctic circle in -30˚ C. 

 
 

In the automotive industry thermal insulation has been less of an 
issue, since it has been possible to rely on the excess heat from 
fossil fuelled engines, but changing to electric motors will drive a 
need for better thermal insulation also in cars. For rail car design, 
the thermal requirements are often what decides on the amount of 
insulation between the carbody (made from steel or aluminium) 



 

and the interior. In addition to the thermal insulation, the porous 
material also improves the acoustic performance of the panels. In 
the roof area, the ceiling can sometimes be perforated, to give the 
absorption the added function of increasing interior absorption in 
the car. Another very important application of porous materials in 
railway design is as acoustic absorption in the Heat Ventilation and 
Air Conditioning (HVAC) System. In particular for high capacity 
metro systems, with many passengers, working in hot climate, the 
sound insertion loss between the HVAC unit and the outlets to the 
passengers will be critical for good passenger comfort. A pre-
requisite for the choice of porous materials is that it fulfils the fire 
safety requirements. 

 
The floors, walls and roof of the railway car are built as double wall 
designs with the outer carbody shell, elements for thermal, 
vibration and acoustic insulation, drainage, mechanical fixtures 
and structural integrity, with an interior panel towards the 
passenger area. Traditionally most functions have each added a 
layer in the design. A more cost and material efficient way of 
designing would be to have one and the same material carry as 
many functions as possible, as an optimised multi-layer panel. 

 
2. Porous materials 

2.1. Characteristics of porous materials 

Limiting the porous materials to the air-filled cellular materials 
they have remarkable properties that are exploited in order to meet 
different functional requirements. Examples of such properties 
include thermal insulation, used in train cars and disposable coffee 
cups, energy absorption, used for shock absorption or cushioning 
in aircraft and in packaging, fire resistance (e.g. glass wool, metal 
foams and ceramics) and high strength in relation to weight, used 
in strong lightweight sandwich designs. Porous structures are also 
common in natural materials, including wood and different kinds 
of biological materials, as well as soil. Since acoustics and sound 
transmission in vehicle panels is the focus here, the sound 
absorbing properties of manmade porous materials will be the 
subject of investigation, with the further objective of also 



 

modelling the elasticity of the foam in order to capture both air-
borne and structure-borne transmission through the foam. 
 
A characteristic that is fundamental in porous materials is the 
interaction between the two phases: the solid frame and the fluid, 
in this case air. The methods used for the calculation have to take 
this interaction into account. A foam is a three dimensional solid 
frame structure, filled with air. The types of foams considered here 
have a very high proportion of air, i.e. it has high porosity. 
Reference will also be made to fibrous materials, e.g. glass wool 
and polyester fibre materials. A typical characteristic of fibrous 
materials that are formed by stacking layers of fibres, is that they 
are transverse isotropic, i.e. the acoustic properties in the plane of 
the fibre layers will be different from the properties across the 
planes. Just like the foams, the fibre materials considered here 
have very high porosity. It is the air that gives the porous materials 
their excellent thermal insulation properties. 
 
An open cell porous material or foam, as the melamine shown in 
Figure 2, allows the air to move through the structure. It does not 
have closed pores. The air inside the open cell porous material can, 
unlike the open free air, be regarded as incompressible and 
viscous. The material of the solid frame of the open cell foam 
inherits the properties of the solid material it is made from. 
Unfortunately the material in many polymer foams does not 
always exist in solid form. However, for a porous material it is not 
only the constituting materials that determine its properties, but 
also the micro-structure of the material. 
 

2.2 Anisotropic open porous materials 

For the analysis in the present work, the following assumptions 
and limitations will be made about the porous material: high 
porosity, i.e. at least 95% air, solid frame with three-dimensional 
cellular structure and open pores. Reference will also be made to 
fibrous materials, which has layers of randomly orientated fibres, 
connected by a resin. The layered structure gives different 
properties in the plane and out of the plane, i.e. it is anisotropic. In 
the overwhelming majority of all analysis of porous materials, it is 



 

assumed that they are isotropic, i.e. that the properties do not 
depend on the orientation. However, many real, porous materials 
are anisotropic, e.g. fibrous materials like glass wool, where the 
flow resistivity normal to the plane of the fibres is in general higher 
than the flow resistivity in the plane of the fibres [22][23].Also 
open cell porous foams can be anisotropic, which has been pointed 
out by several authors [4][21]. The reason for the foam anisotropy 
is the method of production, in which the chemical compounds are 
mixed, made to form foam, which later is dried. During the 
foaming process the volume is increased many times. If the 
compound is confined in a vessel the mixture will rise. Depending 
on the type of foam and particular method of production the 
degree of anisotropy will vary. However, since the most commonly 
used methods [11] for measuring flow resistivity and elasticity do 
not take anisotropy into account, detailed data is scarce and 
difficult to find.  
 
