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ABSTRACT

Despite very good mechanical and physical properties such
as lightness, rigidity and high thermal conductivity, closed-
porosity metal foams alone are usually poor acoustic treat-
ments. However, relatively low production cost weighs
them in many applications in favour of their open-cell
equivalents. In the present paper, this attractive and pop-
ular material is subject to consideration from the point of
view of the improvement of its sound absorption charac-
teristics. A classic method of perforation is proposed to
open the porous interior of the medium to the penetration
of acoustic waves and therefore enhance the dissipation of
their energy. The interaction between the perforation di-
ameter and closed-cell microstructure as well as its impact
on the overall sound absorption of a similar foam were
already studied in 2010 by Chevillotte, Perrot and Pan-
neton, so these topics are not discussed much in this work.
On the other hand, the objective here is to investigate if
one can efficiently approximate the wave propagation phe-
nomenon in real perforated heterogeneous materials with
closed porosity of irregular shape by means of their sim-
plified three-dimensional representation at the micro-level.
The applied multi-scale modelling of sound absorption was
confronted with measurements performed in an impedance
tube. Moreover, as expected, numerical and experimental
comparisons with relevant perforated solid samples show
great benefit coming from the presence of a porous struc-
ture in the foam, although it was initially closed.

1. INTRODUCTION

The propagation and suppression of acoustic (i.e. pressure)
waves in open-cell foams have been research topics of
many scientists until today. Various materials have been
investigated: open-cell aluminium foams [1, 2], ceramic
foams with spherical pores [3], polyurethane foams
with thin membranes [4], polymeric [5-9], double-
porosity [10], and additively manufactured [11] foams,
adaptable materials [12, 13], micro-perforated plates with
complex patterns of micro-slits [14, 15], and even meta-
porous [16,17] as well as active [ 18] configurations. There-
fore, such media are quite well documented in the literature
in terms of attenuating the energy of acoustic waves.
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Sound absorption by virtually closed-cell rigid foams
is much less studied. First achievements in this field for
rolled (compressed) and heat-treated closed-porosity metal
foams are well summarised in [19, Chap. 12] and [20,21],
respectively. However, there is rather a limited number
of contributions that deal with the utilisation of perforated
closed-porosity materials in acoustics. Chevillotte, Perrot
and Panneton [22] are among the few authors who have
investigated the link between the noise attenuation perfor-
mance and the microgeometry of a drilled cellular medium
with closed regular pores. In this paper and its extended
version [23], on the other hand, one finds the modelling
results confirmed by experimental data and obtained for:

(a) a heterogeneous (with eminently irregular pore sizes
and shapes) as well as three-dimensional (3D) real
foam microstructure;

(b) arepresentative real (non-periodic) geometry recon-
structed from computer tomography scans; and

(c) an idealised (approximative) periodic unit cell
that successfully characterises complicated material
morphology.

2. CLOSED-POROSITY ALUMINIUM FOAM

A panel of an aluminium foam with (nearly) closed poros-
ity, known as the Alulight, was prepared at the Institute of
Materials and Machine Mechanics in Bratislava, Slovakia.
It was manufactured under pressure in powder metallurgy
technology, with an alloy comprising 10 wt.% of Si and Al
balanced (i.e. AlSil0) as the foamable precursor, and 0.8
wt.% of TiH, as the blowing agent. This method is very
well established and has already led to many publications,
e.g. [24-32].

The cylindrical specimen of a diameter about 29 mm
and thickness (height) 50 mm was cut out from the material
panel using an electric discharge machine (Fig. 1a). The
application of such processing, in turn, guaranteed that it
does not contain dense surface skin and is accurate. The re-
sulting structure of the sample was verified under a digital
microscope and by the help of computer tomography (CT)
scans made on the GE Nanotom 180 device with the voxel
size 0.03 mm. Fig. 1b is the picture of the top surface of
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Figure 1: The sample of aluminium foam under investi-
gation: (a) general view (the top and lateral sides are visi-
ble); (b) enlarged view on the top of the sample (at height
z = 50 mm); and (c) typical skeleton microgeometry.

the specimen seen at certain magnification. It indicates that
most of the pores have somewhat oblate shape and are con-
nected to the adjacent air voids by either very tiny channels
or narrow cracks on their walls (see also Fig. 1c). In effect,
at some distance from the incident surface the fluid do-
main becomes dead-ended which strongly restricts acous-
tic wave penetration through the medium to a short region.
The material can therefore be considered as having effec-
tively closed cellular microgeometry from the perspective
of sound propagation and absorption.

