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Abstract

An assembly of additively-manufactured modules to form two-dimensional networks of labyrinthine slits results in a
sound absorber with extremely high tortuosity and thereby a relatively low-frequency quarter wavelength resonance. Fully
analytical modelling is developed for the generic design of such composite acoustic panels, allowing rapid exploration
of various specific designs. In addition to labyrinthine channels in a non-porous solid skeleton, a case is also considered
where the skeleton has microporosity such that its permeability is very much lower than that due to the labyrinthine
channels alone. The analytical modelling is verified by numerical calculations as well as sound absorption measurements
performed on several 3D printed samples of modular composite panels. The experimental validation required overcoming
the non-trivial difficulties related to additive manufacturing and testing samples of extreme tortuosity. However, due to the
two-dimensionality and modularity of the proposed design, such absorbers can possibly be produced without 3D printing
by assembling simple, identical modules produced separately. The experimental results fully confirmed the theoretical
predictions that significant sound absorption, almost perfect at the peak, can be achieved at relatively low frequencies
using very thin panels, especially those with double porosity.
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1 Introduction

To be useful in vehicles and white goods, the sound absorbing layers deployed on surfaces should be as thin and
lightweight as possible. This is rather difficult with traditional porous materials such as polymer foams or glass fibres
since thick layers are required to offer absorption at low frequencies. Ideally, a useful hard-backed thin absorbing layer
will offer a first absorption peak associated with its quarter wavelength resonance at a wavelength that is much larger than
the layer thickness. Often this is called sub-wavelength performance. To meet the requirement of sub-wavelength perfor-
mance, there has been a lot of exploration of what can be achieved through additive manufacturing. Many of the resulting
designs are based on metamaterial approaches [1]. A particular structural form uses the notion of ‘coiled’ or ‘coiled up’
space based on relatively long internal channels. This strategy was used by Cai et al. [2], who studied thin acoustic panels
that effectively absorb low-frequency sound due to coplanar coiled tubes and/or chambers. A recent example of such a
design consists of 3D printed stackable solid plate elements, each of which contains a coplanar spiral rectangular channel
open only at one end [3]. Since the channel widths are on the order of millimetres, there is visco-thermal attenuation
and since they have finite lengths there is ‘closed pipe’ resonance also. An appropriate combination of channel lengths
and cross sections is found to widen the absorption peak [3]. Similar research shows results obtained for sound absorbers
composed of a perforated plate covering a coiled coplanar air chamber [4], acoustic metasurfaces composed of coiled
channels and embedded apertures [5], or acoustic panels with coiled Helmholtz resonators [6] or multi-layer Helmholtz
resonators with extended necks [7]. Several studies have explored composite structures with labyrinthine channels [8—11],
or coiled-up cavities that resemble labyrinths, usually covered by perforated or slitted facesheets [12—14].

An alternative way of decreasing the quarter wavelength resonance of a hard-backed layer of porous material is
to increase its tortuosity. Increasing tortuosity increases the sound path in the material thereby increasing its effective
thickness and reducing the effective sound speed within it. Previously published methods of increasing tortuosity in
idealised rigid porous materials include inclining straight pores, non-uniform pore cross-sections, intersecting pores,
partitioning and labyrinthine perforations [15, 16]. Of these, the use of labyrinthine perforations is expected to result in
the largest values of tortuosity. Twisted or labyrinthine channels or perforations may be regarded as tortuous macropores
in a solid or microporous matrix, if they are relatively narrow, i.e. not formed from coiled-up cavities or wide passages as
in the works cited above. Thus, extreme values of tortuosity can be achieved with proper design. Moreover, an additional
attenuation mechanism of pressure diffusion [17, 18] can be introduced if the matrix is microporous and the micropores are
much smaller than the width or cross-section of the labyrinth channels, to provide a high permeability contrast between the
microporous matrix and the labyrinthine pore network. The high contrast of permeability is necessary not only for pressure
diffusion to occur, but also to avoid decreasing the main pore network’s extreme tortuosity by viscous leakages through
the micropores. This paper describes the theoretical basis, analytical models and rigorous numerical and experimental
validation of such modular acoustic materials with extremely tortuous labyrinthine channels and an impermeable or —
in the second case — permeable, microporous skeleton. Note that this design is different from acoustic composites with
resonant inclusions and internal structures formed by thin, impermeable, rigid walls embedded in a porous matrix, usually
made of conventional acoustic foams or wools [19-26].

The outline of this paper is as follows. Section 2 presents the resizeable modular geometry of the proposed acoustic
composite panels and all necessary formulae for analytical modelling of such structures with extreme tortuousity. Additive
manufacturing of samples of a few prototype panels is discussed in Section 3. Numerical verification of the analytical
modelling is extensively discussed in Section 4, where the theoretical predictions of sound absorption by extremely
tortuous panels are also validated by the results of acoustic measurements conducted on 3D printed samples. The main
findings, conclusions, and research perspectives are summarised in Section 5.

2 Theory of modular acoustic panels with high tortuosity

2.1 Resizeable modular geometry

Let us consider a composite panel composed of L-shaped modular elements. Two such elements are arranged in a (quasi)
rectangular cell, as depicted in Figure 1(a), forming a tortuous slit of width w between them. The L-shape proportions and
cell dimensions are fully defined by ay, b., ¢, and w, as shown in the picture, so that one side of L is equal to a;, + by, and
the other side — which also defines the cell width W, — equals 2(c1, + w). The cells are arranged in a row, in N, columns
inside a single panel section which in turn contains /N, rows such that for /V;, > 1 all ‘odd’ rows (i.e. first, third, etc.) are
identical, while each ‘even’ row (i.e. second, fourth, etc.) is a mirror copy of the ‘odd’ row. Figure 1(b) shows the panel
from above and focuses on one of its segments, where a single cell and the first odd row are highlighted. Panel segments
are separated by partitions with a width ¢ . Therefore, the entire width of row or section is the sum of N, cell widths
increased by the slit width and the width of the partition, i.e.