 

2.3 Melamine foam 

Melamine is a trade name used for patented foam material from 
BASF. Unlike foam like polyurethane (PU) foam it is not formed by 
injecting a foaming agent to form bubbles. Instead in grows with 
long slender struts. In recent work by van der Kelen, Göransson 
and Cuenca [5] [23] it was shown that it has anisotropic properties 
both for flow resistivity and elasticity. 
 

 



 

 
 

Figure 2. Micro photo of melamine foam structure, from Jaouen, 
Renault and Deverge[15]. 

 
 

In the present work, experimental results obtained for a melamine 
foam with trade name BASF Basotect, [23]are used for 
comparisons with the micro structural models derived. This type of 
foam was also used by Magnenet [8]. Here, the anisotropic macro 
level data for material samples corresponding to sample 5 in Van 
der Kelen JASA Table VII [23]will be used for the evaluation of the 
models. For this material sample the foam block was cut with one 
of the coordinate directions, the z-direction, aligned with the rise 
direction, so that the flow resistivity parallel and perpendicular to 
the rise direction could be identified. The magnitude of the density 
of the solid material has not been confirmed. Magnenet states 1574 
kg/m3 and Kino [25] uses 1570 kg/m3. The order of magnitude 
seems to be correct. In the analysis a density of 1574 kg/m3 is used. 
It also corresponds well with the reported values of porosity. Even 
though the densities vary, the porosity is consistent. The range of 
measured flow resistivity is from 9.4 kNs/m4 to 11.2 kNs/m4. In [8] 
the average strut length was reported to be 100 µm and the average 
strut thickness 5 µm. The micro-photo from Kino [25]agrees with 
100 mm as a reasonable order of magnitude for strut length. 
 
 
 



 

Material used in 
Table VII [23] 
(3D 
measurement) 

Density 
of foam 
ρ* 
[kg/m3] 

Measured 
porosity Φ 
[-] 

Estimated 
porosity  
[Φ=1-
ρ*/ρs] 

Measured 
flow 
resistivity 
103[Ns/m4] 

Average flow 
resistivity 
103[Ns/m4] 

Sample 5  9.8 0.99 0.994 σ1=9.8 
σ2=10.6 
σ3=11.2 

10.5 

Sample 6 10.1 0.99 0.994 σ1=9.6 
σ2=9.6 
σ3=10.7 

10.0 

Sample 7 9.1 0.99 0.994 σ1=9.4 
σ2=10.5 
σ3=11.0 

10.3 

Figure 3. Table over the measured density and porosity in van der 
Kelen and Göransson, Table VII in [23] together with the 
estimated porosity using the density of the solid material of 1574 
kg/m3.  

 

 

3. Characterizing acoustics properties open cell 
porous materials 

3.1 Flow resistivity and porosity of a sample 

The most important factor for the acoustic behaviour of a porous 
material is the flow resistivity, σ, and the most important factor 
governing the flow resistivity is the porosity Φ. The porosity is 
defined as 
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where ρ* is the bulk density of the foam, ρs is the density of the 
solid frame. The most important characteristic for the sound 
absorption is the flow resistivity. It is measured by letting a low 
speed laminar flow diffuse through a porous material, and measure 
the corresponding pressure difference. A schematic of the test 
procedure is shown in Figure 4, and is defined as 
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Figure 4. Lay-out of measurement of flow resistivity over a 
cylindrical sample in a pipe according to the current revision of 
ISO 9053 [11].  

 

For an isotropic material, the flow resistivity is related to the 
porosity as [15] 
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where t is the strut thickness and Cσ is a scaling constant for the 
flow resistivity. This is consistent with the formulas based on 
Kozeny-Carman model for polyester fibres developed by Pelegrinis, 
Horoshenkov and Burnett [10]. For an anisotropic materials, the 
relations are more involved and in order to compare e.g. the flow 
resistivity predicted from different anisotropic geometries a 
constant porosity Φ and strut thickness are introduced. However, 
as will be discussed in the paper, for an anisotropic material the 
degree of anisotropy will also be important. 
 

3.2 Characterisation based on macro level 
descriptions (Biot models) 

The most commonly used models for calculating acoustic 
properties of porous materials are semi-phenomenological models 
based on Biot theory, who published his work in 1956 and 
1962,[28][29] describing the interaction between the solid frame 
of the material and the air inside it. The original Biot equations 
from 1956 are shown for overview. For further details on the Biot 
models the reader is referred to the original works and Allard and 
Atalla [22]where several later improved models are referred to.  



 

The equations of motions for the material where us and uf are the 
displacements in the solid and in the fluid respectively are 
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The densities on the left hand side are related to the density of the 
fluid, ρ0 and the density of the solid material ρs together with the 
tortuosity α∞ and the porosity Φ. 
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The parameters Aa, Na, Qa and Ra are defined 
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Where Na is the shear modulus of the frame, Ks is the bulk modulus 
of the solid material in the frame, Kb is the bulk modulus of the 
frame and Kf is the bulk modulus of the fluid. Finding out the exact 
values can require substantial efforts. 
 



