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ABSTRACT

Samples with periodic microstructures, designed for good sound absorption, have
been manufactured by 3D printing. Typically, however, the acoustical properties of
the resulting samples differ from those predicted. Two causes of the discrepancies
are (1) inaccuracies related to the 3D-printing resolution and (2) imperfections
resulting from micro-fibres, micro-pores, and pore surface roughness, created
during manufacture. Discrepancies due to the first cause can be addressed, post
hoc, by updating the idealised periodic geometric model used for creating the codes
for fabrication on the basis of a survey using a scanning microscope, or through
computerised micro-tomography scans. Reducing the discrepancies due to the
second cause requires a relatively significant further modelling effort. Another
cause for small discrepancies is when two layers of the same periodic porous
material and thickness differ only by a relative shift of the internal geometry of the
periodic Representative Volume Element (RVE). This causes the absorption peaks
to be shifted in frequency. A modelling procedure is proposed to take this into
account.
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1. INTRODUCTION

Additive manufacturing technologies [1] have recently become a very convenient
tool for fabrication of samples of novel acoustic materials (and meta-materials) with
designed periodic micro-geometries, even though the resolution, accuracy and surface
quality available to most of these technologies are still away from the required level. It
has been observed that imperfections related to a particular technology and device used
for fabrication lead to specific discrepancies with respect to the results of modelling
done during the design process, see, e.g., [2, 3]. This work discusses some issues
concerning designing, manufacturing and modelling of periodic sound absorbing
materials (or samples of such materials), which are fabricated with such modern additive
manufacturing technologies [1]. In particular, an effect of a relative shift in the periodicity
of samples of the same periodic porous material is studied with respect to change in the
sound absorption. For the purpose of this paper, a simple periodic design is proposed and
used to manufacture two porous samples. The samples are measured in the impedance
tube for sound absorption [4] and the (updated) periodic design is used for modelling
to calculate predictions. The modelling involves Direct Numerical Simulations (DNS)
based on the linearised and harmonic, fully-coupled (i.e., compressible) Navier-Stokes
equations, as well as the dual-scale approach with microstructural analyses done on
a Periodic Unit Cell (PUC) and macroscopic analyses of wave propagation using the
Helmholtz equation of linear acoustics and the Johnson-Champoux-Allard-Pride-Lafarge
(JCAPL) model [5] for porous media. For the hybrid dual-scale modelling see,
e.g., [6-15].

2. MICRO- AND MACRO-GEOMETRY OF THE ANALYSED PROBLEM

2.1. Panels with periodic porosity

Figure 1 shows cross-sectional views of two porous panels backed with an air cavity
with depth £,. In each case, the panels have the same thickness ¢, and (almost) the same
periodic porosity represented by the same Periodic Unit Cell (see Figure 2), since they
differ only by a relative shift in their periodic micro-geometry, which can be described
with parameter ¢ € (0, 1) shown in Figure 2(middle). On the other hand, the relative shift
in periodicity significantly affects the character of panel faces: one panel has uneven faces
with small thin ribs separating circular indentations which gently lead the air to narrows
slits (see the top sketch in Figure 1), while the other panel has flat faces with loosely
spaced narrow slits (see the bottom sketch in Figure 1).

From the macroscopic perspective the material of both panels may be treated (after
a homogenisation procedure) as the same porous medium, however, the surface effects
may reveal at the macro-scale level, if the size of PUC is suitably large (as it is assumed
in this study). The open porosity of the periodic material of both panels is composed of
large cylindrical voids linked with narrow slits. The slits in the material are parallel to
the direction of wave propagation, whereas the axes of cylindrical voids are perpendicular
to this direction, so that the whole porous microstructure can be fully represented by
the two-dimensional cross-sections shown in Figure 1; moreover, they can be used for
efficient numerical analyses of the relevant microscopic problems.