The computer analysis of microscopic and CT images
corresponding to particular sample cross-sections revealed
that pores are mostly elongated in the axial direction or
parallel to the zy base, with an average size of 1.7mm
(cf. [31]). It was observed that there are places in the
sample where some pores substantially distinguish in size
from others in the vicinity, which is inherently caused
by the chaotic nature of the foaming process. However,
the material can be treated as isotropic due to high to-
tal porosity—0.8 calculated from the CT scan, and 0.83
determined based on a precise measurement of sample
weight, assuming perfect geometry and the density of
the metal alloy equal to 2650kg/m>—as the degree of
anisotropy of a foam usually decreases with increasing
porosity [25,31,32].
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3. SAMPLES FOR ACOUSTIC TESTING

Two metal foamed and one polymer solid samples were
prepared, each of them in the form of a cylinder with a di-
ameter close to 29 mm and thickness (height) 50 mm. The
first aluminium specimen had original porous microstruc-
ture. The two remaining samples were obtained by perfo-
rating the first sample and a solid cylinder using a 2-mm
bit to reflect the regular pattern of parallel holes spaced ev-
ery 4 mm, shown in Fig. 2. Such modification in the case
of the solid sample yielded the actual porosity of approx-
imately 0.2. Due to opening of initially closed pores in
the original specimen while the drilling process, the open
porosity of the corresponding perforated foam sample was
appropriately higher. Nevertheless, its specific value is un-
known.
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Figure 2: Dimensions of the applied perforation pattern.
Red colour represents a sample, whereas the removed ma-
terial is marked in blue.

Figs 1a and 3 present the tested samples. While spark
erosion was used to cut out the original foam sample from
the material panel, as already remarked in Sec. 2, the poly-
mer sample was fabricated in the Fused Deposition Mod-
elling additive manufacturing technology [33]. The top,
bottom and lateral surfaces of the latter were then ma-
chined on a lathe to precisely meet the desired dimensions.
The perforation holes were either drilled on a milling ma-
chine controlled numerically in the case of the metal foam,
or were broached in the polymer sample with an electric
drill guided by 3D printed channels of a smaller diame-
ter. Perfect circular shapes of the specimens and good con-
sistency of their characteristic sizes with the designed val-
ues were confirmed by measuring their key dimensions and
carefully inspecting their quality under a microscope.

4. ACOUSTIC MEASUREMENTS AND
MODELLING OF THE ALUMINIUM FOAM

4.1 Experimental configuration

Acoustic measurements were done in a Brilel & Kjer
impedance tube of a diameter 29 mm for frequencies be-
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Figure 3: The manufactured perforated samples (the top
and lateral sides are visible): (a) the perforated solid one;
and (b) the perforated aluminium foam.

tween 0 Hz and 5200 Hz. In fact, only the results above
500Hz are valid for this tube size. Both configurations
with and without an air gap of thickness 10 mm left be-
tween the sample and the terminating rigid piston were
considered.! To eliminate the risk of impedance tube
scuffing, the metal specimens were additionally wrapped
with a 0.15 mm-thick tape. The experiments were con-
ducted according to the Two-Microphone Transfer Func-
tion Method [34] on well-fitted samples. This technique
relies on reading the acoustic pressure at two predefined
positions inside the tube. Based on the pressure levels and
taking into account physical properties of air and geomet-
rical dimensions of the tube, one evaluates the value of var-
ious acoustic indicators, including the normal incidence
sound absorption coefficient, i.e. a frequency-dependent
real quantity ranging from O (no attenuation) to 1 (perfect
absorption).