 

For an open porous material where is can be assumed that the 
frame is rigid, several simplifications can be applied. For the 
purpose of determining the acoustic properties, the Johnson-
Champoux-Allard model [22] with a limited number of parameters 
can be applied. The parameters required in this case are porosity, 
flow resistivity, turtuosity, viscous characteristic length and 
thermal characteristic length. 

  
An overview over experimental methods to measure these 
parameters, in most cases requiring special equipment, are 
presented in [28]. An alternative way, is to measure the complex 
acoustic impedance of the material in an impedance tube at 
audible frequencies and use a fitting procedure to find the 
parameters, see the recent work of Tao et al [37]. This method can 
work well for isotropic materials if applied with experience and 
knowledge, and is based on good quality acoustic measurements. 
However, in the general case all of the parameters are 
interdependent, which can present difficulties with this approach. 
The interdependence originates from that all the parameters are 
determined by the microstructure of the material. An alternative 
approach, would then be to characterize the material from the 
micro-structure instead of from the macroscopic level. 
 

4. Characterization based on micro-structure 
models 

 
 

The interdependence of the Biot parameters for a general material 
is due to that they all depend on the micro-structure of the 
material. There are several advantages with characterization based 
on the micro-structure, instead of starting from the macro-level 
characterization. First, a micro model is valid also for anisotropic 
materials.  Secondly, it avoids the problem of interdependence of 
parameters, and a third advantage is that it can be used to find 
tailored materials, where a certain microstructure can give a 
certain desired property on the macro level. Since the real 
microstructure is too complex for this application, two simple 
abstractions for the unit cell are investigated: the hexahedral 
model, as first presented by Huber and Gibson [21] and the 
tetrakaidecahedron, or Kelvin cell. The purpose is to investigate 



 

the influence of the anisotropy on the estimated flow resistivity for 
the microstructure. 
 
In the types of materials studied here, the struts are very long and 
slender with high aspect ratios, as can be seen in the micro-photo 
Figure 2. The thickness can be considered to be at least 10 times 
smaller than the length, and usually much higher than that. For 
this class of materials, circular cross section can be assumed and 
neglecting the material in the joints has a very limited effect on the 
porosity, as long as the porosity is high, in this case more than 
0.95. The high porosity also makes it possible to neglect the 
interaction between the struts. 
 

4.1 Geometrical considerations for anisotropy 

Porosity Φ is directly related to the density of the material and the 
weight. By keeping the porosity constant, the focus is to investigate 
how the distribution of the same amount of solid material in the 
foam can affect the acoustic properties. The porosity can be 
measured both on a global scale on a sample, and was defined in 
equation (1). 
 
Two different principles of material distribution when a cell is 
made anisotropic are studied. The first one is keeping the strut 
thickness constant, while changing the shape of the micro cell. The 
other is to keep the volume of the struts constant when the shape is 
changing. This approach will lead to the strut being thinner if it is 
stretched. Both principles are possible in real materials depending 
on the underlying mechanisms forming the foam. 
The first principle is to keep the strut thickness constant, 
regardless of anisotropy. Then the total strut volume will change. 
In order to have the same porosity the ratio between the total 
volume of the struts and the cell volume has to be the same as for 
the isotropic case.  
 

s s

anisotropic isotropic
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The second principle is to keep the strut volume constant. It will be 
the same for anisotropic case as for the isotropic case. The 
consequence is that an elongated strut gets thinner and a 
compressed one thicker. To have the same porosity, the cell 
volume has to be the same, but with a different shape. 

 

anisotropic isotropicV V   (5) 

 
This means that the anisotropy not only changes the shape of the 
cell, but also influences the cell volume as well as the lengths and 
thicknesses of the struts. Exactly how the strut dimensions and the 
volume changes also depends on the chosen geometrical model. 
 
It has been shown that all open porous three-dimensional foams 
have a defined dependence of porosity in relation to the squared 
ratio of strut thickness to strut length [32]. 
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Of the two parameters reference strut length l0 and reference strut 
thickness t0, the one influencing flow resistivity most is the strut 
thickness, together with the porosity. In order to compare two 
different models, the strut thickness and the porosity has to be 
equal. To allow for the necessary geometrical variations, strut 
length l0 will be adjusted to fit the other parameters. Hence strut 
length will vary between the different cases. Although the absolute 
length varies, the shape and the relative lengths will be determined 
by the principle of scaling for the anisotropy of the cell. 
 

4.2 Geometrical description of the chosen micro 
structures 

4.2.1 Geometry of Hexahedral model  
 

The chosen repeated unit cell of the hexahedral prism has only 
three unique struts, one in each principal direction. The isotropic 
geometry, as well as the unit cell, and the anisotropic models are 



 

shown in Figure 5 l0 denotes a reference strut length, and t0 a 
reference strut thickness  

 
Figure 5. Micro geometry for the hexahedral unit cell. a) isotropic 

geometry with all strut lengths equal to l0 all strut thicknesses t0 
b)anisotropic geometry for the case of uniform strut thickness. 
The cell volume is smaller than the isotropic volume by a factor 
1/R2. The strut lengths in the plane are l0/R and the height is l0  
c) The anisotropic geometry for the case of constant strut 
volume. The strut lengths in the plane are l0/R1/3 and the height 
is l0R2/3

, which makes the anisotropic volume the same as the 
isotropic volume. 