The Periodic Unit Cell is depicted in Figure 2, where L = 4 mm is the cell size, R =
1.6 mm is the radius of all cylindrical voids, and H = 0.4 mm is the width of all slits. The
panel is (in each case) composed of 15 full periodic cells, so its thickness is £, = 15L =
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Figure 1: Porous panel backed with an air cavity — two studied cases based on the same
periodic pattern of porosity, but with extremely different types of openings on the panel
faces, related to a translation of the Periodic Unit Cell: (top) the panel with uneven faces
(i.e., with densely spaced semi-circular indentations separated by ribs), and (bottom) the
panel with flat faces with narrow slits

60 mm. The air cavity depth is £, = 20 mm, and the included thickness of the adjacent
air in front of the panel is £, = 3L = 12mm. (It was checked that the adjacent layer
— where the propagation is lossless — could be thinner and the numerical predictions of
sound absorption would be the same anyway.)
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Figure 2: Two-dimensional Periodic Unit Cell with the open porosity composed of large
cylindrical voids linked with narrow slits — three cases of translational symmetry resulting
in different sizes of openings on the lateral faces of the cells

2.2. Porous samples with periodic microstructure

Two three-dimensional CAD models of cylindrical specimens were generated from the
two-dimensional Periodic Unit Cell, see Figure 3(left). Small thin rings were added on
the circumference of each cylinder to keep the solid parts of each specimen together.

The CAD models were used with Fused Deposition Modelling (FDM) technology
of additive manufacturing [1] to fabricate polymer porous samples (each one with the
diameter of 29 mm and the height of 60 mm), see Figure 3(right). As a matter of fact,
these samples are cylindrical segments of porous panels which can be tightly fitted into
the impedance tube for measurements of sound absorption.



Figure 3: (Left) CAD models of cylindrical samples for the two cases of porous panel.
(Right) two cylindrical samples fabricated using FDM technology

The samples were examined under a microscope to find that the actual size of
cylindrical voids is significantly smaller. The corrected value for the cylindrical void
radius was found as R = 1.4 mm.

3. MODELLING

3.1. Direct Numerical Simulations (DNS)

The sound absorption of rigid periodic porous panels backed by air cavity (see
Figure 1) can be determined numerically using Direct Numerical Simulations (DNS)
based on the linearised Navier-Stokes equations transformed into the frequency domain.
The equations describe the harmonic motion in a representative band of fluid domain,
that is, in viscous and compressible air which fills the pores and slits, as well as the
backing cavity, caused by a plane acoustic wave simulated by applying an adiabatic
pressure excitation on a boundary situated at some (sufficiently large) distance £,y from
the panel, so that also this adjacent layer of air in the front of panel is considered in the
analysis. Thus, the total length of the band of air domain equals ¢, + £, + {,q, and because
of the symmetry its height is & = L/2, i.e., half the height of the periodic cell.

The symmetry conditions are set on the lateral boundaries of the representative band
of fluid domain, and the isothermal no-slip boundary conditions are applied on the solid
boundaries (that is, inside the pores and slits, on the panels’ faces, and on the backing
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Figure 4: Computational configurations for periodically porous panel with “gaping”
faces (i.e., the ribbed-faces case) and backed with air cavity: (top) for DNS using the
linearised Navier-Stokes equations, and (bottom) for calculations using the Helmholtz
equation for the air cavity and the homogenized JCAPL model of the porous layer



wall), see top sketches in Figures 4 and 5. In order to determine the sound absorption
(which results from the boundary effects on the skeleton of porous panel and in the cavity),
the surface acoustic impedance is computed on the ‘adiabatic pressure boundary’ as the
negative ratio of the pressure to the normal velocity. This surface impedance together with
the characteristic impedance of air allows to calculate the acoustic absorption coefficient
in the considered frequency range.

3.2. Equivalent fluid approach

The solid skeleton of panel is rigid and motionless, therefore, the periodic porous layer
of panel can be substituted with an equivalent layer of an effective (lossy and dispersive)
fluid. Thus, the whole problem of acoustic plane wave propagation through the panel
into the cavity and back (after the reflection from the rigid wall) can be solved on the
macro-scale level using the Helmholtz equation of linear acoustics set in the cavity, in the
effective-fluid domain of porous medium, and in the adjacent (frontal) air layer, see the
bottom sketch in Figure 4. (The wave propagation in front of the panel is lossless, so the
adjacent air layer could be removed, however, it is kept in these analyses for the sake of
complete resemblance to the corresponding configurations of DNS.)

