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At first glance, it seems that modern, inexpensive additive manufacturing (AM) technologies can be used
to produce innovative, efficient acoustic materials with tailored pore morphology. However, on closer
inspection, it becomes rather obvious that for now this is only possible for specific solutions, such as rel-
atively thin, but narrow-band sound absorbers. This is mainly due to the relatively poor resolutions avail-
able in low-cost AM technologies and devices, which prevents the 3D-printing of pore networks with
characteristic dimensions comparable to those found in conventional broadband sound-absorbing mate-
rials. Other drawbacks relate to a number of imperfections associated with AM technologies, including
porosity or rather microporosity inherent in some of them. This paper shows how the limitations men-
tioned above can be alleviated by 3D-printing double-porosity structures, where the main pore network
can be designed and optimised, while the properties of the intentionally microporous skeleton provide
the desired permeability contrast, leading to additional broadband sound energy dissipation due to pres-
sure diffusion. The beneficial effect of additively manufactured double porosity and the phenomena asso-
ciated with it are rigorously demonstrated and validated in this work, both experimentally and through
precise multiscale modelling, on a comprehensive example that can serve as benchmark.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Modern additive manufacturing (AM) technologies [1–6] are
expected to enable the development of innovative acoustic, or
multi-functional, materials with optimised properties. This is evi-
denced by the fact that in recent years they have already been used
in the research and development of a variety of new acoustic mate-
rials. Representative examples include: [3] acoustic absorbers with
passive destructive interference [7], various perforated panels
[8–12] and plates with complex patterns of micro-slits [13],
3D-printed periodic foams [14–17] and hollow-sphere foams [18],
optimally graded porous materials [19], 3D-printed fibrous materi-
als [20], sound-absorbing micro-lattices [21,22] and periodic struc-
tures composed of rigid micro-rods [23] or micro-bars [24], slitted
sound absorbers [25], acoustic metamaterial structures and panels
[26,27], acoustic metamaterials based on the Kelvin cell [28], aniso-
tropicmeta-porous surfaces [29], andevenadaptable [30] andactive
[31] sound-absorbing composites. More examples can be found in
[32]. Recently, 3D-printed porous sound absorbers have also been
used to test a machine-learning approach [33], while the repro-
ducibility of additively manufactured sound absorbers with spheri-
cal pores has been investigated through round robin tests involving
various technologies, input materials, and 3D-printing devices
[15,17]. The common feature of all these solutions is the use of inex-
pensive AM technologies and devices, characterised by relatively
low resolution, which do not allow 3D-printing of microstructures
(or pore networks) with dimensions comparable to those found in
conventional broadband sound-absorbing materials. This results in
feasible material designs that are relatively thicker when compared
with conventionalporousmaterial-based solutions, and=or effective
in rather narrow frequencybands, althoughhighefficiency canoften
be achieved at low frequency.

The use of AM technologies in prototyping new acoustic mate-
rial solutions continues [34–37], despite many technical problems
as well as imperfections found in 3D printed structures, the type
and size of which depends on the specific technology and input
material, and even specific 3D printing devices and process
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parameters. One of the possible imperfections is microporosity,
which is typical in powder bed fusion and related technologies
where it is usually referred to as porosity [38–40], and can be a
serious disadvantage for many applications. However, the question
arises: Why not try to take advantage of the 3D printing imperfec-
tions in the development of new materials? We address this ques-
tion by demonstrating that microporosity can be considered as an
extremely desirable property when 3D printing acoustic materials.

This work primarily aims at showing how to take advantage of a
3D printing imperfection in the development of sound absorbing
materials which exhibit double porosity effects. This is achieved
by selecting AM technology, input material, and process parame-
ters that provide a particular type of microporosity, appropriately
contrasted with the designed main pore network, in the 3D-
printed material. We use low-cost AM technologies to fabricate
single- and double-porosity sound-absorbing materials with a rel-
atively simple design that can be easily reproduced and serve as
benchmark. The effectiveness of double-porosity acoustic materi-
als is well known and the related physical phenomena have been
theoretically explained through rigorous multiscale modelling
[41–43]. The modelling was validated experimentally for real
double-porosity foams [44] and granular materials [45], as well
as conventional porous materials with macro-perforations [46–
48]. Recently, Carbajo et al. [12] have 3D printed macro-
perforated porous materials from Poly-Lactic Acid (PLA) filament
using Fused Deposition Modelling (FDM) [1,2] with a simple infill
pattern providing open porosities ranging from 8% to 39%, with
pore sizes of at least 0:2mm (see Table 2 and Fig. 2 in [12]) that
could not be considered microporous. Our technological choice is
binder jet 3D printing [3,4] and gypsum powder, providing a truly
microporous skeleton in the 3D printed objects.

The outline of this paper is as follows. The following section cov-
ers the basics of multiscale modelling of acoustic wave propagation
and absorption in single- and double-porositymaterials with a rigid
frame. Section 3 demonstrates the accuracy of this microstructure-
based modelling and the benefits of additively manufactured dou-
ble porosity using the example of 3D-printedmaterials with a cubic
arrangement of spherical pores and amicroporous frame (i.e. skele-
ton 3D-printed from powdered material) compared to the cases
where the frame is impermeable thanks to: (i) impregnation, or
(ii) the use of a different AM technology and input material (viz. 3-
D-printing from photopolymer resin). The main observations and
conclusions are summarised in Section 4.
2. Wave propagation in porous media – theoretical background

2.1. Assumptions, basic properties, and notations

In this part, the basic theoretical results and formulae related to
the propagation of acoustic waves in porous media is discussed. In
general, the materials under consideration consist of a skeleton,
i.e. a rigid frame, and an open network of fluid-saturated pores.
In double-porosity materials, which is the most relevant case in
this work, the skeleton is microporous, i.e. it has an open network
of fluid-saturated micropores. However, the single-porosity case
(i.e. a material with a perfectly solid skeleton) is also presented
because it is a useful starting point for the discussion of double-
porosity materials. This is despite the fact that the physics in
single- and double-porosity materials are rather different. In addi-
tion, single-porosity materials will also be studied and used for
comparison in the examples. In all practical cases considered here,
the saturating fluid is air.

The original works [42,43] present extensive theoretical consid-
erations and a rigorous homogenisation technique applied to
acoustics of double-porosity media. For a complete treatment of
2

the physics of the problem under consideration – in particular,
the consequences of the so-called separation of scales and various
inter-scale coupling behaviours – as well as the underlying math-
ematical developments, the reader is directed to these works and
references therein. The basic assumptions are as follows: (i)
motion and forces caused by acoustic excitation are small, there-
fore all non-linear effects are ignored; (ii) the skeleton is assumed
to be perfectly rigid, because it is either much heavier or stiffer
than the fluid that saturates the pore networks; (iii) fluid com-
pressibility is influenced by exchanges between the saturating
fluid and the skeleton; (iv) a periodic elementary volume can be
defined that is representative for the entire porous medium; (v)
the size of the representative elementary volume (REV) is signifi-
cantly smaller than the shortest wavelength of interest; (vi) the
acoustically induced airflow through the pores is essentially ther-
moviscous, but the viscous and thermal effects can be decoupled
within the fluid-saturated part of the REV, for which the macro-
scopic acoustic pressure is practically constant and the flow can
be considered to be locally incompressible. The relatively small
size of the REV provides the required scale separation, and in the
case of double-porosity media, the double scale separation is
ensured by the fact that the characteristic size of the REV of the
microporous network is much smaller than that of the main pore
network.

Following the assumption of linearity, all investigations are
conducted in the harmonic regime assuming the time-harmonic
convention expðþixtÞ, where i is the imaginary unit,x is the angu-
lar frequency, and t denotes time. Obviously, x ¼ 2pf , where f is
the frequency.

Fig. 1 shows a typical diagram for the analysis of acoustic wave
propagation and absorption in double-porosity media, which illus-
trates that three well separated scales are considered. The macro-
scale design shows a flat porous layer of thickness H backed with
an air gap of thickness Hg between the back surface of the layer
and a rigid wall, although a much more complex arrangement
can be considered. Nevertheless, this configuration, when subject
to a plane harmonic acoustic wave impinging the front surface of
the porous layer at normal incidence, describes a common config-
uration measured in an impedance tube [49].

It is assumed that the main pore network geometry can be rep-
resented by a periodic REV Xp on a scale sufficiently smaller than
the minimum wavelength considered. This is ensured when
‘p � L, where ‘p is the size of the REV Xp (i.e. mesoscopic charac-
teristic length in the case of double-porosity media, but called
microscopic characteristic length in the single-porosity case) and
L ¼ k=ð2pÞ is the macroscopic characteristic length related to the
minimum expected wavelength k in the porous medium. The
REV Xp consists of two complementary parts: the fluid domain
Xpf , which represents the main (i.e. mesoscopic) network of inter-
connected air-saturated pores, and the solid or microporous skele-
ton Xps. Note that in the two-dimensional generic drawing shown
in Fig. 1, the Xps domain consists of separate subdomains, however,
these are usually interconnected in 3D to form a compact skeleton.
The interface between the fluid and skeleton domains is denoted
by Cp. In the case of single-porosity media, Xps is solid, and since
it is also rigid, only waves that propagate in the fluid phase (asso-
ciated with the fluid domain Xpf ) of the material are accounted for.
Hence, only the boundary Cp matters.

In the case of double-porosity media, the skeleton domain Xps

(or at least its part) is microporous. Here, we assume that the
whole skeleton is microporous in a regular way, the microporosity
is open and can be represented by a periodic REV Xm with size
‘m � ‘p (see Fig. 1), so that the separation of scales is ensured. Sim-
ilarly to the mesoscopic REV, the microscopic one is also composed
of two complementary domains, viz. Xmf and Xms. The microscopic



Fig. 1. Generic scheme for acoustic analysis of the double-porosity media. The periodic Xps domain (the periodic Xms domain) is marked in orange (grey) and additionally
with appropriate labels, and can be compact in 3D. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

T.G. Zieliński, N. Dauchez, T. Boutin et al. Applied Acoustics 197 (2022) 108941
fluid domainXmf is open, compact and filled with air, while theXms

domain is solid. The actual microporosity considered in this study
is due to the specific fabrication of the skeleton using additive
manufacturing in which the fine grains of the raw material are sin-
tered or bonded together in a manner that leaves enough space
between them to form an open microporous network. The grains
are rigid and solid and form a compact micro-skeleton Xms. The
interface between the grains and micropore network is denoted
by Cm.