 

4.2.2 Hexahedral model with uniform strut thickness 
 

For the case of uniform strut thickness, the ratio between total 
strut volume in the cell and cell volume has to be the same as for 
the isotropic case. The strut thickness is constant t0. 
 
Let the struts lengths in the principle directions be denoted l1, l2 
and l3 and the corresponding strut thicknesses are t1, t2 and t3. The 
anisotropy is defined by the height to width ratio R.  The height is 
l3 and the width is l1=l2. Setting the reference length to l0, l3=l0 and 
l1=l2=l0/R, the elongated shape is determined, see Figure 5b. From 
the condition is equation (4), the following is obtained, using 
Vs/V= (1-Φ) for the isotropic case, determining the strut length as a 
function of strut thickness, porosity and anisotropy. 
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The strut length for the isotropic case is obtained by setting R=1. 

 

4.2.3 Hexahedral model with constant strut volume 
 
The geometry for the hexahedral model with constant strut volume 
is shown in Figure 5c.  
According to the condition in equation (5), the cell volume should 
be equal to the isotropic cell volume of l0

 to the power of 3. If the 
cell at the same time should have the height to width ratio of R, it 
means that the height will be l3=R2/3 l0, and the struts in the plane 
l1=l2=l0/R1/3. 
The condition of constant strut volume gives the conditions 
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4.2.4 Geometry of Kelvin model 
 

The model has the geometry of the truncated octahedron, or Kelvin 
cell. To form a defined network without duplicated struts, the 
repeated unit cell has 24 struts of the 36 for the full cell. For the 
elongated unit cell, the description is based on the cell used by 
Sullivan [26] to evaluate the effect of micro geometry on stiffness 
and strength properties. Sullivan used the parameters R and Q, 
which are related to the geometrical properties L (side length of 
the hexagonal surface) and b (side length of the quadratic surface) 
and θ, which denotes the angle of inclination of the hexagonal 
surfaces in relation to the horizontal plane. For a fully regular 

Kelvin cell θ is π/4, R=1 and Q=√2. The parameters describing the 
Kelvin cell are R and Q, where R is the ratio between height and 



 

width of the cell, and Q relates the horizontal struts b and inclined 
struts L. 
 

Figure 6. . a) Isotropic geometry with all 36 strut lengths equal to L 
and all strut thicknesses t0 b) repeated unit cell of Kelvin cell with 
24 struts, which completely fills space without duplicating struts. 
The thick lines are included in the unit cell .c) Anisotropic 
geometry for the case of uniform strut thickness. The height is 
the same as the isotropic cell. There are 8 b-struts and 16 L-
struts in the unit cell. 

 

 
The angle θ can be expressed as a function of R and Q, and so can 
the ratio (b/L). The relation between Q and R depends on the type 
of volume scaling, uniform strut thickness or constant strut 
volume. 
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The isotropic volume of the Kelvin cell is 3

08 2isoV L  . For the 

anisotropic case the volume calculation of the elongated Kelvin cell 
Vk is based on the volume for the complete octahedron in form of 



 

two pyramids with square base of length 2 2 cosb L     and 

height 3 sinL  . The two truncated top and base pyramids with 

base area b2 and height sinL   and the four side pyramids with 

rhombic base area of 22 sin cosL    and height cosL    are 
deducted from the volume of the full octahedron. The thickness of 
the L struts is denoted cLt0 and the thicknesses of the b struts are 

denoted cbt0. Here only the special case of 𝑄 = √2 is used in the 
further analysis. The volume of the cell and the total volume of the 
struts are given by 
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4.2.4 Anisotropic Kelvin cell with uniform strut thickness  
 
For the case of uniform strut thickness, the parameters cb and cL 
are unity leading to the last expression in (12). For the case of 
uniform strut thickness the ratios between the total strut volume 
VsUT and the cell volume VK should be the same for both the 
isotropic case and the anisotropic case according to equation (4).  
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The ratio of total strut volume and cell volume for the isotropic 
case is 
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Setting the ratios of (Vs/V) equal for the isotropic and anisotropic 
cases gives L according to equation (14). The horizontal strut 
length b then follows from the last equation (10). 
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4.2.5 Anisotropic Kelvin cell with constant strut volume 
 

For the case of constant strut volume, the condition is that the cell 
volume of the elongated cell should be equal to the isotropic 
volume.  Setting the expression for volume Vk in equation (20) 

equal to the isotropic cell volume 3

0 8 2isoV L  gives the following 

expression for strut lengths L and b: 
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The condition of constant strut volume leads to the strut thickness 
parameters cb and cL: 
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4.3 Flow resistivity calculation for microstructures 

