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Abstract

A numerical model to predict the sound absorption of por@mhalt has been developed. The approach
is a combination between a microstructural approach andita fflement approach. The model used to
describe the viscothermal properties of the air inside thregof the asphalt is the low reduced frequency
model (LRF). The geometry of the porous asphalt is impleetedirectly in the FEM model, where a fast
simulation will give both the viscothermal losses of thersmbanergy within the pores as well as the scattering
due to the stones.

1 Introduction

The sound absorption of porous asphalt is an important petearto reduce tyre road noise. The absorption
depends on the material properties of the asphalt gradkegtHe porosity, the stone size, the type of bitumen,
fillers, etc. Asphalt gradings can be optimised for a highogtitson coefficient in the frequency range where
the contribution of tyre road noise is largest. This optatitn is classically done for sound waves at normal
incidence. However, a rolling tyre will radiate noise indillections. Hence, to model the sound radiation of
a rolling tyre correctly, a numerical or analytical modeh&eded which includes the frequency dependency
as well as the angle dependency of the sound absorption lo@lhspads.

One of the methods to predict the sound radiation of tyréseidbundary element method (BEM). Here, the
tyre is the (vibrating) source of which the behaviour candaetl by finite element models or by some more
analytical approximation.

Sound propagation above ground surfaces is often descirbte literature, which can be implemented
in a BEM model by modelling an impedance plane with the hp#fee Green’s function (e.g. [1], [2]).
However, this approach assumes a local reacting surfaceordiog to Attenborough ([3], pp. 39-50) a
porous asphalt concrete is best described by an extendetthgeaurface with hard backing. An extended
reacting surface can be implemented using a multi-domail Bigproach, where the air and the porous
pavement are modelled as two coupled domains (e.g. [4]19B].

For both the impedance plane method and the two-domain BEvbaph the acoustic properties of the

pavement have to be described by an impedance model. Nusnerodels and approaches are developed
in the past to obtain such a model. A distinction is usuallydenbetween empirical and phenomenological
models and microstructural models. In empirical and pheammiogical models the porous medium is con-

sidered as a compressive fluid where viscous and thermapali®s can occur. These models have often
adjustable parameters determined via measurements. tosmigctural models the porous material is often
considered to consist of pores filled with air in an elasticigid frame. The geometry of the pores is used

to analytically describe the thermal and viscous dissipati

Most impedance models are used to describe the surface ampednd sound absorption for normal in-
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Figure 1: Geometry and boundary conditions of FEM model

cidence. When used to describe the surface impedance and sbsorption for oblique incidence, the
behaviour of the porous layer is assumed to be homogeneaudoddlly reacting surface effects, such as
scattering effects on the individual stones as well as tfexiebdf various layers of different gradings, are
omitted. In this paper an approach is described where thmegp of the porous asphalt layer is mod-
elled in a finite element package while using the acoustioaperties of a single pore determined with a
microstructural model for the fluid medium inside the por®dth this approach the scattering effects are
included in the geometry of the FEM model and the viscothédisaipation is included in the properties of
the medium. In this way, one avoids time consuming viscotla¢finite element simulations.

2 Modelling approach for nonlocally reacting surface

Using a microstructural model, the scattering effects ateimcluded. The proposed method combines a
microstructural model with a finite element model to alsoteepthe scattering effects. The viscothermal
behaviour of the air within individual pores is describedthg characteristic impedance and the complex
wave number. Instead of averaging the characteristic piepeof the individual pores using properties as
the porosity and tortuosity, the geometry is modelled diyedVith this approach, the nonlocally reacting
behaviour is included.

There are various microstructural models available. Aslfasthe here developed method, the low reduced
frequency (LRF) model [7], [8] is chosen. The LRF model isaliged in Appendix A.

The numerical models are made in the multiphysics packagesGlo A schematic example of the FEM
model is shown in Figure 1.