The equivalent acoustic fluid is characterised by the frequency-dependent effective
density and bulk modulus, namely:
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where w is the angular frequency, ¢ is the (open) porosity, 0.;; and Ky, are the density and
bulk modulus of air which fills the pores, respectively, and vy is the ratio of specific heats
for air; finally a(w) and o’(w) are two complex-valued functions of dynamic tortuosity:
the viscous and thermal one, respectively. According to the Johnson-Champoux-Allard-
Pride-Lafarge (JCAPL) model [5, 16-20] these two functions depend of the kinematic
viscosity of air and its Prandtl number, as well as on the eight transport parameters,
namely: the porosity ¢, the (inertial) tortuosity ., the static viscous and thermal
tortuosities @ and «;, the viscous and thermal permeabilities ko and k;, and the viscous
and thermal characteristic lengths A and A’. The parameters can be determined for
any Periodic Unit Cell: the porosity and thermal length are derived directly from its
geometry, while the other parameters require solutions of three uncoupled problems
of Stokes, Laplace, and Poisson, respectively, defined on the fluid domain of PUC,
see e.g., [7,8, 11]. For the considered PUC (see Figure 2) with the actual value of the
cylindrical pore radius R = R = 1.4mm, the transport parameters were determined
as follows: ¢ = 41.5%, aw = 2.15, @y = 2.67, o = 141, ky = 3.43x107°m?,
ky =9.67x107*m? A =0.475mm, A’ = 1.27 mm.

The Helmholtz problem is solved for the macro-scale configuration shown in
Figure 4(bottom) with the sound hard boundary condition on the left-hand side
boundary (i.e, on the rigid wall), the acoustic pressure condition on the right-hand
side boundary, and coupling on the interfaces between the adjacent media. This is, in
fact, a one-dimensional problem of plane wave propagation, so it renders a system of
ordinary-differential equations, which can be solved analytically. When the solution is
found, the surface acoustic impedance is computed on the right-hand side boundary and
the acoustic absorption coefficient can be determined for such configuration of the porous
layer (panel) backed with air cavity.



3.3. Sandwich porous layer with thin face-layers of modified tortuosity

The results of the DNS and Helmholtz (JCAPL-based) calculations will be compared
in Section 4 to show, in fact, a very good consistence. Direct Numerical Simulations
were also carried out for the second version of porous panel, that is, the one with the
same thickness and periodic porosity in general, but with the flat slotted faces (because
of a simple shift in periodicity), as presented in Figure 5(top). It will be demonstrated
that the sound absorption computed from DNS for this panel (set in the same macro-scale
configuration as the other version) differs from the results obtained for the first version
of panel by a small shift in frequency. It is expected that this inaccuracy arises from the
distortion of the air flow induced by the flat surfaces between the narrow slits. It causes
additional viscous effects at the panel faces around the slits where the flow bends around.
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Figure 5: Computational configurations for periodically perforated panel with flat slotted
faces (i.e., the slotted-surface case) and backed with air cavity: (top) for DNS using the
linearised Navier-Stokes equations, and (bottom) for calculations using the Helmholtz
equation for the air cavity and the homogenized JCAPL models of three porous layers in
a sandwiched arrangement

It is obvious that the transport parameters for the second version of panel are the same
as for the first version, since their periodic porosity is defined by the same PUC, and the
periodic Stokes, Laplace, and Poisson problems will have (respectively) exactly the same
solutions for any PUC version shown in Figure 2 (and for any relative shift & € (0, 1)).
Therefore, in order to account for the flow distortion at the flat faces of panel, a special
correction must be applied in the macro-scale modelling based on the JCAPL model of
effective fluid. Following the approach used in the case of thin micro-perforated plates.