Based on the test procedure given in the norm ISO 9053, the flow 
resistivity is measured on a sample by letting a slow laminar air 
flow through a sample and measuring the pressure difference. The 
static flow resistivity is defined as the pressure drop over the 
sample divided by the flow speed and the thickness of the sample 
and is measured in Ns/m4 as shown schematically in Figure 4 
   



 

The properties of the foam considered here with high enough 
porosity to allow for the assumption that the struts do not interact 
with each other and very long and slender struts, resembles 
properties for fibrous materials, e.g. glass wool. It is therefore a 
possibility to modify methods for flow resistivity in fibrous 
materials a foam model. Tarnow showed [20] that the flow 
resistivity for fibrous materials could be calculated using the drag 
force around the fibres created by a viscous and incompressible 
flow. The same principle will be applied on the foam. To 
approximate the flow resistivity over the micro structure unit cell, 
the principle from the standard method of measuring a pressure 
drop divided by speed of flow and thickness is the starting point. 
The pressure drop is replaced by the drag force per cross section 
area of the unit cell divided by the flow velocity inside the material 
which is u/Φ. 
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drag dragunitcell
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where u is the flow velocity, V is the volume of the unit cell, 
obtained from multiplying the cross section A and the thickness h. 
The drag force Fdrag on micro-scale inside the foam is calculated for 
viscous and uncompressible flow around the circular struts, 
including contributions from both longitudinal and transverse 
flow, using the formulas derived by Tarnow for long, slender fibers, 
which is a suitable model for melamine. This quantity will not be 
the same as the static flow resistivity, but is rather a low frequency 
dynamic approximation of the static flow resistivity. The detailed 
derivations of the transverse and longitudinal drag force over the 
fibre are given in reference [1] and[19]. 
 
The drag force due to transverse flow, normal to the strut direction 
is denoted Ftin where i is flow direction (1,2 or 3) and n is the 
number of the strut. For example, Ft13 is the transverse force from 
flow in the x1 direction across the l3 strut. The drag force due to flow 
longitudinally along the strut is denoted Flin, where l denotes 
longitudinal, i is the direction of flow and n the strut ln, which for 
longitudinal flow is aligned with the direction of flow xi. Flow at an 
angle with the strut results in both a longitudinal and a transverse 



 

contribution to the drag force, depending on the orientation of the 
strut relative to the flow. To simplify the notation the parameters 
Bl and Bt are used for the expressions containing the Hankel 
functions of first kind, and tn is the thickness of the strut, which 
can vary for different struts. The parameter K0 denotes (Φ/Vcell), 
which is multiplied by the drag force to obtain the low-frequency 
dynamic flow resistivity. 
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This method is very straightforward for geometries where the 
struts are aligned with the coordinate axis, since the flow resistivity 
is obtained directly in the principal directions. However when the 
struts are inclined with respect to the coordinate axis this needs to 
be taken into account. If a local coordinate system where the local 
x1 axis is aligned to the strut direction is formed, the flow resistivity 
tensor in the local coordinate system will be 
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In order to formulate the flow resistivity for the inclined struts, it is 
observed that following the results of Göransson, Guastavino and 
Hörlin [18] the dissipated power Pdiss from the flow resistivity can 
be written in terms of flow velocity and flow resistivity tensors in 
both the global and the rotated local coordinate system, since it 
must be independent of which coordinate system it is formulated 
in. 

, , , , , ,

T T

diss n global n global n global n local n local n localP   u σ u u σ u                 (21) 

where the flow velocity u and flow resistivity σ are defined in the 
global coordinate system. The relation between the global and the 
local systems is defined by 

, ,n global n n localu R u            (22) 

where un,local are given in rotated coordinate systems where the x1-
axis is parallel to the length direction of strut ln 
It follows from the orthogonal rotation that for one strut 

n,global local

T

n n n ,σ R σ R   (23) 



 

where the rotation matrices Rn describe the rotations for each strut 
from the local system to the global system. Using direction cosines 
the rotation matrix from the local coordinate system aligned with 
the strut to the global system can easily be obtained from the 
vector describing the orientation of the strut. For all struts, the 
interaction between struts to the flow resistivity is neglected. After 
transforming the contributions from all the n struts to the global 
coordinate system they can be added to obtain the flow resistivity 
tensor for the entire unit cell. 
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T

n global n n local n

n n

  σ σ R σ R    (24) 

The flow resistivity tensor is described by a diagonal matrix with 
three separate values of flow resistivity in the three principal 
directions, and is positive definite and symmetric as expected.  
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For the isotropic geometries all principal values are equal, but for 
an anisotropic geometry they can differ.  