Relevant physical parameters associated with the saturating
fluid are: the mass density .0, the ambient mean pressure P0, the
heat capacity ratio (i.e. adiabatic index) c, the dynamic viscosity
g, and the Prandtl number NPr. Useful derived properties include:
the kinematic viscosity m ¼ g=.0 and thermal diffusivity
mt ¼ m=NPr, as well as the speed of sound c0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cP0=.0

p
and charac-

teristic impedance Z0 ¼ .0c0. The values of all these parameters
and properties are given in Table 1 for air under environmental
conditions of the ambient mean pressure P0, temperature T0, and
relative humidity RH, as found during the measurements made
for this study.

As discussed below, the theory of wave propagation in porous
media uses a dynamic generalisation of Darcy’s permeability, the
so-called dynamic viscous permeability [50] associated with vis-
cous oscillating flows. Moreover, the thermal analogue of this
quantity, introduced by Lafarge [51,52] and related to the temper-
ature diffusion occurring in the porous medium, is commonly
known as dynamic thermal permeability, although together with
its static counterpart (i.e. static thermal permeability defined at
x ¼ 0), these are inherently direction-independent quantities,
i.e. scalars, not second-order tensors. In the theory of wave propa-
gation in double-porosity media, the so-called dynamic pressure
diffusion is used as well as its static value at x ¼ 0. These quanti-
ties have the unit of permeability and are determined on the meso-
Table 1
Air properties found for the ambient conditions measured during the experimental tests.

Conditions

P0 T0 RH .0 c0 Z0

hPa �C % kg=m3 m=s Pa�s=m
996.3 27.6 53 1.152 347.7 400.5

3

scopic representative domain of (microporous) skeleton Xps, but in
formally the same manner as the thermal permeabilities are calcu-
lated over the main pore network Xpf , see Appendix B.2. Therefore,
for convenience, we may use the term permeability for all these
quantities, especially when we are talking about them together,
e.g. as in the ‘‘dynamic permeability” labels in Fig. 6.

2.2. Single-porosity media

Acoustic wave propagation in a single-porosity medium can be
described by the effective model comprising the macroscopic mass
balance equation and dynamic Darcy’s law, namely

r � V þ ixCpðxÞp ¼ 0; V ¼ �KpðxÞ
g

rp: ð1Þ

Here, V and p are the complex amplitudes of the flux velocity and
pressure, respectively, induced by harmonic acoustic waves pene-
trating the air-saturated porous medium, while Cp is the effective
compressibility of the homogenised medium and Kp is the dynamic
viscous permeability. Here, Kp is a complex-valued scalar function
of frequency. In general, the permeability is a second-order tensor,
but for simplicity we assume here that the porous medium is either
‘effectively’ isotropic or only plane wave propagation is considered
and Kp is the projection of the permeability tensor on the propaga-
tion direction e. Eliminating V from Eqs. (1) leads to the Helmholtz
equation

r2pþ k2pðxÞp ¼ 0; kpðxÞ ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gCpðxÞ
ixKpðxÞ

s
; ð2Þ

where kp is the complex wave number in the fluid equivalent to the
(homogenised) single-porosity medium. The corresponding density
.p, speed of sound cp, and characteristic impedance Zp are complex-
Properties

g c NPr m mt
Pa�s – – m2=s m2=s

1.846�10�5 1.40 0.707 1.602�10�5 2.266�10�5
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valued and frequency-dependent, because the equivalent fluid
replaces a lossy and dispersive porous medium. They are given by

.pðxÞ ¼ g
ixKpðxÞ ; cpðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ixKpðxÞ
gCpðxÞ

s
;

ZpðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g
ixKpðxÞCpðxÞ

r
: ð3Þ

These equations show that computing the complex wave number
and other useful effective properties requires the dynamic perme-
abilityKp and effective compressibility Cp, which can be determined
from the known periodic representation Xp of the main pore net-
work, using the approach successfully applied in numerous works
[53–59]. We discuss it briefly below and in Appendices A and B.

The dynamic permeability Kp results from the visco-inertial
effects occurring between the saturating fluid and the walls of
the rigid skeleton and is determined as discussed in Appendix
B.1. In practice, it can also be calculated using the scaling function
(A.1), viz. KpðxÞ ¼ XxðK0p;xvp;Mvp;PvpÞ, where K0p � Kpð0Þ and
the viscous characteristic (angular) frequency xvp, shape factor
Mvp, and low-frequency correction parameter Pvp are calculated
as follows

xvp ¼ /p m
a1pK0p

; Mvp ¼ 8a1pK0p

/pK
2
vp

;

Pvp ¼ Mvp

4ða0vp=a1p � 1Þ : ð4Þ

Here, K0p;Kvp;a1p;a0vp are the static viscous permeability, viscous
characteristic length, (kinematic) tortuosity, and static viscous tor-
tuosity, respectively, determined for the main pore network as dis-
cussed in Appendix B.1.

The effective compressibility Cp for a single-porosity medium is
calculated as

CpðxÞ ¼ /p

P0
1� c� 1

c
HpðxÞ
/p mt

ix

 !
; ð5Þ

where Hp is the so-called dynamic thermal permeability of the por-
ous medium. It can be determined directly (see Appendix B.2), but
can also be calculated as HpðxÞ ¼ XxðH0p;xtp;Mtp;PtpÞ, where
H0p � Hpð0Þ and the thermal characteristic angular frequency xtp,
shape factor Mtp, and low-frequency correction parameter Ptp are

xtp ¼ /p mt
H0p

; Mtp ¼ 8H0p

/pK
2
tp

; Ptp ¼ Mtp

4ða0tp � 1Þ : ð6Þ

Here, H0p;Ktp;a0tp are the static thermal permeability, thermal
characteristic length, and static thermal tortuosity, respectively,
determined for the main pore network as detailed in Appendix B.2.

2.3. Double-porosity media

As shown in Fig. 1, the skeleton of a double-porosity medium is
made of a microporous material. The microporosity has to be open,
but with micropores significantly smaller than the characteristic
sizes of the main, i.e. mesoscopic, pore network. However, at its
proper microscopic scale, the microporous material is similarly
characterised by the open porosity /m, dynamic viscous permeabil-
ity KmðxÞ, and effective compressibility CmðxÞ. The latter can be
calculated from the dynamic thermal permeability HmðxÞ using
formula (5) in which the subscript ‘‘p” is replaced by ‘‘m”. The
dynamic permeabilities of the microporous material, i.e. Km and
Hm, can be calculated using the scaling function (A.1), provided
that the viscous and thermal characteristic frequencies xvm and
xtm, shape factors Mvm and Mtm, and low-frequency correction
parameters Pvm and Ptm have been determined for the
4

microporous material, for example by using the formulae (4) and
(6) – in which the subscript ‘‘p” is replaced by ‘‘m” – as well as
the corresponding static permeabilitiesK0m andH0m, characteristic
lengths Kvm and Ktm, and tortuosities a1m;a0vm and a0tm. On the
other hand, in many practical situations the dynamic viscous per-
meability Km and effective compressibility Cm of microporous
materials are practically constant and real-valued in the frequency
range of interest. In other words, below a certain frequency they
are practically equal to their static values, namely

KmðxÞ � K0m � Kmð0Þ; CmðxÞ � C0m � Cmð0Þ ¼ /m

P0
: ð7Þ

In such cases, it is sufficient to determine only the static viscous
permeability K0m and porosity /m of the microporous material,
and these quantities can be measured directly, see Appendix C.1.
Finally, a derived useful property is the so-called dynamic pressure
diffusivity of microporous material DmðxÞ and its static counterpart
D0m, defined as follows

DmðxÞ ¼ KmðxÞ
gCmðxÞ ; D0m � Dmð0Þ ¼ K0m

gC0m
: ð8Þ

In many practical situations already mentioned above, it can be
assumed that DmðxÞ � D0m. This happens when the thermal char-
acteristic frequency of the microporous medium lies well above
the frequency range of interest and – at the same time – is much
higher than that of the main pore network.

Similarly to single-porosity media with a rigid frame, the acous-
tic wave propagation in double-porosity materials is governed by
the corresponding macroscopic mass balance equation and
dynamic Darcy’s law, namely

r � V þ ixCdbðxÞp ¼ 0; V ¼ �KdbðxÞ
g

rp; ð9Þ

which can be reduced to the Helmholtz equation

r2pþ k2dbðxÞp ¼ 0; kdbðxÞ ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gCdbðxÞ
ixKdbðxÞ

s
; ð10Þ

where Cdb;Kdb, and kdb are the effective compressibility, dynamic
viscous permeability, and complex wave number, respectively,
determined for the fluid equivalent to the (homogenised) double-
porosity medium. The effective density .db, speed of sound cdb,
and characteristic impedance Zdb for this equivalent fluid are

.dbðxÞ ¼ g
ixKdbðxÞ ; cdbðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ixKdbðxÞ
gCdbðxÞ

s
;

ZdbðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g
ixKdbðxÞCdbðxÞ

r
: ð11Þ

In the case of double-porosity media with high contrast
between the permeability of the main pore network and the micro-
porous skeleton, i.e. when K0p � K0m, viscous flow induced by har-
monic acoustic excitation in the air is restricted mainly to the main
pore network, so that the dynamic viscous permeability Kdb can be
determined for such materials as for their single-porosity counter-
parts, i.e. KdbðxÞ � KpðxÞ. On the other hand, the effective com-
pressibility Cdb depends not only on the air compression and the
associated heat dissipation effects in the main pore network, but
also on those in the microporous skeleton. Thus, the effective com-
pressibility of a double-porosity medium Cdb is a combination of
the effective compressibility Cp related to its main pore network
and the weighted contribution of the effective compressibility Cm

of the microporous material constituting its skeleton. Moreover,
for some double-porosity materials, i.e. the ones with appropri-
ately high permeability contrast, an additional dissipation effect
may occur due to the fact that two local acoustic pressure fields
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can coexist, namely a locally constant pressure field in the more
permeable pore network and a pressure field that varies locally
in the less permeable micropore network, which ultimately leads
to pressure diffusion that provides additional sound energy dissi-
pation [42–48,60]. Therefore, the formula for the effective com-
pressibility of a double-porosity material reads

CdbðxÞ ¼ CpðxÞ þ /d CmðxÞF dðxÞ; ð12Þ
where /d is the volume fraction of the microporous domain (if the
entire skeleton is microporous then /d ¼ 1� /p), and F d is the ratio
of the averaged pressure locally fluctuating in the microporous
domain to the pressure in the main pores, which is constant over
the entire meso-pore space in the periodic cell.