W, =NW.+cL+w, We =2¢, +2w. (D)
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Figure 1: Modular panel geometry — ‘top’ views of: (a) a representative panel cell composed of modules with L-shaped cross-sections, and
(b) one panel segment. For possible panel variants, see Appendix A.

The panel thickness Hp is simply a multiple of the row height H;, namely
Hp = N\H,, H =2aq, +b. +w. 2)

The proposed geometry is resizeable and fully defined by six independent geometric parameters: four lengths, w, ay,
bL, and cr, and two positive integers, /N, and N,. It is advised that the L-shape dimensions are greater than (or equal
to) the slit width w. Below we present the necessary formulae for several geometric quantities that will be used in the
analytical modelling of the composite panel.

Let us first determine the total length s; of the continuous slit channel passing through a single row in the panel section,
as it will be useful for further derivations. We have

Sy = N¢s. + H;, Sc = 2by 4+ 2¢ + 2w, 3)

where s, is the total length of the channel inside a single cell. The above definitions describe the length of the central line
of the channel when this line has sharp bends. This line should indicate the averaged flow path through the channel. We
will demonstrate that for greater accuracy one should rather use curved paths that better resemble streamlines of viscous
and inviscid flows through the channel. This will be evidenced by numerical simulations — see streamlines in Figure 4(a,b)
in Section 4.1 for both types of flows. Thus, let us consider the case where all the bends of the central line (but not the
channel walls) are rounded with circular arcs and find the length of such a path with rounded bends across the entire row 5,
and in a single cell s.. The latter is marked with a dashed red line in Figure 1(a). To do so, the length of each sharp bend
—equal to 2% — has to be replaced by the smaller length 7 %3 of the corresponding quarter-circle arc. There are four bends
in each cell which means that the length of the channel path inside the cell is modified by subtracting 4w and adding mw.
Therefore, the respective expressions are

v

S = N.S. + H;, Se =S¢ — 4w + Tw . 4

We will also use the total length of the channel walls Sy, in the plane of a single row of the panel and the corresponding
area A of the fluid-saturated channel in that single row. These can be calculated from the channel length s, as

Swr = 25r7 Arf = SWw. (5)
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Finally, the area of the solid part A, inside a single row and the total area of the row A, are

Ars = Ar - Arfy Ar = VVrHr . (6)

2.2 Procedure and formulae for purely analytical modelling

It is assumed that the frame of the composite panel is stiff enough to allow the use of the rigid-frame models that essentially
replace the acoustic composite with an equivalent fluid [27]. However, due to the additional property of the material of
the frame, two kinds of panels will be considered: (1) single-porosity panels with the frame made of solid impervious
material, and (2) double-porosity panels — with the microporous frame. In the latter case, it is assumed that the micropore
network is open with the characteristic sizes much smaller than w, ensuring good scale separation and high permeability
contrast between this network and the slit channels [28, 17, 29, 30].

In order to predict sound absorption by a modular composite panel we need first to determine two independent,
effective properties of the material, e.g. the effective density and speed of sound. It will be shown below that those
are calculated on the basis of the characteristic dynamic functions related to visco-inertial and thermal effects in the
tortuous slit channels, as well as to pressure diffusion in the microporous skeleton — in the latter case only for panels
with double porosity. One way to calculate the dynamic functions is by using the scaling functions that depend on a set
of macro-parameters (viz. tortuosity, volume fractions, characteristic lengths, static permeabilities) determined from the
panel’s internal geometry. In general, the macro-parameters can be calculated numerically by solving three or, in the
double-porosity case, four boundary value problems defined on the appropriate representative domains [31, 32, 29, 33,
30]. However, in the case of the modular panels, they can be calculated or very accurately estimated using analytical
expressions presented below.

Perhaps the most important macro-parameter of the proposed modular composites is tortuosity, because it strongly
influences the viscous permeability, and the recommended modular approach allows creation of extremely tortuous pan-
els. The tortuosity is often treated as an intrinsic parameter of a porous medium and estimated as the shortest path (or
average flow path length) to the straight-line length across the porous medium [34, 35]. Following Carman’s original
definition [36], the square of this value is often used [34], and we will analytically calculate the tortuosity of panel as

Ao = (—]\]rrér/-l;-rP)2 = (gr/Hr)2 . (7)

We will demonstrate that this formula is very accurate when w < min(b, ¢ ). Here, the symbol ‘<’ practically means ‘a
few times larger’, however, we can even have w = by, < cr.

The slit channels of the composite panel are saturated with a fluid, and that fluid is air. The frame is solid, although
it can also be microporous. The volume fraction of the fluid is the porosity ¢ associated with the main pore network, i.e.
the slit channels. The solid volume fraction ¢4 will only be needed in the case of double porosity, referring in practice to
the microporous domain. These two volume fractions are complementary, viz.

d):Arf/Ara ¢d:Ars/Ar:1_¢- 3
The characteristic lengths associated with viscous, thermal and pressure diffusion effects are
Ay=w s Ay = 2Arf/swr; Ay = 2Ars/swra 9

respectively. Note that here, the viscous length A, is fairly accurately but nevertheless approximated with the exact
result for straight slits and may slightly differ from the numerically determined value due to bends in the channel. On
the contrary, the expressions for the thermal length Ay, and the pressure diffusion length Ay are their formal definitions,
although in a general three-dimensional case A;s and A denote the corresponding volumes and Sy, is the surface of
the channel walls. Moreover, when using relations (5) one can see at once that the thermal length is in fact equal to the
channel width. It is also easy to show that Agq/¢pq = An/¢@. Therefore,

Ay =Ap =w, Ay = woqg/¢. (10

The next required macro-parameters are the static viscous Ky and thermal O permeabilities, and in the case of double
porosity also the static pressure diffusion 3y. Each of them can be related to the square of the corresponding characteristic
length multiplied by the corresponding volume fraction, viz.