 

4.4 Estimating Biot parameters based on the micro 
model 

As was mentioned in chapter 3, a material that can be regarded as 
an equivalent fluid with a rigid structure, can be modelled with the 
Johnson-Champoux –Allard (JCA) model. The necessary 
parameters for the JCA model were as previously mentioned: are 
porosity, flow resistivity, turtuosity, viscous characteristic length 
and thermal characteristic length. The porosity is assumed to be 
measured on the sample. If the strut thickness and anisotropy are 
known, the remaining parameters can be estimated based on the 
micro structure. The flow resistivity calculation was described in 
the previous section.  
 

Viscous characteristic length 

The viscous characteristic length Λ is defined as  
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This was applied by Allard to the formula for open porous fibrous 
materials with porosity close to unity, where an approximate 
formula for Λ was derived based on LA, the total length of fibre per 
unit volume. Modifying the expression for the viscous 
characteristic length to a three-dimensional foam, only those strut 
perpendicular to the direction of flow are assumed to give a 
contribution. For an inclined strut this is taken as the projected 
length on the plane perpendicular to the direction of flow. 
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If s is the vector describing strut n, the length of strut n that is 
perpendicular to the flow is given by  
 

( )n xi n n xi xil   s s e e   (27) 

 
Thermal characteristic length 

The thermal characteristic length is twice the ratio of the volume to 
the wetted surface of the representative volume, which easily can 
be computed for a defined micro-structure where the strut is given 
by the vector sn and its thickness by tn. 
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Turtuosity 

The turtuosity is defined as  
2 2

m V
v v 

 
where vm is the microscopic velocity of the fluid, averaged over a 
volume, and v is the macroscopic fluid velocity. If the porous 
material is very open, the velocity is relatively unhindered by the 
presence of the struts. The flow can then go right through, and the 



 

value will be close to unity. Kino [25] measured turtuosity for two 
melamine foam with density 8.6 kg/m3 and 10.3 kg/m3 with 
porosities of 0.995 and 0.993 respectively. The corresponding 
turtuosities were 1.0059 and 1.0053. As a first approximation the 
turtuosity can be set to unity without loss of validity. 

 



 

5. Results and Discussion 

5.1 Calculated flow resistivity 

To evaluate the model, the flow resistivity tensor have been 
calculated for both micro-structural geometries: the hexahedral 
model and the Kelvin model. Each model has been evaluated using 
the two different principles for scaling the strut thickness when the 
porosity is constant: uniform strut thickness and constant strut 
volume.  For the Kelvin model there are two parameters 
controlling the shape of the cell: R and Q, but Q has been set to 

2  for all cases. R defines the anisotropy and is the height to 
width ratio.  
The anisotropy has been varied from R=1 (isotropic) to R=1.5 
(anisotropic, the height is 1.5 times the width of the cell). The strut 
thickness has been varied between 4 µm and 7 µm, which is around 
the value stated in literature. The results from the calculation are 
the three principal values of the flow resistivity tensor, which only 
are equal in the isotropic case.  
Since the true distribution of the strut thicknesses and strut 
lengths is not known for the particular melamine samples studied 
in [23], the average of the flow resistivity is calculated for both the 
predicted and the measured flow resistivity tensors, and used for 
the comparison. 



 

 
 

Figure 7. Comparison of average flow resistivity with the four 
different micro models: Hexahedral with uniform strut thickness 5 
µm (solid black line), hexahedral with constant strut volume as an 
isotropic cell with 5 µm strut thickness (thin dashed blue line), 
kelvin cell with uniform strut thickness 5µm (thick dashed green 
line) and Kelvin cell with constant strut volume (0). The red thick 
line is the measured average for a porosity of Φ=0.994. 

 

As can be seen in Figure 7, all of the models can predict a value 
close to the measured, but for different degree of anisotropy, i.e. 
different ratio of height to width. Only for the hexahedral model 
with uniform strut thickness the flow resistivity increases with 
anisotropy. Interestingly, the hexahedral cell with constant strut 
volume has an average which is close to the value for the isotropic 
models. The reason is that even if the flow resistivity for the flow in 
the plane across the vertical strut with decreasing thickness is 
increasing, the reverse is happening with the horizontal strut, for 
which the flow resistivity is decreasing, see Figure 8. The Kelvin 
cell shows very similar behaviour for constant strut volume, and 
the calculated average flow resistivity are very close to each other, 
see Figure 7. 



 

 
Figure 8. Calculated flow resistivity for the hexahedral model with 

4.1 µm strut thickness, using constant strut volume with porosity 
Φ=0.994. σ1 and σ2 increase with increasing anisotropy R, and σ3 

decreases with increasing R. The value is constant close to the 
measured average flow resistivity, 10.5 kNs/m4 for this strut 
thickness. 