2.1 Boundary conditions

The developed approach is illustrated in Figure 2. The moludf the total pressure field is the combination
of the incoming sound waves, the reflected sound waves argt#igered sound waves. At the boundaries
of the stones the particle velocity is zero. To apply thisrmary condition properly, the analytical solution
for the acoustic pressure and particle velocity for a gegmeithout the stones is derived. This analytically
derived particle velocity is applied in the opposite dire@atat the boundaries of the stones We thus use a
scattering analysis which includes the viscous effects.

The boundary conditions are shown in Figure 1. An impedaocadary condition is set at the outer bound-
aries of the modelled domain. The boundary at the bottom wfadlo || is acoustically hard.
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Figure 2: Schematic view of proposed method
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Figure 3: Geometry and boundary conditions used for amallysolution

2.2 Analytical solution for an impedance layer

The analytical solution for the situation shown in Figures 3ierived in order to find the particle velocity at
the boundaries that are used in the scattering analysid!sSae yields 0; ; = 61, and6r; = 61,

The pressure in domain | is given by, the pressure in domain Il byty:

pr = Ale—ikI(xsiHGI—zcos 1) + Ble—ikl(m sin 0142z cos 61) (1)
i = AQefikH(m sin 11—z cos 611) + BZefikH(a:sin9H+Z cos 011) (2)
The particle velocity is:

v = ée—ih(xsinﬁl—zcos&) o &e—ikl(msinﬁ—&-zcos 0r) (3)
Z Z
A —iky1(z sin 01—z cos 011) By _ik (z sin O11+2 cos O11)

v = —=e 11 ) _ 2 o—tkn I 11 (4)
Zn Zn

The relation between angte and#y; follows from the law of refractionk; sin 6y = kiy sin 6y1. Setting the
amplitude of the incident wave td; = 1, the unknowns are the amplitudes of the reflected wayén
medium I, the transmitted wawé, in medium Il and the reflected wav#, in medium Il. The unknowns are
solved by the boundary conditions; continuity of the pressund the particle velocity in normal direction at
z = 0 and the sound hard boundaryzat —d, with d is the thickness of medium II.

P1|2=0 = pr1|2=0 5)
fUI,n‘z:O = fUH,n‘z:O (6)
Un|z=—q =0 (7)
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Solving the system for an incident wave of unit amplitude,= 1, yields:

/11 COS 91 (1 + e—?ikndcos 911) — Zpcos 911 (1 _ e—?ikndcos 011)

B =A . ‘ 8

1 1 ZH COoS 91(1 + 672zkndcos GH) + ZI cos 911 (1 _ efQZkHdcos GH) ( )
Z11 cos 01

Ay =24 A . 9

2 1 ZH COS 91(1 + e—Q’Lk‘HdCOS 911> + ZI cos 911 (1 _ €—2ZkIIdCOS 911) ( )

B2 — A26—2ikndcos o1 (lo)

This solution is also valid for a situation where the incogiimaves are dissipated in medium I, thus for a
complex impedance; and a complex wave numbér;. Note thatsin 617 is then a complex number and
cos 61 cannot be calculated directly. However, using

COS 911 =xv1-— sin2 911

= ii\/(k:o/k:g)Q sin? 6y — 1 (11)

the angle of transmission can be calculated as well as thietied in amplitude with distance. Note that the
minus sign is chosen in order to have an evanescent wave.

3 Sound absorption for porous asphalt concrete

A simple 2D geometry is modelled to demonstrate the devel®ieM model. The chosen geometry consist

of 4 layers of circular stones of equal diameter. The storestacked, but, because the model is 2D, a small
opening is left between the stones to represent the porespdiameters are listed in Table 1. The geometry
and packing are a rough estimate of the actual geometry arkihgaand is solely used here to demonstrate
the approach.

Parameters Value
Radius stoneRs;one) 8mm
Width between stoneg\w) 1.5mm

Number of stones in 1st layeiNy) 15
Number of stones in 2nd layeNg) 16
Number of stones in 3rd layeng) 15
Number of stones in 4th layefV) 16

Table 1: Parameters used in the FEM model

3.1 Properties of the asphalt layer

The properties of the pores are estimated based on the géopreperties of the structure. The parameters
are listed in table 2.