Y S
Cv Oo ’ Cth ’ Cd .

The values of (,, (n, and (4 can be found analytically for simple pore and solid domain geometries. In particular,
(v = (n = 8 for straight cylindrical channels, and similarly, (4 = 8 for straight microporous cylinders, while ¢, =

Ko (11)
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Figure 2: The dividing factor versus the rectangle proportions: numercial calculations [39] vs. analytical formula (12).

Cn = (g4 = 12 for straight, infinite slits and microporous partitions separating them [27, 37, 38]. In [39] the values
of the dividing factor { were calculated numerically for straight rectangular perforations (in that case (, = (, = ¢ and
Qoo = 1) by solving dedicated Poisson problems defined on rectangular domains with successively changing proportions.

The proportions can be described by the parameter £ defined as the ratio of the side lengths of the rectangular domain.
Here, we propose the analytical function

(2+B)¢ 15.98¢
C(€) = ¢ —(q CD)1+5£+£2 =12 11127 1 €2 (12)
which — for the fitting parameter § = 1.27 — reproduces the numerical results presented in [39] with high accuracy, see
Figure 2. Function ¢(&) reaches its maximum value (|| = 12 for straight, infinite slits, i.e. when § = 0 or {£ — oo, while
the minimum value {( = 7.114 is obtained for square domains, i.e. when £ = 1. Formula (12) will be used to estimate (q.
In practice, (4 ~ (((aL +bu)/ cL) can be a good estimate when by, is larger than ¢, and ay.. As for the viscous and thermal
effects we will simply assume the upper limit, i.e. {, = (y = 12, although a slightly lower value (nearer 11) should be a
better estimate as clearly seen from Figure 2.
The macro-parameters introduced above are used to calculate characteristic frequencies and shape factors of the porous

medium. The angular characteristic frequencies associated with the viscous, thermal, and pressure diffusion effects are
defined as

DV, OTa ®dDom

; ; Wa = ; 13)
Koo Oo By
respectively. Here: v, = 1,/ 0, is the kinematic viscosity of air, i.e. the ratio of the dynamic viscosity 7, to the density g,;
Ta = Ka/(02Cpa) is the thermal diffusivity of air, i.e. the thermal conductivity , divided by the density o, and the specific
heat capacity at constant pressure Cp,; Dom = KomPo/(Pm7a) is the static pressure diffusivity of the microporous skeleton
material related to its static viscous permeability /Co,, and microporosity ¢n, as well as the ambient mean pressure Fy
and dynamic viscosity of air saturating the pores and micropores. Note that the term ¢,/ P means the static effective
compressibility of air in micropores.

The shape factors related to viscous, thermal, and pressure diffusion effects are defined as

Wy =

SIC()OzOO 8@0 8E”O
9 M = A9 > = T x99 14
e "Ton Mo o

respectively. Finally, if the static viscous aqy, thermal o, and pressure diffusion ayq tortuosities are specified, e.g. by
numerical calculations, the corresponding low-frequency correction factors

M, =

M, M M
Py=—-7F—, 'Pthzith, szid, (15)
4(agy /oo — 1) 4(apm — 1) 4(ogg — 1)
can be calculated. These corrections will be omitted (i.e. Py = Py = Py = 1) in fully analytical modelling.

The dynamic functions mentioned at the beginning of this section are the dynamic viscous X(w) and thermal perme-
ability ©(w), and the dynamic pressure diffusion function B(w). They can be determined as

]C(w) = Xw(’COaMVaPWwV) ) @(w) = Xw(@OaMthaPthawth) 5 B(CU) = Xw(BOaMd,Pd7wd) ; (16)
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respectively, where the scaling function

—1
X (X0, M, P.we) = Xg <2J+1—P+\/732+/\24§J> (17)

is the key expression of the Johnson-Champoux-Allard-Lafarge-Pride (JCALP) model [40-43].

We can simplify the calculation procedure in fully analytical modelling. Namely, when the static permeabilities
Ko and Oy, and static pressure diffusion By are determined using expressions (11), the formulae for the corresponding
characteristic frequencies (13) reduce to

Gl ~ GinTa _ ¢aDom

Wy = A% 9 Wth = Al2h 9 wq = Tg ) (18)
while those for shape factors (14) simplify to
M, =8/¢y, M = 8/Cn, My =8/C. (19)

It is now easy to see that for cylindrical pores M, = My, = 1, and similarly for cylindrical rods My = 1, which means
that non-unity values of shape factors describe the deviation from the cylindrical shape. For example, all shape factors
equal 2 for straight slits. Proceeding further in this way, formulae (15) can be reduced to Py = (2/¢y)/(cov/toe — 1),
P = (2/¢n)/(com — 1), and Pg = (2/(q)/(cvoa — 1). Recall, however, that in the analytical calculations we will neglect
the low-frequency corrections and assume that P, = Py, = Py = P = 1. Now, the dynamic functions (16) can be
expressed in terms of porosity, tortuosity, dividing factors, and characteristic lengths as follows

IC(W) = YW(¢/aOOaCV7AVaVa)a @(W) :Yw(¢agth7Ath7Ta)7 B(W) = Yw(l _¢a Cd)Ad;DOm)a (20)
where the scaling function
-1
B iw (¢ 4A2 jw
Yw(¢7C,A7N)—¢<N+[\2 1+C2J\/’> 2D

is a reshaped expression of the Johnson-Champoux-Allard-Lafarge (JCAL) model which is obtained from the JCALP
formula (17) for P = 1. If we recall that A, = Ay, = w and the dividing factors ¢, and (i, can be fixed to 12 (or a slightly
lower value), then the only required geometric parameters that have to be calculated in the analytical design process are
¢ and a in the case of modular composite panels with single porosity, and additionally (4 and Ag = w(1 — ¢)/¢ when
the the composite frame is microporous. Moreover, these parameters are determined at once from the analytical formulae
given above, and then only equations (20) and a few analytical expressions given below have to be computed for quick
assessment of sound absorption by the proposed composite panels, which allow for rapid analytical optimisation of such
composites.