 
In Figure 9 the different components of the flow resistivity tensor 
for porosity of 0.994 and strut thickness of 4.1 µm are shown, 
along with the average flow resistivity as functions of anisotropy R. 
σ1 and σ1 represent the flow resistivity across the elongated struts. 
As the length of the struts in cross flow direction increases, so does 
the flow resistivity. Also the flow resistivity in the elongation 
direction increases. With increasing anisotropy, the volume of the 
cell is decreased as shown in Figure 5. The behaviour of the Kelvin 
cell with uniform strut thickness is different from the hexahedral 
model. One reason for this behaviour is that the volume of the cell 
is increasing with increasing anisotropy, in contrast to the 
hexahedral cell which is decreasing with increasing anisotropy, as 



 

shown in Figure 10. Since the flow resistivity is calculated per unit 
volume, the volume changes will affect the value 
 

Figure 9. Calculated flow resistivity for the hexahedral model with 
4.1 µm strut thickness, using uniform strut thickness with porosity 
Φ=0.994. All the components increases with increasing R, which 
gives an average increasing with increasing anisotropy. 
 

 
. 

Figure 10. Relative cell volumes (anisotropic cell volume/isotropic 
cell volume) as function of anisotropy R=height/width 



 

 
In order to investigate how the flow resistivity varies with the 
different parameters, a mapping over several different strut 
thicknesses and porosities was made. The porosity varied from 
0.986 to 0.996, i.e. all very high porosities, and the strut 
thicknesses from 4 µm to 7 µm.  

 
Figure 11. Map over calculated flow resistivity as a function of 

porosity from 0.986 to 0.998, and strut thicknesses between 4 
and 7 µm using the anisotropic hexahedral model with uniform 
strut thickness and anisotropy of R=1.0. The circles marks the 
measured flow resistivity for a porosity of 0.994. 

 
In Figure 12 a map over the flow resistivity as function of porosity 
and strut thickness for the hexahedral model with uniform strut 
thickness is presented, for the case of R=1.3. The flow resistivity 
has a smooth dependence on both parameters. It increases with 
decreasing porosity, i.e. increase of solid material, and with 
decreasing strut thickness. The hexahedral model exhibits a fast 
increase in flow resistivity for increasing porosity when the struts 
are thin, and a slower variation with porosity when the struts are 
thicker. 
 



 

 
Figure 12. Map of the variation of average flow resistivity in an 

isotropic hexahedral model with R=1.3. Strut thickness is varying 
from 4 to 7 µm and the porosity from 0.986 to 0.998. The circles 
mark regions where the flow resistivity has a similar average 
value to the measured foam with 10.5 kNs/m4.  

5.2 Application example – simplified train roof 
structure 

A simple application example is given with the purpose to assess 
the influence of anisotropy on the macro level when looking at 
multilayer panels for vehicle applications. Since the elastic part has 
not been developed, the chosen example is one where the elastic 
properties have a limited influence on the performance. In real 
applications, the elasticity has a major influence on the transfer of 
sound and vibration through the multilayer panel in a large part of 
the audible range. 



 

 
Figure 13. Montreal Metro, with roof insulation of melamine foam as 

ceiling insulation. 
 

As shown by Parra Martinez [33], the anisotropy to a high degree 
affects also the vibration transmission, but that part is not included 
here. A transfer matrix method [33] is used to estimate the effect of 
changing the anisotropic properties of the porous material in a 
multilayer plate. 
 

 
Figure 14. The configuration for which the transmission loss is 

calculated, a simplified train roof panel. The panels consists, 
from the outside: 1mm aluminium panel, 80 mm porous 
material, 120 mm air gap and a perforated 1 mm aluminium 
panel towards the inside of the train 

 
The perforated plate has ∅=2 mm holes in a square drilling pattern 
with a distance between hole centres d=3.5 mm. The acoustic and 
stiffness properties of the perforated plate are taken from previous 
work [35].  



 

 
Figure 15. Transmission loss for a roof panel with porous material. 

The porous material is the same, and the weight is exactly the 
same for all cases, but the anisotropic porous material with 
R=1.4 is rotated, so that the direction of maximum flow 
resistivity in either in the plane of the panel (β=0), oriented in 
45˚ to the vertical axis (β=π/4), or with maximum flow 
resistivity in the vertical direction (β=π/2).  

 

As can be seen in Figure 15, only changing the orientation of the 
porous materials will have an effect on the sound transmission loss 
through the roof module. Although the improvement is rather 
modest, 2 dB at 2 kHz, the gain is obtained without any cost in 
weight. 
 

6. Concluding remarks and future work 

6.1 Calculated Flow resistivity 

The micro models work well considering that they are made with 
only two parameters as input, the porosity and the strut thickness, 
and that only the porosity and measured flow resistivity is known 
about the measured sample, with regard to acoustic properties. 
 



 

Both geometrical models show, when scaled with constant strut 
volume, an insensitivity to anisotropy. The calculated average flow 
resistivity is close to the calculated value for an isotropic model. 
The hexahedral model displays an increase on flow resistivity with 
anisotropy, and the kelvin model a decrease. A part of this can be 
attributed to the change in unit cell volume, since the flow 
resistivity is calculated per unit volume. For the hexahedral model, 
the volume decreases with increasing anisotropy, and for the 
Kelvin model it increases. The increase of the Kelvin cell model is a 
consequence of the very restricted geometry of the Kelvin cell. It is 
possible that relaxing the conditions for the geometry can give a 
result which is more similar to the one given by the hexahedral 
model. 
 