4.2 Mathematical models

The equivalent-fluid approach for rigid-frame porous me-
dia [35] was utilised to confront the experimental sound
absorption curves with analytical and numerical predic-
tions. In this method the investigated open-porosity ma-
terial is treated as a homogeneous fluid possessing its
macroscopic acoustic properties expressed in the equiva-
lent density and equivalent bulk modulus functions of fre-
quency. These complex quantities are derived from the
dynamic visco-inertial and dynamic thermal tortuosities,
respectively, also varying with frequency, and from some
real-valued parameters of the fluid saturating the pores.
Provided that plane waves penetrate an equivalent fluid at
normal incidence, which is assumed to be true within an
impedance tube, the acoustic wave propagation in such
a dispersive medium on the macroscale is governed by
the Helmholtz equation of time-harmonic linear acous-
tics. Consequently, the surface acoustic impedance de-
pends on the equivalent characteristic impedance and the

! Note that in the latter case the porous material-air system has the total
thickness of 60 mm.
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effective speed of sound in addition to other real parame-
ters [36]. Then, the acoustic absorption coefficient is ex-
pressed through the surface acoustic impedance as well as
the characteristic impedance of the pore-fluid [35].

The analytical approximations of the dynamic tortuos-
ity functions for the considered perforated solid sample
were computed from formulae incorporating the Bessel
functions of the first kind of zero and first order [37].

On the other hand, the numerical dynamic tortuosi-
ties, which served to achieve all the numerical solutions
from Sec. 5, are estimated by means of a hybrid multi-
scale approach with the Johnson-Champoux-Allard-Pride-
Lafarge (JCAPL) equivalent-fluid model for rigid-frame
porous materials [35,38—43]. It is based on eight fully ge-
ometric ‘transport’ parameters: the open porosity, (static)
viscous permeability, (static) thermal permeability, (iner-
tial) tortuosity, static viscous tortuosity, static thermal tor-
tuosity, viscous characteristic length, and thermal charac-
teristic length. Their values can be evaluated on a unit
cell that sufficiently represents the fluid domain inside the
porous microstructure of a given material. Except for the
open porosity and thermal characteristic length, it is es-
sentially required here to solve certain steady-state bound-
ary value problems (for the corresponding formulae see,
e.g. [2,15,22,44-47]). All in all, the JCAPL model rela-
tionships allow to calculate the dynamic tortuosities and,
finally, the sound absorption coefficient.

5. RESULTS

The finite element method [48,49] was used to perform the
numerical analyses and figure out the transport parameters
for acoustic waves propagating along the thickness of the
specimens. For the case of the perforated solid sample, the
whole problem is reduced to two spatial dimensions due
to the presence of infinitely many symmetry planes of the
perforation pattern in the axial direction [15]. The whole
section-area of the fluid region was selected for the simula-
tions instead of just a unit cell in order to better mirror the
actual porosity of the manufactured specimen. The domain
in question is indicated by blue colour in Fig. 2.

However, more complex geometries usually entail the
necessity of finding symmetrical or periodic 3D numerical
solutions within a unit cell for the purposes of the multi-
scale JCAPL technique. Finite element computations were
carried out for the scanned cubic (4 X 4 X 4 mm) fragment
of the original porous microstructure shown in Fig. 1c. Its
porosity equal to 0.797, and thermal characteristic length
about 0.706 mm, are very close to the reference values got
from a set of CT images of a 12 x 12 x 24-mm interior
part of the primary foam sample—0.799 and 0.7557 mm,
respectively. This is one of the reasons why the chosen unit
cell was assumed representative for the material. Then,
the proposed perforation pattern (Fig. 2) was applied to the
same skeleton element in the direction of acoustic wave
propagation (viz. in the z-direction; see Fig. 4a) and the
simulations were run on the corresponding air volume. In
this situation, the porosity and thermal characteristic length
increase to 0.835, and 0.891 mm, respectively.
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Figure 4: Unit cell skeletons: (a) representative for the primary microgeometry with the perforation pattern applied to it;
and (b, c) approximating the internal structure of the original metal foam by means of a periodic porosity composed of
spheres (b) without as well as (c) with the perforation channel.

A periodic 4-mm cubic cell approximating the morphol-
ogy of the metal foam was created in the next step as the
output of a random generation procedure (see Fig. 4b). Its
microgeometry consists of 50 spherical pores with diame-
ters varying between 0.22 mm and 3.8 mm (about 0.81 mm
in average) and has the open porosity equal 0.74, while its
thermal characteristic length is 0.65 mm. The mean pore
size read from microscopic measurements (Fig. 1b) as well
as the target porosity and thermal characteristic length val-
ues (i.e. 0.799 and 0.7557 mm, respectively) in particular
were maintained as much as possible by accepting only
befitting positions and radii of pores during the generation
process. This was feasible because just the shape of a unit
cell is needed to determine these two transport parameters.
It was also ensured that the sequentially drawn spheres are
not too far from the closest already found instance, are
linked to it, and do not overlap with other pores. Similarly
to the case of the cell coming from the CT scan, computa-
tions were made for the perforated variant of the approxi-
mative skeleton as well (Fig. 4c) with the porosity of over
0.8 and thermal characteristic length equal to 0.84 mm.