Alternatively, a model based on the exact analytical solution obtained for straight slits [27, 37, 38] can be used for the
evaluation of viscous and thermal dynamic permeabilities. In the case of visco-inertial effects, the solution is modified by
tortuosity ao, which is very important if the slits are oblique or tortuous. In this modelling, the dynamic functions K (w)
and O(w) can be expressed in terms of porosity, tortuosity, and characteristic lengths as follows

IC(W) = Tw((b/aoov A, Va) ) @(w) = Tw(¢a A, Ta) s (22)

where the function based on the exact analytical solution is

tanh(1A\/iw/N

Tww,A,N):N(l— 1<2 v/ )>- (23)
iw A iw/N

We have verified that T,,(¢), A, N') = Y, (v, 12, A, ), i.e. this model gives practically the same results as the JCAL

model (21) with {, = (s = 12 which is exact for straight, parallel, infinite slits.

As already mentioned above, to determine the sound absorption of a modular panel, one first needs to calculate its
effective properties. The effective compressibility of the single-porosity panel is

o o Ya— 1 @(w)
ng(W) = ?0 <1 — %le> y (24)

where 7, is the heat capacity ratio for air.
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In the case of double-porosity panels, the effective compressibility is calculated as

B(w)
¢dD0m
where the function JF4(w) describes the ratio of the averaged pressure locally fluctuating in the microporous skeleton of

the composite panel to the pressure in the slit channel which is locally constant. Let us also recall that ¢,/ Py is the
effective compressibility of air in micropores. Now, the effective density g.(w) and speed of sound c.(w) are

T iwK(w)
QB(UJ) - I(AJ]C((JJ) 9 Ce(W) - nac(w) ) (26)

where C(w) = Cy(w) for the case of single porosity, and C(w) = Cap(w) for the case of double porosity with high
permeability contrast. The effective properties (26) allow determination of sound propagation and absorption in the
panels modelled as equivalent fluids, and in multilayer systems containing such panels.

Cdb(w) = ng(w) + ¢d.7-'d(w)— ]-'d(w) =1- iw, (25)

3 Additively manufactured samples of prototype panels

Four panel samples (see Figure 3) were additively manufactured for testing in an impedance tube with a square cross-
section instead of a circular one to comply with the specific constraints of the slit network [44]. Three of these samples
have the same design of slits, marked T38 (the number refers to the designed tortuosity value), and they were 3D printed
in Stereolithography (SLA) [45, 46], using a low-viscosity photopolymer resin and the Formlabs Form 3B device. Sample
T38-H32-SLA¥* is twice as thick (Hp = 32mm, N, = 4) as samples T38-H16-SLA* and T38-H16-SLA (with Hp =
16 mm, N, = 2). The samples shown in Figures 3(a) and (b) were manufactured with clamping borders in order to clamp
them firmly to the end of a square impedance tube with cross-sectional dimensions 66 mm x 66 mm, or between two parts
of such tube in the case of measurements with backing air gaps. Sample T38-H16-SLA shown in Figure 3(c) can be
inserted into the square tube, but otherwise it is identical to the T38-H16-SLA* sample. Panel sample T36-H16-BJP,
depicted in Figure 3(d), was also manufactured to fit tightly inside the tube. It was 3D printed from a coarse-grain gypsum
powder in Binder Jetting 3D Printing (BJP) [47, 46], using the 3D Systems ProJet 160 printer. To remove residual powder
from the slits without breaking the sample, its design — marked T36 — has much wider slits and thicker labyrinth walls than

(a) T38-H32-SLA*
plane wave (b) T38-H16-SLA* (c) T38-H16-SLA (d) T36-H25-BJP

plane wave

plane wave JL /l« l, i ¢ »1« \

plane wave

cell 7

clamping border™

J3proq Surdwep
J13paoq Surdwiepd.
(=)

N

clamping border.

clamping border

Figure 3: Square samples of: (a) 32 mm and (b, ¢) 16 mm panels 3D printed in the SLA technology from a transparent resin, and (d) a 25 mm
double-porosity panel 3D printed in the BJP technology from a gypsum powder (this material is not transparent, so hidden parts of the
labyrinthine slits are drawn in the middle photo showing the side of this sample). Samples marked with an asterisk (*) were printed with
clamping borders.
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Table 1: Dimensions (in millimetres) of the modular geometry: (a) the nominal values in composite panel designs, and (b) the actual values
(i.e. corrected by Aw) in the samples 3D printed using the specified technologies

Design & technology Aw w ar, b cL Wi H;
T38 (a) nominal — 1.00 1.00 5.00 1.30 | 16.10 8.00
(Ne =3) | (b)SLA —0.10 | 0.90 1.05 5.00 1.40 | 16.10 8.00
T36 (a) nominal — 1.50 1.50 8.00 1.50 | 21.00 12.50
(Ne =3) (b) BJP —0.10 1.40 1.55 8.00 1.60 | 21.00 12.50

in the T38 design. However, the tortuosity of both designs is intentionally very similar, and for this reason, the gypsum-
based sample is thicker (for IV, = 2: Hp = 25 mm) and has three slit channels, i.e. one less than in the resin-based panel
samples, cf. Figures 3(d) and (c).