The function F dðxÞ depends on two factors: (i) the relevant
effective properties of the microporous material, and (ii) the size,
shape and volume fraction of the microporous domain. The former
contribute through the pressure diffusivity DmðxÞ of the microp-
orous material which is the ratio (8) of the dynamic viscous perme-
ability to the product of the effective compressibility and the
dynamic viscosity of the saturating fluid. The second factor is asso-
ciated with the meso-scale geometry of the microporous domain
and contribute through /d and the dynamic pressure diffusion
function BdðxÞ, which is determined from the periodic domain
Xps of the microporous skeleton in formally the same way as the
dynamic thermal permeability Hp is determined from the fluid
domain Xpf , see Appendix B.2. Similarly, the dynamic pressure dif-
fusion function can be approximated using the scaling function
(A.1), that is BdðxÞ ¼ XxðB0d;xd;Md;PdÞ, where B0d � Bdð0Þ is
the static pressure diffusion, while the corresponding characteris-
tic (angular) frequency xd, shape factor Md, and low-frequency
correction parameter Pd are calculated as follows

xd ¼ /dD0m

B0d
; Md ¼ 8B0d

/dK
2
d

; Pd ¼ Md

4ða0d � 1Þ : ð13Þ

Here, the required ‘static’ parameters associated with pressure dif-
fusion, i.e. the static pressure diffusion B0d, characteristic length Kd,
and static tortuosity a0d, are determined for the mesoscopic domain
Xps of the microporous skeleton as described in Appendix B.2. Once
BdðxÞ and pressure diffusivity DmðxÞ have been determined, the
function F dðxÞ can be calculated as

F dðxÞ ¼ 1� BdðxÞ
/dDmðxÞ ix ¼ 1� ix

xd

BdðxÞ
B0d

D0m

DmðxÞ : ð14Þ

This is a complex-valued function, however F d � 1 at low frequen-
cies for x� xd, where pressure diffusion is negligible. The imagi-
nary part of F d is negative and �ImF d has a single peak around
the characteristic frequency, i.e. for x � xd. The phase of F d is also
negative and �phaseðF dÞ is close to zero at lower frequencies, while
it grows rapidly for x approachingxd, and asymptotically becomes
almost constant and maximum for x� xd. Moreover,
Fdðx� xdÞ ! 0, which reflects that the microporous skeleton
behaves as perfectly impervious in such a frequency region.

For double-porosity materials with weak contrast of permeabil-
ity the pressure diffusion phenomenon is not present. Then F d � 1
(i.e. ImF d � 0 and ReF d � 1) in the whole frequency range of
interest and the formula (12) can be reduced to

CdbðxÞ ’ CpmðxÞ ¼ CpðxÞ þ 1� /p

� �CmðxÞ: ð15Þ
However, for double-porosity materials with low permeability con-
trast, the viscous permeability Kdb also depends on the fluid flow in
the micropore network and therefore has to be calculated in general
as discussed in [43]. Nevertheless, for some specific mesoscopic net-
works, i.e. with all walls parallel to the main flow and propagation
direction e (e.g. as in meso-perforated microporous materials), the
permeability Kdb can simply be calculated as a combination of Kp

and Km, namely
5

KdbðxÞ ’ KpmðxÞ ¼ KpðxÞ þ 1� /p

� �KmðxÞ: ð16Þ
It is evident that this formula reduces to KdbðxÞ � KpðxÞ, if the per-
meability contrast is high enough, i.e. when K0p � K0m, which
entails that Kp � Km.

It was found that the double-porosity materials tested in this
study were characterised by high permeability contrast, resulting
in strong pressure diffusion effects. To show how much this diffu-
sion affects the effective compressibility, Cdb calculated using Eqs.
(12) and (14) is compared in some graphs below with Cpm calcu-
lated using Eq. (15), i.e. as for a hypothetical (non-existent) version
of the material in which the pressure diffusion is absent.

2.4. Acoustic descriptors

Themain acoustic descriptor for the porousmedia studied in this
work is the sound absorption coefficient at normal incidence deter-
mined for a porous layer of thickness H and also for such a layer
backed with an air gap of thickness Hg, as depicted in the diagram
in Fig. 1. These two macroscopic configurations, i.e. a single layer
or a two-layered system, allow for analytical solutions provided that
the effective properties of the fluid equivalent to the porousmaterial
are known. Essentially, the required properties are the complex
wave number keq and the characteristic impedance Zeq of the equiv-
alent fluid. As discussed above, they can be determined for the
single-porositymaterial askeqðxÞ ¼ kpðxÞandZeqðxÞ ¼ ZpðxÞusing
the respective formulae given in Eqs. (2) and (3), while for the
double-porosity medium as keqðxÞ ¼ kdbðxÞ and ZeqðxÞ ¼ ZdbðxÞ
using the respective formulae given in Eqs. (10) and (11).

The sound absorption coefficient of a system subject to plane
harmonic waves at normal incidence can be determined from its
surface acoustic impedance Zs. For the considered two-layered sys-
tem shown in Fig. 1, i.e. for a (double- or single-porosity) layer
backed with an air gap, the surface acoustic impedance is calcu-
lated at the front face of the porous layer as (see e.g. [61])

ZsðxÞ ¼ ZeqðxÞ ZeqðxÞ � iZgðxÞ cot HkeqðxÞ� �
ZgðxÞ � iZeqðxÞ cot HkeqðxÞ� � ; ð17Þ

where the impedance Zg of the air gap with the thickness Hg

depends on the wave number in the air k0 ¼ x=c0 and its character-
istic impedance Z0, namely

ZgðxÞ ¼ �iZ0 cot Hgk0ðxÞ� �
: ð18Þ

For Hg ¼ 0, i.e. when there is no gap and the porous layer is set
directly on the rigid wall, the formula for the surface acoustic
impedance (17), with jZgj ! 1, reduces to

ZsðxÞ ¼ �iZeqðxÞ cot HkeqðxÞ� �
: ð19Þ

Regardless of the configuration case, once the surface acoustic
impedance Zs has been determined, the acoustic reflection coeffi-
cient R and the sound absorption coefficient A, can be calculated
as (see e.g. [61])

RðxÞ ¼ ZsðxÞ � Z0

ZsðxÞ þ Z0
; AðxÞ ¼ 1� jRðxÞj2: ð20Þ
3. Double-porosity material with a cubic arrangement of
identical spherical pores

3.1. Design and additive manufacturing of samples

Fig. 2 shows a simple periodic pore network composed of a sin-
gle spherical pore with a diameter dsp connected with the identical
pores from the adjacent periodic cells by vertical and horizontal
channels. All these channels are cylindrical and have the same



Fig. 2. Top row: periodic pore network (two views vertically shifted by half the cell size, 1
2 ‘p), the corresponding representative cubic cell and skeleton. Bottom row (from

right to left): CAD model of a cylindrical specimen and the resulting 3D-printed sample (‘p ¼ 4mm and H ¼ 36mm) with a diameter slightly larger than the required size
Dt ¼ 29mm (to be cut so that it fits tightly into the 29-mm impedance tubes).
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diameter dch. Each channel creates circular openings in the pores
connected by it. These openings would have had sharp edges caus-
ing some numerical problems when determining the viscous char-
acteristic length Kvp due to the local singularity at the edge [62]. To
overcome these problems, the sharp edges should be rounded (fil-
leted) at least in the numerical model [59]. In practice, the fillet
radius can be arbitrarily small to ensure the numerical conver-
gence, but a small fillet radius requires a locally very dense mesh
of finite elements. Therefore, we decided to include the fillets in
the design, and moreover, use a relatively large fillet radius
rf ¼ dch=4, so that the rounded surface could be well reproduced
by additive manufacturing, i.e. controlled by the design rather than
the resolution of the 3D printer.

The smallest periodic element of the pore network Xpf together
with the complementary skeletal part Xps form a periodic cube cell
Xp of size ‘p as shown in Fig. 2. The diameters of pores and chan-
nels are directly related to the cell size, viz. dsp ¼ 0:9‘p and
dch ¼ 0:4‘p. The computer-aided design (CAD) model of the peri-
odic skeleton cell (marked in orange in Fig. 2) was used to generate
the geometry of cylindrical samples of such designed porous layers
of thickness H. Two cell sizes were considered, viz. ‘p ¼ 3mm and
‘p ¼ 4mm, as well as two different sample heights (i.e. layer thick-
nesses) in both of these cases, viz. H ¼ 36mm and H ¼ 48mm,
which gives four CAD models of porous samples. In order to gener-
ate them, the skeleton cell was virtually multiplied and arranged in
three-dimensional arrays of N�N�Nz cells, where N ¼ 11 for
‘p ¼ 3mm and N ¼ 9 for ‘p ¼ 4mm, while the number of cells in
the vertical direction Nz is determined directly from the cell size
and the assumed layer thickness, viz. Nz ¼ H=‘p, which means that
Nz ¼ 9;12, or 16. Then, cylinders with a diameter of 31mm and
height H ¼ 36mm or 48mm were virtually cut out from the cuboi-
dal arrays of cells. It that way, four CAD models of porous samples
were generated (one of them is depicted in grey in Fig. 2). Their
diameter was by 2mm larger than the required sample diameter
Dt ¼ 29mm (see photo of uncut sample in Fig. 2), so that the sam-
6

ples could be precisely cut to fit the 29-mm measurement tubes
perfectly and avoid measurement errors incurred by air–gaps
around the samples [63,49].