Parameters | Value
Radius single poreR;) 1.5mm
Equivalent length single pord.{) | 44mm
Thickness layerd) 35mm

Table 2: Parameters used in the LRF model
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Figure 4: Incoming pressure (left), reflected and scatt@redsure (center) and total pressure (right) for
simulation with FEM model af = 1750Hz andd; = 30°

Using equations 22 and 23, the characteristic impedancea@mglex wave number of an individual pore
are calculated:

7, = -2 — 418 — 5.5 (12)
k Tk
T B0 9.0030 — 0.00010 (13)
w w

The impedance and wave number are implemented as propefrtiesdium Il in the FEM model together
with the chosen geometry. The incoming pressure wave, diyep4; and p 4o, the reflected pressure,
given bypp, andppgs, the scattered pressure, solved with the FEM simulatiod, the total pressure for
f = 1750Hz andf; = 30° are shown in Figure 4.

3.2 Sound absorption coefficient

The sound absorption coefficiemtis determined using the active sound intengjtyand the incident sound
intensity I,,, integrated over the interface between domain | and II:

J TncdS
=== 14
“ 7 [ LndS (14)
where:
1 _
Ioe = §Re[pv -] (15)
1

A limitation of this method is that there will be leakage anduthe edges of interface. This can cause some
small anomalies in the absorption coefficient.

3.2.1 Absorption for normal incidence

The absorption coefficient for normal incidence is shownigufe 5. The results of the FEM model show
two peaks in the absorption coefficient, which can be caugehkdoscattering effects of the stones. The peak
around 1800Hz is located at about the same frequency as vehemated with the LRF model using the
parameters from Table 2.

The results shown here are the first, preliminary, resultssmme small anomalies in the absorption coeffi-
cient are visible. More research is needed to improve thesdts.
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Figure 5: Absorption coefficient for normal incidence
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Figure 6: Absorption coefficient for oblique incidence

3.2.2 Absorption for oblique incidence

The method described in this paper is developed to find therptisn coefficient for oblique incidence.
Therefore, simulations are performed with several andgl@scidence, the results are shown in Figure 6. An
increasing angle of incidence leads to an increase in thedsabsorption and a shift of the peak value to
higher frequencies. As for normal incidence, multiple geiakhe absorption coefficient are visible, possibly
caused by the scattering effects.

4 Conclusions and future work

A new method to predict the reflected and scattered soundyesvaves above a porous asphalt concrete
is presented. With this method the absorption coefficienhfi’mal and oblique incidence can be found. A
simple 2D geometry is used to demonstrate the model. Thésehow that further research has to be done
to improve the computation of the absorption coefficient smémprove the interpretation of the results.
Furthermore, the model has to be validated with experinhegsailts.

In future work a more advanced and realistic geometry wiliroplemented, including different sizes and
shapes for the stones. Also, a 3D implementation will beanepol.
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A Low reduced frequency model

The low reduced frequency solution for the presguirea cylindrical tube is:
p(2) = Aetkoz 4 Be~Thoz a7)

whereA and B are the complex amplitudes of the backward and forward iragevaves,z is the displace-
ment directed out of the surface abgl= w/cy is the wave number. The solution for the velocity is averaged
over the cross-section of the tube and is given by:

G

(z) = — [AeFkoz _ Be—Tkoz (18)
Poco

The LRF model is described in more detail by [7], [8]. The €io&ntsT" andG are explained below.

In the low reduced frequency solution, the viscothermalabedur is described by the viscothermal wave
propagation coefficierit, which is defined as:

SN
ro,[folivis)y (19)
Jo (2\/28) n
where.J; and.J; are Bessels functions of the first kind of order 0 ana & the polytropic coefficient:
1Jy (in/iNps) |
- 1/ 1NpprS
n= 142 2 —~ (20)
v Jo (z szTs)

s=1,/— (21)

with [ is the characteristic length scale, which for a cylindricdde equals the radius of the tube: R;.

The characteristic impedanég and the complex wave numbkifor the air within the tube are derived from
the low reduced frequency solution:

Z.(2) ii; e (22)
k = —iTkg (23)

whereG = —iy/I'n.