Dimensions for both slit network designs, i.e. T38 and T36, are listed in Table 1. Many studies have shown that
the actual dimensions of the essential details of the pore networks in additively manufactured acoustic materials deviate
from the nominal values set in the designs used for 3D printing [48-50, 30, 51]. Therefore, design adjustments are
required to improve the accuracy of predictions based on the designed geometry of the pore network. The most essential
dimension in the slit networks of modular composite panels is the slit width w. It has to be updated using an estimated
slit width correction Aw, which can be negative and depends on the material and technology used for manufacturing of
the samples. In the case of photopolymer resin and SLA technology, the slits are slightly narrower than in the design used
for 3D printing. Based on microscopic examination of the samples and the long-term experience in using the Formlabs
Form 3B 3D printer, we can accurately estimate the slit correction in this case as Aw = —0.1 mm. The situation is not
so obvious for the BJP sample, where the width of the slits varies: in most places it is narrower than the nominal design
value, but it is also slightly wider in some other places, mainly due to the rather aggressive removal of powder residues
from the slits. However, after careful microscopic examination, we decided that in the gypsum sample, the average slit
correction could also be roughly estimated as Aw = —0.1 mm. In any case, the correction is made by the following
replacement

w4 w+ Aw, a,  a, — Aw/2, cL oL — Aw. 27

Note that b, W,, W;, H;, and Hp are not affected by this replacement, see equations (1) and (2). This correction and
all formulae derived in the previous sections are valid provided that —w < Aw < ¢p and Aw < 2ar. Table 1 shows
the nominal and corrected dimensions of the modular geometry. The latter are related to the specific technology — SLA
or BJP — used to manufacture the panel samples. These corrected values were used in the relevant calculations of the
acoustic properties of these panels.

The resin samples manufactured in the SLA technology have solid, impermeable skeletons, so these are materials
of single porosity formed by labyrinthine slits. The BJP sample has a similar network of labyrinthine slits, but dou-
ble porosity due to the open microporosity of the gypsum skeleton made of coarse grains bound with a butyrolactam
binder [30, 52]. Direct measurements performed on disc-shape gypsum samples 3D printed in this technology revealed
that the (micro)porosity of this material is about 40%, while permeability is about 7 - 1013 m?, but can be slightly lower
(for disks 3D printed horizontally in a powder bed) or even twice as high (for disks 3D printed in a vertical position), which
shows transverse isotropy of the material with respect to the vertical direction of the layer-by-layer additive manufacturing
process.

4 Numerical and experimental validation

4.1 Results for the 32 mm composite panels

First, consider the thicker 32 mm T38 panel discussed in Section 3, see Figure 3(a). Sound absorption by this panel backed
by a rigid wall will be calculated using two approaches: (i) fully analytical modelling, and (ii) hybrid, i.e. semi-analytical,
but essentially numerical, multiscale calculations based on the Multiscale Asymptotic Method [31, 32, 29]. In the latter
case, all finite element analyses were performed using COMSOL Multiphysics. To accurately show the difference between
single and double porosity cases — and since only a single-porosity sample of this panel was manufactured — all numerical
and analytical analyses are performed for the actual dimensions of the modular geometry of the T38-H32-SLA* sample
made of resin, see data in line ‘(b) SLA’ for T38 in Table 1.

In the fully analytical modelling, the dynamic functions (20) are calculated using the JCAL model (21) where the
porosity ¢, tortuosity a., dividing factors {, = ( = 12 and (g, as well as characteristic lengths A, = Ay, = w and
A4 are determined analytically or known a priori. The remaining macro-parameters (11), characteristic frequencies (13),
and shape factors (14) are calculated from the relevant analytical formulae and listed in Table 2 for comparison with the
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Table 2: Macro-parameters (upper table) and other related parameters (lower table) determined analytically and numerically for the T38 panel.

type of ) ®d Qoo oy Qo aod Ay A A4 Ko ©o Bo
analysis % % — — — — mm mm mm 10-1%m2  1078m? 10~ "m?
analytical | 36.20 63.80 | 38.26 — — — 0.900 0.900 1.586 6.386 2.443 1.735
numerical | 36.20 63.80 | 37.94 46.33 1.217 1.489 | 0.839 0.900 1.587 6.186 2.553 1.696
type of v Cn Ca My Mu My Py Pin Pd S fin fa
analysis — — — — — — — — Hz Hz Hz
analytical 12 12 9.26 | 0.667 0.667 0.864 1 1 1 37.6 534 5528
numerical | 10.84 11.48 947 | 0.738 0.697 0.845 | 0.834 0.804 0.432 | 39.1 51.1 5657

corresponding numerical results obtained by the hybrid multiscale approach, as discussed below. Note that f, = wy/(27),
Jin = win/(27), and fy = wa/(27).