The CAD models were used to produce twelve porous samples
(see Fig. 3) in two additive manufacturing technologies, viz. Color
Jet Printing (CJP) – a binder jet 3D printing technology [3,4], and
Stereolithography (SLA) [5,6] based on photopolymerisation. In
the case of CJP technology, samples were 3D printed from
gypsum-based powder, or more specifically from Calcium sulfate
hemihydrate (a.k.a. bassanite) powder bound with butyrolactam
(a.k.a. 2-Pyrrolidone), using 3D Systems ProJet 160 printer. Relevant
properties of the gypsum powder are discussed in Appendix C.1.
Four pairs of CJP samples were manufactured (with cell sizes
‘p ¼ 3mm or 4mm, and heights H ¼ 36mm or 48mm, respec-
tively), and one of the samples from each pair was additionally
impregnated with cyanoacrylate to close the micropores in the
skeletons of these samples. In that way, each of the four pairs con-
tains a single-porosity CJP-impregnated sample (see the middle
row in Fig. 3 and a double-porosity CJP sample (see the top row
in Fig. 3). In the case of SLA technology, single-porosity samples
(see the bottom row in Fig. 3) were produced at once from a pho-
topolymer resin using Formlabs Form 3B printer. The relatively low
viscosity of the resin (0:93Pa�s in 25	C) facilitated the removal of
resin residues from the pore network. As mentioned above, the
diameters of all 3D printed samples, initially equal to 31mm, were
precisely cut with a lathe to perfectly fit into a 29-mm impedance
tube. This procedure was adopted for all samples.

3.2. Examination of the actual geometry

The impact of AM processes on the performance of acoustic
materials can be very significant as even small geometric devia-
tions and imperfections matter and are related to the technology
and input material used [15–17]. The quality and actual geometry
of the pore network of the CJP and SLA samples were examined



Fig. 3. Additively manufactured samples.
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under a microscope (60�magnification was used). Some of the cal-
ibrated microscope photographs are shown in Fig. 4, on which the
actual radii of pores and channels are measured (see the values
assigned to ‘r’). As expected, the actual diameters of pores and
channels are slightly different than their nominal sizes in CAD
models, cf. the respective values listed in Table 2. Although the
same CAD models were used to produce the CJP and SLA samples,
the actual pore and channel sizes, as well as the quality of the 3D
printed samples, depend on the 3D printing technology and input
material used, as it is clearly seen in Fig. 4.

Fig. 4 shows microscope photographs of non-impregnated and
impregnated CJP samples, as well as the corresponding SLA sam-
ples. In each case two photographs are presented, i.e. for the cell
sizes of 3mm and 4mm, respectively. The shapes, sizes, and overall
quality of the impregnated CJP samples are practically the same as
their non-impregnated counterparts, although the surfaces of the
impregnated samples are smoother. The observed quality of CJP
samples is mediocre or even poor in the case of 3mm cell (see
Fig. 4 a and c), where the cross-section of the channel appears to
be somewhat elliptical rather than circular (the average estimated
radius of 0:55mm is approximative). On the other hand, the quality
can be considered good for the CJP sample with 4mm cells (see
7

Fig. 4 b and d), where the channel is round with an easy-to-
measure radius of 0:75mm. Nevertheless, the actual diameters of
the channels are in both cases smaller by 0:1mm than their nom-
inal sizes in the CADmodels used for 3D printing: compare d


ch with
the corresponding dch for CJP 3 and CJP 4 in Table 2. Finally, in both
cases, it is more difficult to measure the size of spherical pores due
to the not very sharp (in the photographs, but also in reality,
because the removal of powder residues damaged sharp constric-
tions) or even indistinct edges of the skeleton made of gypsum
powder. Therefore, the proposed estimations are approximate. It
is characteristic, however, that the actual diameters of these quasi
spherical pores seem to be larger (by about 0:2mm for CJP 3 or
0:3mm CJP 4) than their nominal values: compare d


sp with the cor-
responding dsp for CJP 3 and CJP 4 in Table 2.

The quality of SLA samples is excellent regardless of the cell size
(see Fig. 4 e and f): the channels are round and smooth with a cir-
cular cross section, the shape of the spherical pore is precisely
mapped, and it is easy to accurately measure the actual pore and
channel sizes. The respective values listed in Table 2 for the SLA
samples show that the actual pore diameters are 0:04mm smaller
than their nominal (i.e. designed) values, while the actual channel
diameters are smaller by 0:10mm than their nominal values.



Fig. 4. Microscope examination of 3D printed samples (C, A, and r in the photographs represent the circumference, area, and radius of the pore or channel cross-section,
respectively).
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3.3. Mutli-scale modelling

The actual values of diameters listed in Table 2 (note that the
corrected fillet radii are r
f ¼ 0:15d


ch for CJP samples of inferior
quality, and r
f ¼ 0:25d


ch for SLA samples of excellent quality,
where the rounded surface is very well reproduced as shown in
Fig. 4 e and f) were used to generate updated periodic cells
required for calculations at the mesoscopic scale. A typical correc-
8

tion for SLA samples is illustrated in the graphic in the upper left
corner of Fig. 5, where the yellow part shows the difference
between the design and the actual periodic pore network present
in the samples 3D printed in SLA technology. In that case, the dif-
ference is simply removed. The fragments removed in the case of
CJP samples look different and, moreover, in this case there are also
larger fragments added due to the fact that the pore sizes in these
samples are actually slightly larger than in the design. In both



Table 2
Pore network sizes: nominal (i.e. designed) and actual values.

Sample Nominal sizes ⁄Actual values

‘p dsp ¼ 0:9‘p dch ¼ 0:4‘p rf ¼ 0:25dch d
sp d
ch r
f
Type mm mm mm mm mm mm mm

CJP 3 2.70 1.20 0.30 �2.9 �1.1 0.165
SLA 3 2.70 1.20 0.30 2.66 1.10 0.275
CJP 4 3.60 1.60 0.40 �3.9 1.50 0.225
SLA 4 3.60 1.60 0.40 3.56 1.50 0.375

‘p – cubic cell size dsp – spherical pore diameter dch – channel diameter rf – fillet radius.

Fig. 5. Pore network size correction (yellow parts are removed in the process) and symmetrical slicing, followed by finite-element calculations of macro-parameters related
to micro-scale phenomena. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cases, the consequence is that the porosities associated with the
corrected (i.e. updated) pore networks differ by a few percent from
the designed value of 44:1%. They are slightly smaller for SLA sam-
9

ples, but larger for CJP samples due to the larger actual pore sizes:
compare the respective values for /p in Table 3. It should be
noticed that the calculated porosities of the main pore networks



Table 3
Macro-parameters calculated for 3D printed materials, i.e. double-porosity samples (technology CJP) and resin samples (technology SLA) with the periodic cell size ‘p ¼ 3mm or
4mm.

Sample Visco-inertial effects Thermal effects Pressure diffusion

‘p /p K0p Kvp a0vp a1p /p H0p Ktp a0tp /d B0d Kd a0d

Type mm % 10�8m2 mm – – % 10�8m2 mm – % 10�8m2 mm –

CJP 3 49.6 1.36 0.631 2.70 1.92 49.6 7.72 1.15 1.37 50.4 7.10 1.17 1.35
SLA 3 41.7 1.10 0.623 2.64 1.91 41.7 5.38 1.04 1.39 — — — —
CJP 4 50.7 2.66 0.862 2.65 1.88 50.7 14.4 1.56 1.36 49.3 11.9 1.52 1.36
SLA 4 42.3 2.10 0.850 2.59 1.87 42.3 9.86 1.40 1.38 — — — —
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of samples manufactured from gypsum powder, i.e. /p ¼ 0:496 for
CJP 3 and /p ¼ 0:507 for CJP 4, agree very well with the respective
values of 0:49 and 0:51, determined by the experimental character-
isation of the impregnated CJP samples (see Table C.2 in Appendix
C.2). These porosities (especially in the case of CJP 4) are only
slightly below the value of 0:525 obtained from direct measure-
ments of the average open porosity of impregnated CJP samples
Fig. 6. Dynamic permeabilities related to the visco-inertial effects, thermal diffusion and
networks of CJP samples) with a periodic cell size of: (a) ‘p ¼ 3mm, (b) ‘p ¼ 4mm.
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(see Appendix C.1). The difference can be explained by the highly
probable assumption that even after impregnation the CJP samples
may still have a very thin irregular layer of microporosity on the
surface of their skeletons, which can increase the measured open
porosity.

Fig. 5 illustrates the entire procedure of numerical calculations
on a REV of the mesoscopic pore network. The periodic REV
pressure diffusion in the examined double-porosity medium (i.e. assuming the pore
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considered in this study is very regular and has six planes of sym-
metry. Therefore, after an updated REV is generated, its smallest
representative segment (1=16-th of the pore network inside the
periodic cell) can be virtually cut out by the symmetry planes.
The segment is meshed and used for solving the relevant scaled
Stokes flow and Laplace problem (as discussed in Appendix B.1),
as well as the Poisson problem (as discussed in Appendix B.2),
using the finite element method. As shown in the detail of one
mesh graphic in Fig. 5, the finite element mesh used for analysis
of the Stokes flow has several thin boundary layers to ensure the
convergence and accuracy of the solution; these are not required
when solving other problems.

