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ABSTRACT

Materials with open porosity are known to absorb sound
very well. However, their efficiency in acoustic absorp-
tion and insulation is sometimes restricted to specific fre-
quency ranges. It is possible to circumvent this drawback
by designing a porous microstructure that can be modified
on the fly and thereby enabling the change in its crucial
geometrical parameters like tortuosity that influence the
intensity of viscous energy dissipation phenomena taking
place on a microscale. A prototype of such a material con-
sisting of relocatable small steel balls embedded in a pe-
riodic rigid skeleton is devised and additively manufac-
tured in separate pieces in the stereolithography technol-
ogy. The balls are inserted into proper places manually.
The full sample is then assembled and its acoustic charac-
teristics are determined computationally and experimen-
tally using dual-scale, unit-cell analyses and impedance-
tube measurements, respectively. The resulting material
is shown to possess two extreme spectra of normal inci-
dence sound absorption coefficient and transmission loss
that are dependent on the particular position of balls inside
the microstructure. In consequence, acoustic waves from
a much larger frequency range can be effectively absorbed
or insulated by a relatively thin material layer compared to
a similar design without movable balls.
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1. INTRODUCTION

The concept of an adaptable sound absorber with modifi-
able microstructure was introduced in [1] and then demon-
strated in [2,3]. The general principle of its operation lies
in the fact that the acoustic properties of rigid porous ma-
terials depend solely on their microgeometry and macro-
scopic thickness, given certain sound incidence conditions
and fluid filling the pores. In the aforementioned papers,
the thickness and the direction of acoustic wave propa-
gation were fixed. The normal incidence sound absorp-
tion spectra of the proposed materials were changeable in
the wake of the relocation of steel balls present in their
microstructures that influence their crucial geometric fea-
tures.

This contribution includes the results of modelling
and experimental investigation of normal incidence sound
absorption coefficient and transmission loss obtained for
a dual-purpose porous material. Thanks to its design and
in particular movable steel balls inserted into its main
pores, the material possesses two extreme states: the first
oriented on sound absorption, and the second focused on
effective sound insulation. The tests conducted on an ad-
ditively manufactured prototype showed good correspon-
dence between predictions and measurements. In contrast
to conventional acoustic foams, the adaptable material re-
veals very good sound absorption and transmission loss
characteristics simultaneously.

2. MODIFIABLE POROUS MICROSTRUCTURE

Figure 1a presents the periodic representative fragment of
the skeleton from which the porous adaptable material is
constructed. The representative skeleton fragment is com-
posed of two 3mm X 3mm x 3 mm parts with:

1. acentrally located main spherical pore of diameter
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direction of 2.85mm as well as six 1.2-mm vertical and hori-
acoustic wave

propagatiofi

zontal cylindrical channels that guarantee openness
of the whole porous network. Importantly, in the
main pore there is a single perfectly spherical steel
ball of diameter 1.5875 mm in one of two positions:
A (blocking the propagation of acoustic waves in
the vertical channel oriented along the direction of
sound incidence) or B (blocking the propagation in
the horizontal channel);

3 mm

2. a regular straight labyrinthine channel of width
0.52 mm—three horizontal slits of length 2.6 mm
separated by solid strips of thickness 0.52 mm and
joined together by 0.52 mm-wide links.

6 mm

The real imperfect channel-closing conditions were imi-
tated by leaving a 0.015-mm radial gap between the ball
and solid skeleton.

A 30mm x 30 mm X 30 mm cuboidal sample of the
proposed material, shown in Figure 1b, was additively
manufactured in the stereolithography technology (photo-
curing of liquid polymer resin). It was assembled from
five individually printed rigid layers containing 10 x 10
representative skeleton fragments shifted by 1/4 of the pe-
riod to facilitate manual steel ball insertion. One layer was
fabricated in two parts which were placed at the bottom
and top of the sample. The three-dimensional geometrical
models involved were created in FreeCAD [4].

3. METHODS

The acoustic indicators of interest were predicted using
the micro-macro equivalent-fluid approach for rigid-frame
porous media [5]. The method relies on introducing a ho-
mogenised fluid with the equivalent density geq(f) and
equivalent bulk modulus Keq(f) (f is the temporal fre-
quency) in place of the open-porosity material. For air sat-
urating the medium, these two complex-valued frequency-
dependent properties can be expressed as:

ir&
Qeq(f ) = Qa% (D
steel balls
in every layer and .
o Ko “Yair — 1
Figure 1: Porous microgeometry: (a) the representa- Kea(f) = 3 (%“r o ) ’ @

tive periodic skeleton fragment with two considered where o4 = 1.204kg/m? denotes the density of air

ball positions; (b) the photograph of the additively K, = 141855Pa is its bulk modulus, and vy =
manufactured sample containing small steel balls. 1.4 is the ratio of specific heats for air. The dy-
namic visco-inertial tortuosity «(f) and dynamic ther-
mal tortuosity o’ (f) are estimated using the well-known
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Table 1: The numerical JCALP parameters for the adaptable structure with two extreme ball positions.