In the hybrid approach, first, the macro-parameters, viz. the volume fractions ¢ and ¢q4, kinematic a.», and static tor-
tuosities gy, aom, (od, Characteristic lengths Ay, Ay, Ag, and static permeabilities g, O, By are calculated numerically
by solving relevant boundary value problems as discussed, e.g. in [53, 54, 29, 32, 33, 30], although ¢, ¢4, Ay, and A4 are
determined directly from the geometry. In particular, we solve the scaled Stokes’ flow, Laplace’s and Poisson’s problems
defined in the fluid subdomain, i.e. in the channel inside a single row of the panel. For the double-porosity case, an ad-
ditional Poisson’s problem is solved in the subdomain of the microporous skeleton. We define and solve these problems
using the finite element method, strictly adhering to all numerical requirements as discussed, e.g. in [33]. For example, the
finite element mesh for the Stokes’ flow has boundary layers to ensure correct determination of the high velocity gradient
close to the channel walls where the no-slip boundary condition is applied. For the Laplace’s problem, all sharp corners
of the channel walls are filleted (with the radius of w/20) to avoid singularity when determining the viscous length. The
antisymmetric boundary conditions are applied on the upper and lower outlet/inlet boundaries of the channel (inside the
single row of the panel) in the case of Stokes’ flow and Laplace’s problem, while the symmetric boundary conditions in
the case of the Poisson’s problems. Figure 4 shows the respective solution results, i.e. the scaled fields of: (a) viscous
flow velocity projected onto the ‘vertical’ direction, (b) potential flow gradient projected onto the ‘vertical’ direction,
(c) temperature in the channel, and (d) pressure variation in the skeleton. The ‘vertical’ direction is the direction of the
external pressure gradient driving the viscous flow and consistent with the wave propagation direction. This is also the
direction of the external unit vector field that induces the potential i.e. inviscid flow. Streamlines for both flows are shown
in Figure 4(a,b). The scaled potential flow gradient is dimensionless. The velocity, temperature, and pressure fields are
scaled to the permeability unit (m?), so after averaging over the considered panel fragment, they give the static viscous Ko
and thermal O permeabilities, and the static pressure diffusion By, respectively. The tortuosity v, as well as the viscous
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Figure 4: Results of finite element analyses for hybrid mutliscale calculations: (a) Stokes flow, (b) Laplace problem for inviscid flow, (c) Pois-
son problem for static thermal diffusion, (d) Poisson problem for static pressure diffusion.
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length A, are calculated using the potential flow gradient. For all necessary formulae and more discussions on the subject
see [33]. The numerically computed values of macro-parameters are used to analytically (hence this approach is hybrid)
calculate the characteristic frequencies (13), shape factors (14), and low-frequency corrections (15), which in turn are
used to determine the dynamic functions (16) using the JCALP model (17).

Table 2 compares the analytically determined parameters with the corresponding values found on the basis of nu-
merical analyses. In general, the agreement is very good. In particular, the numerical and analytical values of volume
fractions ¢ and ¢4, and two characteristic lengths Ay, and A4 are identical as they all represent the exact values. The an-
alytical approximation of tortuosity (7) proves to be very accurate due to the proposed correction of quarter-circle bends,
which is indicated by the streamlines of the viscous and potential flows shown in Figure 4(a,b). The alternative tortuosity
value (s;/H,)? = 41.93 calculated for sharp bends is evidently less accurate. The numerical value of A, is almost 7%
smaller than the slit channel width w adopted a priori for A, in analytical calculations and exact only for straight slits.
This is due the bends of the channel, which affect the viscous characteristic length. Finally, note that the numerical values
of ¢y, (i, and (4 were found by inverting the expressions (11) and taking numerical values for all other parameters present
in these formulae. Furthermore, only numerically calculated values are given for agy, cvom and agg, since the static tor-
tuosities are not determined by analytical calculations and are not required by the JCAL scaling function; also recall that
the JCALP model reduces to the JCAL model for P, = Py, = Py = 1.

Once the dynamic functions are determined using the analytical or hybrid approach, the effective compressibility can
be calculated for the single-, Eq. (24), and double-porosity case, Eq. (25), and then the corresponding effective density
and speed of sound (26). In the case of double porosity, the microporosity ¢, and static viscous permeability Koy, of the
microporous skeleton (see Section 3 for their directly measured values) were first used to determine the required static
pressure diffusivity Dy, = 9.44-1072 m? /s. All dynamic and effective properties as well as the characteristic frequencies
and static pressure diffusivity are computed for the relevant air properties listed in Table 3. Their values were determined
for the ambient mean pressure and temperature conditions found during acoustic testing of the 3D printed samples of
prototype panels.

Table 3: Air properties at ambient conditions of pressure Py and temperature Tp.

Py To Oa Ca Ya Ta Ka Cpa Va Ta
hPa °C | kg/m3  m/s — Pa-s W/(m-K)  J/(kg:K) m2/s m2/s

993.6 259 | 1.155 3470 140 1.841-10~°> 2.631-10~2 1006 1.594-105  2.264-10~°

Figures 5 and 6 compare the dynamic functions and the corresponding effective compressibilities calculated using
both approaches, showing very good agreement between them. Note that the peaks in the negative imaginary parts of all
these functions are located close to the respective characteristic frequencies. Pay attention in particular to the second peak
on the curve of the negative imaginary part of the normalised effective compressibility for the double-porosity structure
(Figure 6). This peak is close to the characteristic frequency fq = wy/(27) = 5528 Hz, but it drives the curve up far
below this frequency, so that the values at frequencies already above 200 or 300 Hz are much greater than the values of
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Figure 5: Dynamic (a) viscous and (b) thermal permeabilities, and (c) pressure diffusion function, calculated analytically (continuous lines)
and numerically (dashed lines) for the T38 absorber.
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Figure 6: Normalised effective compressibility for the T38 absorber with (a) single or (b) double porosity, calculated analytically (continuous
lines) and numerically (dashed lines).

1 1 1 1 1 1 1 1
0.9l Single porosity results: Analytical Hybrid —@— Measured | |
' Double porosity results: =—— Analytical === Hybrid
2 08 .
2
Q 3 . —
% 0.7 | [Tortuosnty. Qoo —38}
X
.§ 0 5 |-
g .
2 04
c
T 03|
3
v 0.2
0.1
0 | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Figure 7: Sound absorption by the T38-H32 panels of single or double porosity.

the corresponding curve determined for the single porosity case. This means that the pressure diffusion phenomenon in
the double-porosity structure should be significant already at such low frequencies.

The effective properties calculated for both 32 mm composite panels, i.e. with single- and double-porosity, allowed
the prediction of sound absorption for these composites backed by a rigid wall, using the fully analytical and hybrid
approaches. These predictions are shown in Figure 7 and, consequently with the above findings, the differences between
the ‘Analytical’ and ‘Hybrid’ results are barely visible in both porosity cases. There is, however, a significant difference
between the sound absorption by the single-porosity panel and the double-porosity composite of the same meso-geometry
of tortuous channels due to pressure diffusion in the microporous skeleton. In particular, the pronounced first absorption
peak of approximately 0.8 at 400 Hz (single-porosity panel) is advantageously shifted to 290 Hz and slightly increased
to 0.87 for the double-porosity panel, although even the first of these frequencies is already quite low (see the comment
above to Figure 06).