For each problem, in addition to the appropriate boundary con-
ditions discussed in Appendix B and applied on the skeleton-fluid
interface Cp (marked in green in Fig. 5), the symmetric and
antisymmetric boundary conditions are applied on the planes of
symmetry and antisymmetry of the pore network segment. Notice
that the lateral planes of the pore network segment are always its
symmetry planes, while the antisymmetry planes are only the top
and bottom surfaces of the segment for the Stokes flow and Laplace
problem, assuming that the propagation direction e (see Appendix
B.1) is vertical, but not for the Poisson problem where these sur-
faces are also planes of symmetry. When the scaled (i.e. nor-
malised) Stokes flow has been solved (see Fig. 5), the static
viscous permeability K0p and static viscous tortuosity a0vp are cal-
culated using formulae (B.6), whereas from the solution of the
Laplace problem (see Fig. 5), the kinematic tortuosity a1p and vis-
cous characteristic length Kvp are determined using formulae
(B.11). These parameters, together with the porosity /p, allow to
accurately approximate the dynamic viscous permeability KpðxÞ
for the main pore network saturated with fluid (i.e. air) with kine-
matic viscosity m, using the scaling function (A.1) and formulae (4).
The values of these parameters, computed for the updated periodic
geometries associated with the actual samples 3D printed in tech-
nologies CJP and SLA, are listed in Table 3 as macro-parameters
related to visco-inertial effects.

Similarly, macro-parameters related to thermal effects, found
directly from the pore network geometry (/p and Ktp) and from
the Poisson problem solution (H0p and a0tp), see Appendix B.2
and formulae (B.16), are also listed in Table 3 for all samples. These
parameters, along with thermal diffusivity of air mt and formulae
(6), allow to determine the dynamic thermal permeability HpðxÞ,
using the scaling function (A.1). On the other hand, the macro-
parameters related to pressure diffusion are given in Table 3 for
Fig. 7. Function F d (its real and imaginary parts, magnitude and normalised phase) for
(a) ‘p ¼ 3mm, (b) ‘p ¼ 4mm.
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the double-porosity CJP samples only. These are the volume frac-
tion /d and characteristic length Kd of the skeleton, determined
from its geometry, as well as static parameters B0d and a0d, deter-
mined from the corresponding Poisson problem solution, see
Appendix B.2 and formulae (B.17).

Now, the dynamic pressure diffusion BdðxÞ can be determined
for these samples using the scaling function (A.1) and formulae
(13), along with the static pressure diffusivity D0m ¼ P0

g
K0m
/m

¼
7:21 � 10�3m2=s determined for the microporous material (see
Appendix C.1, where the microporosity and static viscous perme-
ability are determined as /m ¼ 0:426 and K0m ¼ 5:7 � 10�13m2,
respectively) and the ambient conditions measured during the
acoustic testing (see data P0 and g in Table 1). Finally, note that
the macro-parameters calculated for visco-inertial and thermal
effects are compared in Appendix C.2 with their counterparts char-
acterised experimentally for single-porosity samples.

Fig. 6 presents the frequency variation of dynamic functions
Kp;Hp, and Bd, computed for the CJP samples of both cell sizes.
For comparison, the graphs also show dynamic permeabilities Km

and Hm found for microporous material made of glued grains of
gypsum powder with an effective diameter of 20lm (see Appen-
dices C.1 and D). The values of the characteristic frequencies
f vp; f tp, and f d (also f vm and f tm), calculated from their angular
counterparts and related to viscous effects, and thermal and pres-
sure diffusions, are marked on the graphs to demonstrate that the
peak in the imaginary part of each dynamic permeability is deter-
mined by their characteristic frequencies. In particular, the com-
puted characteristic frequencies associated with the pressure
diffusion are f d ¼ xd

2p ¼ 8:14kHz for ‘p ¼ 3mm, and f d ¼ 4:75kHz
for ‘p ¼ 4mm. The corresponding functions F d, calculated for both
cell sizes using formula (14), are shown in Fig. 7 to illustrate that
their magnitudes and phases become significantly different than
zero at frequencies above 1kHz, with the maximum magnitude
slightly below f d and the largest phase shift settling slightly above
f d. This shows that the effect of pressure diffusion will occur over a
wide frequency range around the characteristic frequency.

The real and imaginary parts of the effective compressibility
CdbðxÞ of the double-porosity material, calculated by formula
(12) and normalised by dividing by the isothermal air compress-
ibility 1=P0, are shown in Fig. 8. They are compared with the nor-
malised counterparts CpP0; CmP0, and CpmP0, associated with,
respectively: the main pore network, the microporous material,
and a virtual double-porosity material in which the effect of
the examined double-porosity medium, i.e. CJP samples with a periodic cell size of:
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pressure diffusion has been artificially eliminated. In the latter
case, the corresponding effective compressibility CpmðxÞ is calcu-
lated by Eq. (15), obtained for F dðxÞ � 1. Let us also recall that
the effective compressibility CpðxÞ is calculated using Eq. (5), and
the compressibility CmðxÞ using the same formula, but after
replacing the index ’p’ with ’m’. When comparing the curves, it is
direct to see that the negative imaginary part of Cdb has two peaks.
The first is related to the thermal effects occurring in the main pore
network at the frequency f tp. Below and around this characteristic
frequency, the curve for ImCdb, calculated in the case of double
porosity, is similar to the ImCp curve obtained for the correspond-
ing single-porosity material. The second peak is due to the pressure
diffusion at the frequency f d.
3.4. Sound absorption: predictions vs. measurements

The dynamic permeabilities of the investigated single-porosity,
double-porosity, and microporous materials, i.e. Kp;Kdb, and Km,
respectively, together with the effective compressibilities Cp; Cdb,
Fig. 8. Normalised effective compressibilities of the examined single- and doub
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and Cm, respectively, allow to calculate the corresponding complex

wave numbers keq ¼ x
ffiffiffiffiffiffiffiffiffi
g Ceq
ixKeq

q
, and characteristic impedances

Zeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g
ixKeq Ceq

q
, where eq=‘p’, ‘db‘, and ‘m’, respectively. These can

be used to determine the surface acoustic impedance Zs for a layer
of the considered porous material of thickness H, backed by a rigid
wall – using formula (19), or with an air gap of known thickness Hg

between the rigid wall and the porous layer – in that case using
formula (17). For both configuration cases (i.e. with or without
the air gap), the sound absorption is determined using Eqs. (20).

Figs. 9 and 10 show the sound absorption curves calculated as
discussed above and measured in an impedance tube [49] for the
CJP samples with double porosity and for the single-porosity SLA
samples. Experimental results for the impregnated, i.e. single-
porosity CJP samples, are also presented as they differ slightly from
the absorption curves measured for the SLA samples. However,
their predictions are very similar to those obtained for the SLA
samples and were not included in the graphs for the sake of clarity.
In addition, each of the graphs also shows the sound absorption
calculated for a homogeneous microporous layer with the same
le-porosity media with a periodic cell size of: (a) ‘p ¼ 3mm, (b) ‘p ¼ 4mm.



Fig. 9. Predicted and measured sound absorption for single- and double- porosity samples (backed with a rigid wall or an air gap) with a periodic cell size of ‘p ¼ 3mm and a
height of: (a) H ¼ 36mm, and (b) H ¼ 48mm.
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Fig. 10. Predicted and measured sound absorption for single- and double- porosity samples (backed with a rigid wall or an air gap) with a periodic cell size of ‘p ¼ 4mm and a
height of: (a) H ¼ 36mm, and (b) H ¼ 48mm.
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thickness H as the height of the 3D-printed samples. This absorp-
tion is very poor, below 0:1 in the entire frequency range, so the
corresponding experimental curves are not included.

The results obtained for samples with a cell size of 3mm and
4mm are shown in Figs. 9 and 10, respectively. There are two sam-
ple heights for each cell size, viz. H ¼ 36mm (which means twelve
3-mm cells per sample height, or nine 4-mm cells) or H ¼ 48mm
(i.e. sixteen 3-mm cells or twelve 4-mm cells per sample height).
Therefore, the corresponding absorption curves can also be com-
pared between the graphs as they are obtained for materials of
the same thickness. The general observations and conclusions are
the same in all cases. In particular, there is an overall good agree-
ment between measurements and numerical predictions, although
the latter are computed from idealised REV geometries with
smooth surfaces and may often underestimate sound absorption,
especially between peaks. On the other hand, the experimental
results may be affected by measurement noise. We know, however,
that the absorption curves are inherently smooth and any small
local fluctuations, e.g. as the ones observed around 1:1kHz in the
lower graph of each pair of graphs in Figs. 9 and 10, are measure-
ment artifacts.

The sound absorption measured for the SLA samples confirms
the model-based predictions very well, cf. the corresponding dot-
ted curves in Figs. 9 and 10. This is due to the high quality of these
samples (see Fig. 4 e and f), which allowed for accurate geometry
updating and modelling. Sound absorption measured for the
impregnated CJP samples (plotted as dash-dotted curves in Figs. 9
and 10) is slightly higher between peaks than in the case of the
smooth SLA samples. Similar differences have already been
observed for acoustic materials fabricated with different AM tech-
nologies [15–17] and can be attributed to the surface roughness
[64,65]. Nevertheless, the absorption curves are similar for samples
with the same cell size and height, since the impregnated CJP sam-
ples also have a single-porosity network with channels approxi-
mately the same diameter as in the SLA samples. Although the
pores of the CJP samples are slightly larger, this proved to be less
important and the predictions calculated for the single-porosity
CJP samples are in fact very similar to those calculated for the
SLA samples, therefore they are not shown in the plots for the sake
of clarity. The similarity of the predictions for the respective single-
porosity samples results from the fact that the actual channel
diameters used in the calculations were identical for both cases,
CJP and SLA, and this parameter has a strong impact on the viscous
permeability and characteristic length. This is in line with similar
findings, e.g. for conventional acoustic foams, where the most
influential microstructural parameter having a dominant effect
on the viscous permeability is the throat size according to Refs.
[54,66], or alternatively, the strut length [67].