Parameter | Symbol Unit BZH p0s1t1;)3n
Open porosity 10) - 0.467 | 0.467
Static viscous permeability ko 107°m? | 0.024 | 3.121
Static thermal permeability A 1079m? | 22.55 | 22.3
Kinematic tortuosity Qoo - 5.082 | 3.719
Static viscous tortuosity Qo - 6.402 | 4.971
Static thermal tortuosity o - 1.849 | 1.818
Viscous characteristic length A mm 0.0998 | 0.44
Thermal characteristic length A mm 0.584 | 0.584

Johnson-Champoux-Allard-Lafarge-Pride (JCALP) semi- is the so-called sound transmission coefficient and

phenomenological model [5], i.e. as functions of eight ge-

. . . 2
ometric parameters, namely the open porosity ¢, static TF(f) = T — 7 T
viscous permeability ko, static thermal permeability k), 2cos(2m fH Q) +1 (ZTq + Zf;) sin(2m fH Q)
kinematic tortuosity o, static viscous tortuosity oy, )

is the sound transmission factor.

The sound absorption coefficient and sound trans-
mission loss at normal incidence were also obtained ex-
perimentally from acoustic pressure readings in a square
30-mm impedance tube in accordance with the standards
described in [6,7] and [8], respectively. During the mea-
surements the impedance tube was mounted either hori-
zontally or vertically to ensure proper position of the balls.

static thermal tortuosity oy, viscous characteristic length
A, and thermal characteristic length A’

Oé(f) = Oé(f, ¢7a007 Qg, kOaA) s (3)
o/ (f) = (f; b, a0, kg, A'). 4)

The JCALP model is sophisticated enough to account for
pores with possible constrictions between them.

At normal incidence, the sound absorption coefficient
for a material layer of thickness H is determined as:

4. RESULTS
Z — Zuir ? The values of the numerically calculated geometric pa-
A(f)=1- 7+ Zur| ®) rameters of the microstructure are given in Table 1.
The relevant formulas for them are reported e.g. in [9]
where or [10]. The necessary three-dimensional, stationary,
. 1 finite-element analyses with up to 1227288 degrees of
Z(f) = 1 Zeg cot (27erceff> ©) freedom were run in the FEniCS v2019.1.0 [11] open-
is the surface acoustic impedance, Zuy — /ouKa is source computing platform on a half of the periodic do-

main occupied by air saturating the representative skele-
ton fragment (see Figure la), taking advantage of prob-
lem symmetry. Two tetrahedral meshes refined near solid

the characteristic impedance of air, i is the imaginary
unit, Zeq(f) = v/ 0eqKeq is the equivalent characteristic

impedance, and cer(f) = \/Keq/ 0eq 18 the effective speed
of sound in the homogenised medium.

The sound transmission loss at normal incidence is
also determined from the equivalent-fluid properties. It is
given by:

TL(f) = —10log., T, @)

where

T(f) =I|TF]? (8)

skeleton walls with about 62000 vertices and 220000 el-
ements were prepared for this purpose. As a conse-
quence of the ball relocation within the main pore from
position A to B, the static viscous permeability increases
130 times, the viscous characteristic length is more than
4 times larger, kinematic tortuosity and static viscous tor-
tuosity drop significantly, whereas the other parameters do
not change or are nearly the same.
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Figure 2: Measured and predicted normal incidence sound absorption coefficient spectra for a 30 mm-thick
hard-backed layer of the adaptable material with two extreme ball positions.

Figures 2 and 3 present normal incidence sound ab-
sorption coefficient and transmission loss spectra, respec-
tively, measured and predicted for the manufactured sam-
ple. The experimental results in the frequency range up
to 6.4 kHz indicate that the material provides high sound
insulation from about 20 dB to 65 dB when the balls are in
position A (the vertical channels oriented along the direc-
tion of sound incidence are blocked), and is an efficient
sound absorber with perfect absorption around 1250 Hz
and 4.2kHz when the balls are in position B (horizon-
tal channels are blocked). Generally, the two considered
acoustic indicators are accurately predicted with consider-
able sound absorption and insulation discrepancies above,
say, 4 kHz mainly for the case of the ball closing the ver-
tical channel (in position A).

5. CONCLUSIONS

The research conducted led to the following conclusions:

Turin, Ttaly « 11™

10" Convention of the European Acoustics Association
— 15" September 2023 « Politecnico di Torino

e It is possible to design and additively manufacture
a sample of an adaptable porous material that for
certain noise conditions is effective both in sound
absorption and sound insulation.

When the balls are in position A and block the ver-
tical channels oriented along the direction of sound
incidence, air tends to flow mainly parallelly to the
layers from which the sample is assembled. More-
over, in reality the channel closing is not perfect
and some portion of the airflow is directed through
a small gap between the ball and solid skeleton.
This in turn results in bigger discrepancies between
the experimental data and idealised predictions.

The nature of the sound absorption coefficient and
transmission loss spectra is well-predicted when
the balls are in position B, that is when they do not
block the channels oriented along the direction of
incidence. In this case the main harmonic airflow
is perpendicular to the layers of the sample there-
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Figure 3: Measured and predicted normal incidence sound transmission loss spectra for a 30 mm-thick layer

of the adaptable material with two extreme ball posit

fore minimising sound leakages due to imperfect
connections.

* The underestimated sound absorption between ab-
sorption peaks for the ball position B is attributed to
various manufacturing flaws like dimensional inac-
curacy or surface roughness that intensify viscous
losses in general.
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