Due to the difficulty of removing powder residues from slits in BJP printouts, only the single-porosity SLA sample of
the 32 mm panel was manufactured — see Figure 3(a) — and tested in the impedance tube. The results of these measure-
ments confirm the theoretical predictions for this single-porosity panel very well, especially in the target low-frequency
range (see Figure 7): some clear yet still acceptable discrepancies between the single-porosity absorption curves occur
only at higher frequencies above 1.2 kHz. The double-porosity predictions shown in Figure 7 have not been experimen-
tally verified for this panel, but they illustrate the potential improvement, which has been fully confirmed by experimental
tests on the double-porosity material with wider slits as discussed below.
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4.2 Sound absorption by the 16 mm and 25 mm composite panels

Figures 8 and 9 show sound absorption curves measured and calculated for 16 mm and 25 mm panels with designed
tortuosities of approximately 38 and 36, respectively. Each figure shows two separate graphs: (a) for a composite panel
directly backed by a rigid wall, and (b) for a configuration with an air gap of 5 mm between the composite and the rigid
wall. Each graph shows the calculation results for the single and double porosity cases. All calculations were performed
for the actual dimensions of the 3D printed samples, see the respective ‘SLA’ and ‘BJP’ rows in Table 1. The values of
macroparameters calculated for the 3D printed samples are listed in Table 4. They were determined analytically — note that
the values for T38 are actually copied for convenience from the ‘analytical’ row of Table 2. The characteristic frequencies
for the viscous fy, thermal fy,, and pressure diffusion fy effects are given in the last three columns of Table 4 and they
were calculated by dividing by 27 the respective formulae (13), and assuming relevant air properties determined during
the acoustic testing (see Table 3). To calculate the values of fy, and consequently for all predictions for double-porosity
composites, we used ¢, = 0.40 and Koy, = 7107 m? (s0 Doy, = 9.44 - 1073 m? /s) as determined for the microporous
material made from gypsum powder in the BJP technology, see Section 3. When reading Table 4, recall that the pressure
diffusion parameters and characteristic frequency fy are only relevant for the case of double porosity.

Table 4: Macro-parameters and characteristic frequencies determined for the designed panels with slit network tortuosities equal to approxi-
mately 38 and 36. Pressure diffusion parameters and characteristic frequency fy are relevant only for the case of double porosity.

visco-thermal effects pressure diffusion charact. frequencies

¢ Qoo Ay =An Ko Ch dd @ Ad Bo fvo fa fa

Panel % — mm 10719m2  10~8m?2 % — mm 10~ "m? Hz Hz Hz
T38 | 3620 38.26 0.900 6.386 2.443 63.80 9.26 1.586 1.735 37.6 534 5528
T36 | 41.87 35.90 1.400 19.05 6.838 58.13  9.84 1944 2232 155 221 3915
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Figure 8: Sound absorption calculated and measured for the single-porosity T38-H16-SLA samples: (a) with a rigid backing, or (b) backed
by an air gap of 5mm. In each graph, the absorption curves measured for the clamped and inserted samples are compared with the results
predicted for single and double porosity cases.
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Figure 9: Sound absorption calculated and measured for the double-porosity T36-H25-BJP sample: (a) with a rigid backing, or (b) backed
by an air gap of 5 mm. Each graph shows predictions for single and double porosity cases.

Sound absorption curves predicted for thin panels with networks of extremely tortuous slits have rather specific nature.
They are characterised by a peak of perfect or near-perfect absorption at relatively low frequency. For the hard-backed
panels with single porosity, this frequency is close to 800 Hz for the T38 panel with ao, = 38 and Hp = 16 mm, see
Figure 8(a), and it is 550 Hz for the T36 panel with .o, = 36 and Hp = 25 mm, see Figure 9(a). This is consistent with
the well-known fact that by increasing the tortuosity, the sound absorption efficiency can be shifted to a lower frequency
range. Achieving near-perfect absorption at low frequencies using such thin layers can be considered an achievement.
However, the sound absorption is not broadband but rather localised in the frequency range around the peak. This is
mainly due to the low porosity of the single-porosity panels (about 36% or 42% — see the values of ¢ in Table 4). This
situation can be improved by the use of a microporous material for the skeleton of the composite panels to obtain double-
porosity structures with well-contrasted permeabilities ensuring pressure diffusion. In this case, the absorption peaks
are still high but shifted towards much lower frequencies, namely below 600 Hz in the case of the T38 panel, and to
almost 400 Hz for the T36 panel. Significant sound absorption is still located around the peak, but the frequency range
of relatively good absorption can even be conceptually widened, if we note that the range of a few hundred hertz can
be considered locally wide when it is located well below 1kHz, and when the aim is to absorb mainly low-frequency
sound. For example, the sound absorption coefficient of the designed 16 mm panel with double porosity is larger than 0.4
in relatively wide low-frequency range, from about 500 Hz up to 700 Hz (i.e. 200 Hz span) with the maximum of 0.93 at
590 Hz, see Figure 8(a). Panels with such good low-frequency sound absorption properties can be very useful as this is
not achievable with conventional acoustic materials, when we recall that the thickness is only 16 mm.