An excellent agreement has been found between the calculated
and measured sound absorption for the double-porosity CJP sam-
ples, shown in Figs. 9 and 10 as thick blue and thin violet continu-
ous curves, respectively. The nature of these absorption curves is
completely different from the (dotted and dashed-dotted) curves
obtained for the case of single porosity, namely: all absorption
peaks have been shifted to lower frequencies and the overall
absorption between them is much higher. This is caused by pres-
sure diffusion, which significantly increases sound absorption
and thus weakens any effects from minor geometric imperfections.
Figs. 9 and 10 also show dashed green curves of the extremely low
absorption calculated for microporous layers with the same thick-
nesses (i.e. H ¼ 36mm or H ¼ 48mm) as the heights of the 3D-
printed samples, which means that the increase in absorption
achieved in the samples with double porosity is mainly due to
pressure diffusion. Important is also the following observation.
For each double-porosity sample backed by a rigid wall, the first
absorption peak is in the frequency range where pressure diffusion
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occurs, i.e. where the imaginary parts and phases of the corre-
sponding F d functions are significantly different than zero (see
Fig. 7). However, when the sample is backed with an air gap (in
the considered cases: 44mm or 42mm thick), its first absorption
peak is shifted to a much lower frequency (around 700Hz or
500Hz) where there is no significant pressure diffusion, and there-
fore this peak is very similar to that obtained in the respective
single-porosity case, while the pressure diffusion effect continues
to enhance the second and subsequent absorption peaks. Note that
we chose to use gaps that could be set very precisely. For samples
with a height of 36mm, it is practical and easier to precisely set the
air gap of 44mm (than a gap of, e.g. 40mm or 50mm), because the
total thickness of such a configuration is exactly 8cm, and the
marks on the impedance tube plunger are every 1cm. For the same
reasons, i.e. to ensure high precision in experimental testing, the
air gap of 42mm is set behind the samples with a height of
48mm, because the total thickness is then 9cm, which is marked
on the plunger.
4. Conclusions

We have shown in this paper thatmicroporosity, typical to some
AM technologies, but at the same time only achievable in a useful
form with certain input materials and process parameters, can be
regarded as an extremely desirable property in the development
of innovative acoustic materials. This is because double-porosity
structures with designed, optimised networks of main pores appro-
priately contrastedwithmicropores can be easily produced. Thanks
to this, additional dissipation phenomena are introduced due to the
multiscale nature of such media [42,43,45,48,60]. In other words,
we can use this imperfection (i.e. microporosity) to significantly
improve sound absorption in 3D printed materials. This has been
illustrated with a comprehensive example that can serve as bench-
mark for multiscale modelling as well as additive manufacturing of
double- and single-porosity sound absorbers. In this example the
sound absorption curves measured in the impedance tube from
samples of engineered materials additively manufactured by two
different technologies are compared with the results predicted
from multiscale analyses, and also confronted with imperfections
identified by microscopic examinations. The main conclusions
and observations from this study are summarised below.

High-quality 3D printers in SLA technology can, with high pre-
cision, produce materials with a designed periodic network of
pores characterised by sizes and shapes similar to those tested in
this work. However, these characteristic sizes are at least several
times larger that the ones found in conventional acoustic foams
and this cannot be improved when using inexpensive devices,
i.e. with typical 3D-printing resolutions used nowadays in SLA
and other AM technologies. Nevertheless, the measured sound
absorption of such periodic materials 3D-printed from photopoly-
mer resins can be accurately predicted from the geometric repre-
sentations of their periodic pore networks provided that the
crucial dimensions of pores and especially channels connecting
them are updated to their actual values. Often the necessary cor-
rections can be anticipated based on the known resolution of the
3D printer and the acquired user experience, so they can be taken
into account during the design process.

Geometry adjustments are usually slightly larger and more dif-
ficult to make or account for in other additive manufacturing tech-
nologies where also larger discrepancies are to be expected due to
additional imperfections like surface roughness, etc. As already
reported, e.g. in [17,16], and also confirmed in this work in partic-
ular by the results obtained from impregnated CJP samples, small
surface imperfections often increase the sound absorption, usually
between the peaks and without significantly changing the overall



T.G. Zieliński, N. Dauchez, T. Boutin et al. Applied Acoustics 197 (2022) 108941
nature of the absorption curves. However, when the imperfections
become significant, it is obvious that the overall absorption will
change drastically and will be far from predictions based on peri-
odic geometries which are too idealised and inconsistent with real-
ity. In general, some increase in sound absorption is often gained,
but in more drastic cases these imperfections may reduce
absorption.

An important imperfection that may appear in the additive
manufacturing process is the microporosity of the 3D-printed
skeleton. This can happen especially when 3D printing from pow-
dered materials [38–40], i.e. when using laser sintering (of poly-
mer powders) or laser melting (of metal powders), or binder jet
3D printing technologies [3,4] (like CJP used in this work). As
demonstrated in this study, the adequate open microporosity of
the 3D-printed skeleton of the acoustic material leads to an advan-
tageous double porosity that strongly affects the propagation and
absorption of acoustic waves in such media. When, in addition,
the material design accounts for a permeability of the main pore
network which is highly contrasted with that of the microporous
skeleton, the pressure diffusion phenomena emerges and typically
shifts the absorption peaks to lower frequencies and greatly
increases the absorption between them. Since the shapes and pro-
portions of the main pore network and (at the same time) microp-
orous skeleton can be designed, this phenomenon, as well as the
visco-thermal effects in the main pores, can be tuned and opti-
mised in order to obtain the best required properties of the acous-
tic material designed and 3D-printed in this way. It has been
shown how such double-porosity materials, and in particular the
pressure diffusion effect, can be designed and accurately modelled
using a rigorous multiscale approach. The predictions obtained in
this way agree very well with the experimental results and it
seems that the strong sound absorption effects due to pressure dif-
fusion dominate over those related to shape and surface imperfec-
tions and uncertainties.

In summary, this work demonstrates that the possibility of
additive manufacturing of double-porosity materials with
designed main pore networks adequately contrasted with microp-
ores opens up new perspectives for the use of low-cost 3D-printing
devices for the production of innovative, carefully designed acous-
tic materials. It seems that due to the still insufficient resolution
available in these devices, single-porosity solutions can be pro-
posed as efficient mainly around specified frequencies. However,
when double-porosity designs can be realised thanks to the delib-
erately introduced microporosity of the skeleton, the absorption
between the peaks can be greatly increased due to the additional
dissipation effect of pressure diffusion, providing broadband sound
absorption in the medium frequency range (typical of conventional
porous foams), while the specially engineered, e.g. extremely tor-
tuous or labyrinthine [68], main pore networks can target high
acoustic performance at very low frequency. It is clear that such
solutions should be the subject of further research, including also
additive manufacturing of optimised acoustic composites (or at
least some of their components) with two [69,70] or even multiple
scales [71] of porosity.
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Appendix A. Scaling function

Frequency-dependent dynamic permeabilities related to the
visco-inertial effects, as well as thermal and pressure diffusions
can be determined using the following scaling function

XxðX0;xc;M;PÞ ¼ X0
ix
xc

þ 1� P þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2 þM

2
ix
xc

s0
@

1
A

�1

ðA:1Þ

where X0 is the corresponding static value (i.e. for x ¼ 0), while
xc;M, and P are the characteristic frequency, shape factor, and
low-frequency correction coefficient, respectively. This scaling
function is usually referred to as the Johnson-Champoux-Allard-La
farge-Pride (JCALP) model [72,73,51,52,74,61]. If the low-
frequency correction is neglected, i.e. for P ¼ 1, the function
XxðX0;xc;M;1Þ is called the Johnson-Champoux-Allard-Lafarge
(JCAL) model. Due to the problem with the determination of static
thermal permeability (in particular by direct measurement), the
shape factor for thermal effects is often assumed to be 1, which in
many cases is acceptable. This early original version of the model
(i.e. when P ¼ Pv ¼ Pt ¼ 1 and the dynamic thermal permeability
is determined for M ¼ Mt ¼ 1) is referred to as the Johnson-
Champoux-Allard (JCA) model.
Appendix B. Calculations at lower scales

B.1. Visco-inertial effects

The acoustically induced fluid flow can be assumed incompress-
ible in a sufficiently small REV Xp (in the considered scale, e.g. the
mesoscopic scale adopted here), so that the visco-inertial and ther-
mal effects can be decoupled. The visco-inertial effects are associ-
ated with the oscillatory viscous incompressible flow through the
periodic pore networkXpf (see Fig. 1) with open porosity /p, driven
by the macroscopic (i.e. constant in the entire Xpf ) pressure gradi-
ent (harmonically changing in time) acting in the propagation
direction specified by the unit vector e, with no-slip boundary con-
ditions of the skeleton walls Cp bounding the pore network (see
Fig. 1). The equations governing the oscillatory flow have to be
solved for each computational frequency x; they can be scaled
to the following form

ix
m

~k�r2~kþr~q ¼ e and r�~k ¼ 0 in Xpf ; ðB:1Þ
~k ¼ 0 on Cp; ðB:2Þ
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where ~kðxÞ is the Xp-periodic velocity field scaled to the perme-
ability unit (i.e. metre squared) and ~qðxÞ is the Xp-periodic local
pressure field scaled to the unit of length (i.e. metre). After the
scaled flow problem has been solved, the dynamic viscous perme-
ability (or rather its projection on the propagation direction e) is
calculated as

KpðxÞ ¼ /ph~kðxÞ � eiXpf
; ðB:3Þ

where h�iXpf
� RXpf

ð�ÞdX=
R
Xpf

dX is the spatial averaging operator.

Usually, KpðxÞ can be accurately approximated using the scaling
function (A.1) with X0 ¼ K0p, and xc ¼ xvp;M ¼ Mvp;P ¼ Pvp,
determined using formulae (4), where the required parameters
K0p;a0vp;a1p, and Kvp are found from the solutions of two problems
related to the low- and high-frequency regimes as detailed below.