Figs 5 and 6 present the received experimental and mod-
elling results. The impedance tube measurements were
performed on the samples inserted in such a way that their
top side was turned towards the loudspeaker generating
white noise. The plots show that:

* the original, non-perforated foam sample has open
pores (the values of the absorption coefficient are
significantly higher than zero), but only within a re-
stricted area beginning at the incident face—acous-
tic waves do not penetrate deeply inside it nor in all
its volume, and, in particular, do not reach the air gap
behind the specimen so that the presence of it has no
effect on the absorption (see the black experimental
curve pertinent to the lack of perforation left in each
figure for reference). One may thus conclude that the
overall ‘effective’ porosity in the sample is closed;

* the analytical and numerical results incorporating
the JCAPL model included in Fig. 5 are in perfect
agreement;
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the experimental sound absorption obtained on the
solid (polymer) sample does correspond well to the
relevant analytical and numerical estimations both
for the configuration with and without the air gap
behind the sample (Fig. 5). Theoretically very low
absorption level in between peaks is satisfactorily re-
produced, which is indicative of a good surface fin-
ish in the sample, and its dimensional consistency
with the designed geometry;

the perforated metal foam sample, on the other hand,
do outperform its solid (i.e. polymer) equivalent in
noise suppression (Fig. 5). It is generally much bet-
ter in a wide spectrum of frequencies. Its first quarter
wavelength layer resonance is shifted to lower fre-
quencies (about 1.1 kHz) for the case of no air gap
just thanks to the applied perforation. Moreover, the
relevant absorption curve has more peaks in the con-
sidered frequency range than the one pertaining to
the polymer sample when the gap is present;

it is actually quite difficult to mimic the com-
plex experimental behaviour of a real aluminium
isotropic foam of this sort (see Fig. 6). Both attempts
(approximation- and CT-based) gave correct predic-
tions only for the perforated case, which for acoustic
closed-porosity foams is of greater importance from
the point of view of designing a perforation pattern
that fulfils specific operational requirements. The
sound absorption of the non-perforated material is
clearly overestimated by the applied modelling, re-
gardless of the gap configuration. This is probably
because the utilised unit cells (and hence the simpli-
fied artificial materials composed entirely of them)
have fully open porosity that enables complete pene-
tration of acoustic waves within their air-filled pores
without strong resistance due to narrow pore inter-
connections, in contrast to the real foam. However,
the general character of the experimental curve is re-
flected to some degree, especially by using the ap-
proximate cell.
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Figure 5: Normal incidence acoustic absorption coeffi-
cient for the samples: (a) without an air gap; (b) with
a 10-mm air gap between the material and the rigid
impedance tube termination.

6. CONCLUSIONS

It is usually profitable to drill through the aluminium foam
and therefore open its porosity if one considers its acous-
tic application as a noise absorber. The studied perforated
porous material is much better in sound absorption than its
solid equivalent. In addition, it weighs less than a metal
(or even polymer) perforated plate of the same thickness,
and still can be successfully used in harsh conditions, e.g.
on hot surfaces of an engine or turbine.

As a part of the present work, the real internal struc-
ture of the original foam was approximated by means of
a random periodic arrangement of spherical pores. The
final results suggest that the approach works fairly well
for this sort of mass-produced porous materials. Nonethe-
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Figure 6: Numerical predictions (confronted with exper-
iments) of the normal incidence acoustic absorption co-
efficient based on the CT-scanned (non-periodic) and ap-
proximate (periodic) unit cells: (a) without an air gap; and
(b) with a 10-mm air gap between the material and the rigid
impedance tube termination.

less, there are many factors that influenced the accuracy
of the predictions made, such as the origin of a represen-
tative unit cell isolated from the foam microgeometry, se-
lection of the cell-centred position at which the perforation
was applied, or the particular specification of the gener-
ation constraints imposed on the approximative unit cell
(maximal pore diameter, maximal window diameter be-
tween two linked pores, target number of pores, etc.).
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