Experimental validation of the proposed concept turned out to be more difficult than expected, in particular due to
problems with removing powder residues from extremely tortuous, labyrinthine pore networks, but also due to measure-
ment issues. For this reason, all measurements were performed in two square impedance tubes independently in two
different laboratories to guard against errors resulting from the difficulty of testing materials with such extreme tortuosi-
ties. The tests used a two-microphone transfer function method in accordance with the ISO standard [55]. In this article,
we present results in the frequency range up to 2 kHz, which is well below the frequency limit of 2.6 kHz established for
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impedance tubes with a 66 mm square cross-section. Initially the absorption curves measured for the samples inserted
into the tube differed significantly from the predictions, in particular the absorption peak appeared at a higher frequency.
We realised that this was due to sound leakages around the sample edges. This is a well-known effect that should be
avoided even when measuring conventional porous materials in a circular impedance tube, which is achieved by properly
fitting and, if necessary, sealing the sample [56, 55]. However, in the case of the tested samples, the sealing had to be
particularly tight, because even a very small leak around an extremely tortuous sample can be critical to the accuracy
of the measurements, as the edge gaps are in the form of rough but straight slits that have a tortuosity close to unity,
which spoils the designed high tortuosity of the labyrinthine slits. We confirmed this by successively improving the fit
and sealing, and re-measuring the absorption, which eventually agreed with the prediction. Finally, we also manufactured
the samples with clamping edges — see Figure 3(a,b) — and fastened them tightly to the square impedance tube. With these
samples, the leakage problem was gone and the absorption curves matched their predictions very well. On both graphs in
Figure 8 we show the absorption curves measured for the inserted and clamped single-porosity samples 3D printed from
photopolymer resin. The results for the clamped samples were easy to reproduce and in general agree very well with the
predictions. The sound absorption curves measured for the inserted samples differ slightly from these results, however,
we checked that the discrepancies decreased after improving the sealing.

We were unable to effectively remove powder residue from narrow slits of the T38 labyrinthine network, so only
modelling predictions of the sound absorption by such composite panels with double porosity are presented, see dash-
dotted curves in Figure 8. Instead, we manufactured a gypsum sample with not optimal but wider slits and thicker walls,
see Figure 3(d), but similarly high tortuosity (panel T36). The sound absorption curves measured for this 25 mm sample
are confronted with the modelling predictions in Figure 9. The comparison confirms the expectations regarding the double
porosity effect: when it is taken into account in the modelling, the first absorption peak is shifted to 420 Hz, which is in
perfect agreement with the first peak of the measured absorption. The measurement and modelling results obtained for the
sample backed by an air gap are also affirmative. However, the discrepancies between the predictions and measurements
are evident. They can be attributed to larger shape and surface imperfections of this 3D printed sample, partly also to the
highly probable inhomogeneities and anisotropy of the microporous skeleton, but mainly to small sound leaks around the
BJP sample as it was inserted into the impedance tube rather than clamped to it. In fact, the nature of these discrepancies is
evidently the same as in the case of the inserted SLA samples. Another reason for the observed discrepancies — in the case
of all samples — can be large distances between the entries to labyrinthine slits, which are 16.1 mm for the T38 panels,
and 21 mm in the case of the T36 design. This may have some effect on wave propagation and therefore measurements at
higher frequencies, as these values are only four (T38) or three (T36) times smaller than 66 mm, which is the size of the
square impedance tube used for testing these composite panel samples.

5 Conclusions

The proposed sound absorbers have relatively simple, modular, and essentially two-dimensional geometry of labyrinthine
slits, which provides extreme tortuosity. Modelling of such acoustic composite panels can be performed analytically,
which allows for quick optimisation and examination of various specific designs. This is possible because the generic slit
network consists of identical narrow channels, enabling accurate, analytical estimation of tortuosity, in which the channel
length plays a key role. We have shown that this length should be corrected by taking instead the channel centreline with
rounded bends, which approximates the average flow path through the channel very well. Then, the geometric estimation
of tortuosity becomes very close to the actual flow-based tortuosity, which is especially important when the channels are
wider.

The correctness of the applied analytical modelling was verified by numerical calculations as well as sound absorption
measurements performed on several 3D printed samples of modular panels. The experimental validation required over-
coming the non-trivial difficulties related to manufacturing and testing samples of extreme tortuosity: laborious removal
of powder and resin residues as well as extremely tight sealing of sound leaks around the samples to avoid reduction of
tortuosity. Experimental results confirmed the predicted acoustic performance of the proposed high-tortuosity structures,
proving that significant sound absorption, almost perfect at the peak, can be achieved at relatively low frequencies using
very thin panels. The peak frequency can even be easily lowered by making the skeleton microporous and permeable with
a permeability suitably contrasted with that of the labyrinthine pore network. The effect of an air gap behind the panel —
presented in this work — suggests double-layer solutions in the form of a thin, extremely tortuous panel backed by an even
thinner layer of conventional acoustic material. The two-dimensionality and modularity of the proposed generic design
mean that the panels can be manufactured using more conventional methods instead of 3D printing technologies used
for this study. The fact that the panels can be assembled from identical modules with an L-shaped cross-section should
facilitate the mass production of large-surface layers.
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A Panel variants

Figure 1 shows alternative panel setups. These variants can be modelled as the panel from Figure 1, after modifying just
a few formulae. For Panel B, see Figure 1(a,b), there is no distinction between odd and even rows, but a horizontal slit
of width w is added at the bottom of each row. As a consequence, the cell (row) height is increased by the slit width, i.e.
H, = 2ap, + by + 2w, and the total length of the slit channels inside the cell is s, = 2b + 4cp, + 4w. There are also two
additional bends in each row, therefore 5, = N.5. + H, — 2w + ww/2, but all other formulae remain unchanged. Finally,
panel variants with by, = 0 can also be modelled (note that then w < N.W,). In that case there are no bends inside the
cell, see Figure 1(c,d), and then: §, = W, and §, = N.W, + H; — 2w + mw/2 for Panel A with b;, = 0, and 5. = 2,
and §; = 2N W, + H, — 4w + 7mw for Panel B with b, = 0. In these special cases, reasonable estimates for (4 are as
follows: (g &~ ((N:W./aL) for Panel A with b = 0 and N; > 1, and (g ~ ((N.We/(2ar)) for Panel B with b, = 0 or
Panel A with b, = 0 and N, = 1.
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Figure 1: Panel variants.
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