A sandwich configuration is proposed (see the bottom sketch in Figure 5) with: (1) the
core of the effective medium exactly the same as in the layer used as substitute for the
first version of panel (see Section 3.2), and (2) the thin face-layers of a similar porous
material as the core, but with modified tortuosity. The thickness of each face layer is
assumed equal to the half size of PUC, namely, {,, = 0.5L = 2mm, so that the core
layer has the same faces as in the first version of panel and the core layer thickness is
to1 = €, — 26y = 14L = 56 mm, see Figure 5(bottom). The (inertial) tortuosity and
viscous static tortusoities for the porous face-layers are (arbitrarily) increased by 35%
with respect to the tortuosity values of the core layer, namely, @., = ¢, @~ and &y = ¢, @y,
where ¢, = 1.35 is the correction coefficient (the same for both tortuosities). All the other
transport parameters are the same for the face- and core layers.



4. SOUND ABSORPTION

4.1. Numerical predictions

Figure 6 presents numerical predictions of sound absorption for the both cases of
porous panel backed with air cavity. DNS results for the case with ribbed “gaping” faces
is very similar to the Helmoltz results where the panel was modelled as a single layer of
homogeneous porous medium using JCAPL model (with transport parameters computed
from PUC). DNS results for the panel with flat slotted faces show that the absorption peaks
are slightly shifted down in frequency (by several dozens or a few hundreds of hertz). It
is assumed that this effect results from the distortion of the air flow at the panel flat faces
with narrow loosely set slits. In Section 3.3 it has been proposed that in order to account
for this effect in the macro-scale modelling (where the JCAPL model of the effective
medium equivalent to a porous material is used), the tortuosity of the porous material
should be increased, but only for the area close to the panel faces, which is achieved by
introducing a sandwiched arrangement of porous media. This simple correction allowed
to fit the sound absorption obtained from the macro-scale Helmholtz calculations for the
porous sandwich layer with the direct micro-scale simulation for the panel microstructure
with flat slotted faces, see Figure 6.
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Figure 6: Sound absorption for porous panels backed with air cavity: (a,c) the DNS and
Helmholtz (with a single JCAPL layer) for the ribbed “gaping” faces case, (b,d) the DNS
and Helmholtz (with three JCAPL layers in sandwiched arrangement) for the slotted faces
case



4.2. Experimental measurements

Sound absorption was measured in the impedance tube for both 3D-printed polymer
samples (60 mm in height) with a 20 mm cavity between the back face of the sample and
the rigid termination of the tube. The measurements are shown in Figure 7 where they are
compared with the results of numerical predictions by DNS. The same shift in frequency
of the absorption peaks between the flat slotted faces case and the ribbed “gaping” faces
case is observed experimentally as it has been found by the numerical predictions. On
the other hand, between the peaks the measured absorption values are clearly higher
than the predictions. However, this underestimation was expected since idealised smooth
micro-geometries were used for the microstructure-based calculations (DNS and PUC-
based), while the actual microstructures of the 3D-printed samples are characterised by
many imperfections (like roughness, small fibres etc.) which are expected to increase, in
general, the viscous dissipation effects.
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Figure 7: Sound absorption for porous panels backed with air cavity: (a,c) the DNS
results and measurements for the ribbed “gaping” faces case, (b,d) the DNS results and
measurements for the case of slotted faces

5. CONCLUSIONS

Samples fabricated using modern manufacturing technologies and CAD models of
designed microstructures require a special microscopic survey in order to update their
CAD geometry, if it is to be used for microstructure-based calculations; alternatively,
these CAD models should be appropriately modified before being used for manufacturing.
Otherwise, significant discrepancies will arise between the measurements of acoustic



absorption and the corresponding results of modelling, perhaps even in the very nature
of the absorption curves (e.g., peaks at quite different frequencies, etc.). The updating of
CAD geometry can be often done in a simple way (since the geometry was designed),
however, even then, the absorption predictions, though completely correct in character,
will almost always give slightly underestimated values due to imperfections in the surface
(e.g., roughness) caused by manufacturing technologies.

The effect of a relative shift in periodicity demonstrated in this work was observed
experimentally for various 3D-printed samples based on the same periodic cell. It was
confirmed that the associated shift in the frequency, although small, is not casual and is
related to a different flow distortion at the faces of the material samples.
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