At low frequencies, the inertial effects can be neglected. In par-
ticular, for x ¼ 0 the scaled oscillatory viscous flow (B.1)–(B.2)
becomes Stokes’ flow, which is governed by

�r2kþrq ¼ e and r�k ¼ 0 in Xpf ; ðB:4Þ
k ¼ 0 on Cp; ðB:5Þ

where the unknown (static) fields, k � ~kð0Þ and q � ~qð0Þ, are real-
valued and Xp-periodic. The static viscous permeability and tortu-
osity are determined from the solution of this problem as

K0p ¼ /phk � eiXpf
; a0vp ¼

hk � kiXpf

hkiXpf
� hkiXpf

: ðB:6Þ

In the high-frequency regime, i.e. forx ! 1, the viscous effects
can be neglected. It has been demonstrated [75,76] that the incom-
pressible inviscid flow through a porous medium formally coin-
cides with the problem of the electrical conductivity of the
porous medium consisting of an electrically insulating skeleton
and a pore network saturated with a conductive fluid, namely

Eþru ¼ e and r � E ¼ 0 in Xpf ; ðB:7Þ
E � n ¼ 0 on Cp; ðB:8Þ

where E and u are the Xp-periodic electric field and the correspond-
ing electric potential, respectively (both defined in the domain Xpf

of the conductive fluid), n is the unit vector normal to the insulating
boundary Cp (pointing outside the Xpf domain), and e is the
externally-applied, macroscopic (i.e. constant in the entire Xpf )
electric field. Note that the problem can be scaled, so that E and e
are dimensionless (e is the unit vector specifying the direction of
the external field collinear with the propagation direction) and
the potential u has the unit of length (i.e. metre). This electric con-
ductivity (or perfect fluid flow) problem (B.7)–(B.8) reduces to the
Laplace’s problem for the potential u, namely

r2u ¼ 0 in Xpf ; ðB:9Þ
ru � n ¼ e � n on Cp: ðB:10Þ

After the solution u has been found, and then also the vector
field E ¼ e�ru, the tortuosity and viscous characteristic length
are calculated as

a1p ¼
hE � EiXpf

hEiXpf
� hEiXpf

; Kvp ¼ 2

R
Xpf

E � EdXR
Cp

E � EdC : ðB:11Þ
B.2. Thermal effects and pressure diffusion

Consider the REV Xp (see Fig. 1) of a periodic medium consisting
of the pore network Xpf with an open (meso-scale) porosity /p and
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the (microporous) skeleton Xps occupying a fraction /d ¼ 1� /p of
the Xp volume, with the interface Cp between both subdomains.

Pressure fluctuations due to the fluid-borne acoustic waves
propagating in the medium cause temperature fluctuations inside
the fluid-saturated pore network. The resulting heat transfer is
quickly absorbed at Cp by the solid skeleton due to its much higher
volumetric heat capacity and thermal conductivity than that of the
fluid, which means that isothermal conditions are kept on the
boundary Cp. The fluid in the pore network is characterised by
its thermal diffusivity mt, and the local phenomenon is thermal dif-
fusion caused by oscillatory volumetric heat source (its power is
uniform in the entire Xpf domain) due to harmonic oscillations of
the macroscopic acoustic pressure. The process equations can be
scaled, so that the volumetric heat source power is a dimensionless
unit and the scaled complex amplitude of temperature fluctuations
~h (defined in Xpf ) has the unit of permeability (i.e. metre squared).
The dynamic thermal permeability Hp, which determines the
effective compressibility Cp according to the formula (5), is calcu-

lated as the average of the scalar field ~h over the entire REV, which
means integration over the Xpf domain (i.e. where this field is
defined) and division by the volume of the representative cell,
see Eq. (B.14) below.

In the case of double-porosity media, their effective compress-
ibility Cdb depends on Cp, but also on the effective compressibility
Cm determined for the microporous material of the skeleton, e.g.
from the corresponding periodic REV Xm (see Fig. 1). For materials
with low permeability contrast between their mesoporous and
microporous networks, Cdb can be immediately calculated using
formula (15), but when the permeability contrast is high enough,
the pressure diffusion inside the microporous skeleton leads to
additional energy dissipation and thus strongly affects Cdb, which
must be calculated using formula (12) containing the function F d

related to pressure diffusion. The microporous material of the
skeleton (saturated with a fluid of dynamic viscosity g) is charac-
terised by the dynamic and static pressure diffusivities, DmðxÞ
and D0m � Dmð0Þ, respectively, defined according to the formulae
(8). The function F dðxÞ depends on DmðxÞ and also on a dynamic
pressure diffusion BdðxÞ, according to the formula (14). The
dynamic function Bd is very similar to the dynamic thermal perme-
ability Hp. It is calculated as the average of a scalar field ~h over the

entire REV, see Eq. (B.15) below, although this time ~h is defined in
Xps as the complex amplitude of local pressure fluctuations in the
micropores around the constant pressure in the pores, whereby this
difference is suitably scaled to the permeability unit (i.e. metre
squared). Note that for the sake of brevity of the formulae presented
below, we use the same symbol ~h for the field associated with pres-
sure diffusion as for the field related to thermal diffusion, although
they are physically different fields defined in different domains.

As mentioned above, the phenomena related to thermal diffu-
sion in the pores and pressure diffusion in the micropores are for-
mally described by the same kind of boundary value problem,
although in different subdomains, i.e. in Xpf or Xps, respectively.
Thus, for each computational frequency x, the scaled equations
of the oscillatory thermal flow or pressure diffusion can be
expressed as follows

ix
D

~h�r2~h ¼ 1 in XI ðB:12Þ
~h ¼ 0 on Cp; ðB:13Þ

where D ¼ mt and XI ¼ Xpf in the case of thermal diffusion,
whereas D ¼ DmðxÞ � D0m and XI ¼ Xps in the case of pressure

diffusion. In addition, the unknown scalar field ~hðxÞ, being
Xp-periodic, must satisfy periodic boundary conditions at the
respective lateral boundaries of the periodic representative cell



Table C.1
Measurements of static airflow resistivity.

r0m (Pa�s=m2)

Measurement 1 32320283
Measurement 2 32509749
Measurement 3 31780556
Measurement 4 32094197
Measurement 5 32481866

Average (std.dev.) 32237330 (3041146)
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Xp. Note that even for double-porosity media, the thermal diffusion
problem (defined in the main pore network) is solved in Xpf ,
assuming the entirely isothermal boundary Cp (thermal effects
are neglected in the micropores). Similarly, the pressure diffusion
problem is solved independently in the Xps domain. After the solu-
tion has been found for the problem defined in the fluid domain Xpf ,
the dynamic thermal permeability is calculated as the average over
the entire periodic cell, namely

HpðxÞ ¼ /ph~hðxÞiXpf
: ðB:14Þ

In the case when the problem is solved in the skeleton domainXps, a
similar dynamic function is computed for pressure diffusion as

BdðxÞ ¼ /dh~hðxÞiXps
: ðB:15Þ

In practice, both HpðxÞ and BdðxÞ can often be accurately
approximated using the scaling function (A.1). Then, in the case
of thermal diffusion: X0 ¼ H0p, while xc ¼ xtp;M ¼ Mtp, and
P ¼ Ptp are determined using formulae (6) together with the ‘sta-
tic’ thermal parameters H0p and a0tp, computed from the ‘static’

field h � ~hð0Þ, and the characteristic length Ktp, defined as follows

H0p ¼ /phhiXpf
; a0tp ¼

hh2iXpf

hhi2Xpf

; Ktp ¼ 2

R
Xpf

dXR
Cp

dC
: ðB:16Þ

Similarly, in the case of pressure diffusion: X0 ¼ B0d, while
xc ¼ xd;M ¼ Md, and P ¼ Pd are determined using formulae
(13) and the following ‘static’ parameters and characteristic length

B0d ¼ /dhhiXps
; a0d ¼ hh2iXps

hhi2Xps

; Kd ¼ 2

R
Xps

dXR
Cp

dC
: ðB:17Þ

Note that Kd=/d ¼ Ktp=/p. In both cases, the ‘static’ parameters are
found from the solution h of the corresponding Poisson’s problem

�r2h ¼ 1 in
Xpf — in the case of thermal diffusion;
Xps — in the case of pressure diffusion;

�
ðB:18Þ

h ¼ 0 on Cp; ðB:19Þ
obtained by setting x ¼ 0 in Eqs. (B.12) and (B.13).

Appendix C. Characterisation of microporous material and 3D-
printed single-porosity samples

C.1. Properties of microporous material

The airflow resistivity of the microporous material was mea-
sured using a Mecanum Static Airflow Resistivity Meter, Model SIG
2011, according to ISO standard [77]. The measurements were per-
formed on four identical microporous discs (100mm in diameter
and 14:9mm thick) manufactured for the purpose. The discs were
3D printed in CJP technology using the same device, process param-
eters, material (i.e. gypsum-based powder) and binder as used for
the CJP samples studied in Section 3. The edges around each mea-
sured disc-shaped sample were sealed with vacuum grease to
ensure no air leakage gaps. The airflow resistivity was measured
for one disc at a time. An additional measurement was performed
on one of the discs to obtain more data for statistical analysis, and
to account for changing experimental conditions throughout the
measurement process. Table C.1 presents the static airflow resistiv-
ity measured for the discs, as well as the average value for all mea-
surements and standard deviation. Based on these very consistent
results, the static, viscous permeability K0m of the microporous
material (present in all non-impregnated CJP samples) can be
assessed with high reliability as K0m ¼ g=r0m � 5:7 � 10�13m2
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(here: r0m ¼ 32:24MPa�s=m2 is the average value from Table C.1,
and g ¼ 1:847 � 10�5 Pa�s is the dynamic air viscosity determined
for the ambient conditions occurring during the measurements of
airflow resistivity, i.e. at 25	C). This value ensures the appropriate
high permeability contrast when compared with the permeabilities
K0p (of order 10

�8m2) of the designedmain pore networks. The disc
samples were also used for the microporosity measurements dis-
cussed below.