6.2 Future work 

In order to model real materials over the whole audible frequency 
range, it is very important to include the elasticity in addition to 
the acoustic modelling. Modelling elastic properties, using the 
same geometrical model as the acoustics is a natural next step of 
the future work, as well as using more degrees of freedom for the 
geometrical description of the Kelvin cell to better allow for 
anisotropic deformation. 
 



 

7. Summary of appended papers 
 
Paper A 
 
Lundberg, E., Göransson, P., Orrenius, U., Semeniuk, B. , 2014 
Sensitivity of macroscopic properties of a multi-layer panel including 
porous material on the micro-level parameters of an open cell porous 
material  in Proceedings of the 2014 ISMA International Conference on 
Noise and Vibration Engineering, Leuven, Belgium, 15-17 September 
2014 (2014) pp.2135-2149 
 

The micro-structure of an open cell porous material is modelled as 
an idealized, hexahedral periodic structure, allowing anisotropic 
properties to form on the micro-scale. Using simple analytic 
descriptions of acoustic and elastic properties calculated from 
micro-structure geometry, the microstructural properties can be 

linked to averaged macroscopic elasto-acoustic properties, which 
can be measured and observed. These macro level properties may 
be deduced from measurements on a sample of a porous material 
which is at least a few centimetres across.  
Typical macro level acoustic properties of open cell poro-elastic 
materials calculated from micro structure parameters are found to 
give results of the same order of magnitude as measured data 
found in the literature. Further, the model is applied to evaluate 
transmission loss of roof constructions with isotropic and 
anisotropic foam. It is shown that the high frequency sound 
reduction can be improved without changing the overall surface 
weight of the structure by making use of the anisotropy of the 
foam. The results underline the importance of anisotropy and in 
addition provide guidance for further research. 
 
Paper B 
 
Lundberg E, Göransson, P., Wennhage, P, Orrenius, U., 2015, Predicted 
and measured anisotropic acoustic and elastic properties for open cell 
porous material, Proceeding of the International conference Euronoise 
2015, Maastricht, the Netherlands, 31st May-3rd June 2015 (2015), 
pp.2479-2484. 
 

The micro-structure of an open cell porous material is modelled as 
an idealized, periodic structure, allowing anisotropic properties to 



 

form on the micro-scale. Using simple analytic descriptions of 
acoustic and elastic properties calculated from micro-structure 
geometry, the microstructural properties can be linked to averaged 
macroscopic elasto-acoustic properties, which can be measured 
and observed. These macro level properties may be deduced from 
measurements on a sample of a porous material which is at least a 
few centimetres across. The most common of the acoustic 
properties are the flow resistivity or the (dynamic) permeability, 
the porosity and the viscous and thermal characteristic lengths, 
together with the tortuosity. For the elasticity, the moduli of the 
Hooke’s law are the most important. The underlying motivation for 
the current work is that the quantities are interdependent since 
they all depend on the micro geometry. Thus, to design the macro 
level acoustic properties for a required performance, physically 
relevant models linking these to the micro structure would be 
necessary. In this paper, a set of such models are proposed and 
utilizing these, the influence of the anisotropy on acoustic 
properties of the foam. Typical macro level acoustic properties of 
open cell poro-elastic materials calculated from micro structure 
parameters are found to give results of the same order of 
magnitude as measured data found in the literature 
 
Paper C 
 
Micro model for calculating flow resistivity for open cell materials with 
high aspect ratio of struts. Eva Lundberg and Peter Göransson, to be 
submitted to J. Acoustical Society of America. 
 

Micro-structure models for calculating flow resistivity for open cell 
materials with high aspect ratio of strut are presented.  Two micro-
geometries are analysed and compared: the hexahedral model, 
with the solid frame in shape of a cube for the isotropic case, and 
the tetrakaidecahedron (Kelvin cell). For flow resistivity 
calculations the solid frame is assumed to be rigid. The models are 
elongated in one direction to study the influence of micro-
structural anisotropy on the macro level flow resistivity. In order to 
evaluate how the redistribution of material affects the flow 
resistivity, the porosity of the material is kept constant. Since the 
porosity is defined as unity minus the ratio of strut volume of the 
cell to the total volume of the cell, there are different ways of 
linking the micro level properties to the macro level. The first 



 

approach presented here is to let strut thickness be uniform and 
adjust the volume of the cell to a constant ratio compared to the 
isotropic case. The second approach is to let the strut volume be 
constant, i.e. if a strut is elongated, it is also thinner. In this case 
the volume must be the same as the isotropic volume. In the first 
case the flow resistivity increases substantially with increasing 
height to width ratio. In the second case the flow resistivity 
perpendicular to the flow direction increases, and the other 
direction (where the strut thickness increases) will be reduced. The 
average flow resistivity will in this case be almost constant. The 
method of scaling the micro-cell properties have a very high 
influence on the resulting average flow resistivity. 
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