The open porosity was measured with a Mecanum Open Porosity
& Density Meter, Model PHI 2011 [78], for: (i) four non-
impregnated, i.e. microporous CJP discs – the result was 42.6%;
(ii) four non-impregnated, i.e. double-porosity CJP samples – the
result was 73%; (iii) four impregnated, i.e. single-porosity CJP sam-
ples – the result was 52.5%. The result obtained for the discs is
obviously the microporosity /m ¼ 0:426 of the material made in
the CJP technology using the indicated 3D printer, powder and bin-
der, while the result measured for the non-impregnated samples is
the average total open porosity /t ¼ 0:73 of these double-porosity
structures. The impregnation process closes the micropores. There-
fore, the result measured for the impregnated samples is the aver-
age porosity /p ¼ 0:525 of their main pore networks. Note that the
porosity relationship holds, i.e. /t ’ /p þ 1� /p

� �
/m.

To relate the microporosity to the average grain size of the gyp-
sum powder used for 3D printing, the particle size distribution of
the dry powder was measured with a Mastersizer 3000 laser gran-
ulometer manufactured by Malvern Instruments. As the particles
may be initially agglomerated, the dry powder disperser Aero S
was used to disperse the particles without breaking them. The dis-
persion pressure was set to 3bars. Fig. C.1 shows the measured
particle size distribution and demonstrates that the grain size
range is large, namely the smallest particles have sizes (defined
as diameters of the equivalent spheres) less than 1lm, while the
largest particle sizes are around 140lm. The volumetric average
is 41lm, however, when studying viscous flows through a packed
bed of particles, more appropriate is the so-called Sauter mean
diameter, a.k.a. the volume–surface mean diameter, defined as
the diameter of a sphere that has the same volume-to-surface area
ratio as the entire set of particles [79,80]. It is 17lm in the case of
dry gypsum powder. On the other hand, it should not be forgotten
that in the 3D-printed material, the grains may be agglomerated
and are coated with a binder, so that the effective average diameter
of grains in CJP samples should be slightly larger. When this value
is set to 20lm (i.e. the effective grain radius is Rg ¼ 10lm), then,
for such a simplified granular medium represented by a single
grain diameter and (measured) open porosity /m ¼ 0:426, the vis-
cous permeability calculated from the first formula in Eqs. (D.1)
corresponds to the measured value K0m � 5:7 � 10�13m2.
C.2. Acoustic characterisation of the macro-parameters of 3D-printed
samples with single porosity

Macro-parameters associated with the porous networks of the
single-porosity samples can be characterised by acoustic measure-
ments. The procedure can be briefly explained as follows. A porous



Fig. C.1. Particle size distribution of the gypsum powder used for 3D printing.
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sample of known thickness is tested twice in an impedance tube
(equipped with two microphones), so that during successive mea-
surements of the surface acoustic impedance, the same sample is
backed by an air gap of two different thicknesses. Based on the
two measured acoustic impedances and the a priori known impe-
dances of both air gaps, one can determine the effective character-
istic impedance ZpðxÞ and complex wave number kpðxÞ (or
propagation constant) for the porous material, as shown by Utsuno
et al. [81]. Alternatively, the three-microphone technique can be
used [82,83]. The advantage is that no air gaps behind the tested
sample are required in these measurements. Once Zp and kp have
been determined, the effective density .pðxÞ and the effective
compressibility CpðxÞ, or better its reciprocal 1=Cp, i.e. the effective
bulk modulus, are calculated as .p ¼ Zpkp=x and 1=Cp ¼ xZp=kp,
respectively. As demonstrated by Panneton and Olny [84,85] and
Jaouen et al. [86], these two directly measured effective properties
can be used to determine the macro-parameters of the porous
material required by the JCA and JCAL models, see Appendix A
along with the formulae (4) and (6). For example, the porosity
can be estimated from low- and high-frequency asymptotes of
the real part of the effective bulk modulus [87],
viz. /p ¼ P0=limx!0Reð1=CpÞ ¼ cP0=limx!1Reð1=CpÞ, while the sta-
tic airflow resistivity from the imaginary part of the effective den-
sity, viz. r0p ¼ limx!0ð�xIm.pÞ. Recall that the latter is directly
related to the (fluid-independent) static viscous permeability,
viz. K0p ¼ g=r0p. This approach is known as analytic inversion or
indirect method. Another possibility is purely inverse methods that
involve curve fitting procedures, see e.g. [88–90]. In general, these
methods are easier to implement but can lead to inconsistent or
Table C.2
Macro-parameters for single-porosity samples: characterisation results from acoustic mea

Method Type ‘p /p r0p

Method Type mm % Pa�s=m2

Characterisation SLA 3 46 (3) 1300 (10
from samples impreg.CJP 3 49 (1) 1300 (10

REV-based CAD 3 44.1 1255
numerical SLA 3 41.7 1678
calculations CJP 3 49.6 1357

Characterisation SLA 4 46 (2) 700 (100
from samples impreg. CJP 4 51 (1) 700 (100

REV-based CAD 4 44.1 706
numerical SLA 4 42.3 879
calculations CJP 4 50.7 694
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non-physical output parameter sets. In this study, the single-
porosity samples were characterised using the indirect method
(with the three-microphone technique) in conjunction with the
Bayesian minimization procedure to take advantage of both
approaches. This enabled to constrain the curve fitting procedure
to physical parameters and their associated uncertainties while
refining the statistical analysis. Finally, to ensure the accuracy of
the characterisation, the airflow resistivity and porosity of samples
were measured directly according to Refs. [77,78], respectively.

Table C.2 shows the macro-parameters characterised by acous-
tic measurements of four impregnated CJP samples and four SLA
samples. Additional SLA specimens were produced and tested to
enrich the statistics. The averaged values are presented for the
samples of the same cell size and their standard deviations are
given in parentheses. For convenience, the corresponding results
of numerical analyses of visco-inertial and thermal effects in the
respective REV have been copied from Table 3 for comparison. Rel-
evant results calculated for the original (i.e. not updated) REV of
CAD models used to 3D print samples are also included. To analyse
the uncertainties in the characterisation of parameters and the
manufacturing process, Table C.3 allows for a collective compar-
ison of the results obtained by experimental characterisation and
numerical simulations. Here, the values of a parameter charac-
terised from all single-porosity samples of the same cell size ‘p
served as statistical data to determine the appropriate mean value
(with the standard deviation given in parentheses). The same pro-
cedure was applied to the results of numerical simulations carried
out on the REVs of the same size ‘p. For the convenience of compar-
ison, even the numerically obtained mean values of airflow resis-
tivity r0p and their standard deviations were rounded up in this
surements compared to numerical calculations based on REV.

H0p Kvp Ktp a1p

10�10m2 lm lm –

0) 199 (22) 460 (51) 1028 (542) 1.85 (0.03)
0) 187 (24) 322 (19) 592 (116) 1.85 (0.07)

609 678 1097 1.78
538 623 1038 1.91
772 631 1149 1.92

) 323 (83) 560 (106) 927 (246) 1.82 (0.07)
) 267 (33) 384 (32) 768 (292) 1.88 (0.06)

1082 904 1462 1.78
986 850 1403 1.87
1440 862 1562 1.88



Table C.3
Collective comparison of the characterisation and simulation results.

Method ‘p /p r0p H0p Kvp Ktp a1p

Method mm % Pa�s=m2
10�10m2 lm lm –

Characterisations 3 46 (3) 1300 (100) 197 (23) 425 (77) 919 (503) 1.85 (0.03)
REV calculations 3 45 (4) 1500 (200) 640 (120) 644 (30) 1095 (56) 1.87 (0.08)

Characterisations 4 47 (3) 700 (100) 314 (79) 516 (121) 885 (259) 1.84 (0.07)
REV calculations 4 46 (5) 800 (100) 1169 (293) 872 (28) 1476 (80) 1.84 (0.06)
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table to the precision available in direct measurements of this
parameter.

In general, the identified values of porosity /p and tortuosity
a1p agree with their numerically calculated counterparts. Also,
the acoustically determined values of the static airflow resistivity
r0p correspond very well with the results calculated from the
numerically determined static viscous permeability K0p, especially
in the case of CJP samples and in the collective comparison, see
Table C.3. On the other hand, the characteristic lengths have not
been correctly identified: they are significantly smaller than their
numerically calculated counterparts; the latter are as expected,
i.e. Kvp is slightly larger than the radius of the cylindrical channels
connecting the pores and Ktp is greater than 2

3 of the pore radius. It
is known that the correct identification of the characteristic
lengths, especially Kvp, is difficult and is usually achieved with lit-
tle accuracy [84]. Nevertheless, a comparison of the cumulative
values of the characteristic lengths given in Table C.3 shows mod-
erate agreement when their standard deviations are also taken into
account.
Appendix D. Estimation of macro-parameters for granular
media

Let /m be the porosity of a granular medium and Rg the (aver-
age) grain radius. The macro-parameters for such media can be
estimated using the following formulae [91,92]:

K0m ¼ 2�3bþ3b5�2b6

9b3þ6b8
R2
g ; H0m ¼ 5�9bþ5b3�b6

15b3
R2
g ;

Ktm ¼ 2/m
3�3/m

Rg; Kvm ¼ 3�/m
3 Ktm; a1m ¼ 3�/m

2 ;
ðD:1Þ

where b ¼ ð1� /mÞ1=3. The static tortuosities are such that low-
frequency corrections are neglected, i.e. Pvm ¼ Ptm ¼ 1. The
corresponding dynamic viscous KmðxÞ and thermal HmðxÞ perme-
abilities can be determined using the scaling function (A.1) and the
formulae (4) and (6), respectively, in which the subscript ‘‘p” is
replaced by ‘‘m”.
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