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a b s t r a c t

Against multiple sources of experimentally measured data, Attenborough’s acoustic porous media has
proven to be a better predictor of the reverberation cutback for packed beds of near-spherical structures
compared to several other equivalent fluid models. Numerical predictions using Attenborough’s model
were therefore used to illuminate the importance of key pore-structure related parameters of packed
structures on their normal incidence sound absorption spectra. A parametric study was instigated to
account for the influence of void fraction and particle size on predicted broadband sound absorption
properties targeting permeability values in the range of 0.3 to 2.0�10�09m2. This approach could assist
material manufacturers and acoustic engineers in the design of highly efficient and timely packed struc-
tures for applications-specific to sound absorption.
� 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Porous structures are widely used as soundproofing and as
vibration control devices. Professionals in the field of environmen-
tal noise pollution and public health have legislated for the wider
application of porous materials in reducing indoor and outdoor
noise pollution (Voronina and Horoshenkov, 2003). Typical exam-
ples of these porous soundproofing materials are natural fibres
(wool, hemp, cotton, fur and felt (Kino and Ueno, 2008)), synthetic
fibres (polyester, polyurethane, kevlar and melamine (Jorges and
Malcom, 2010; Otaru, 2019a), porous metallic/ceramic structures
(Otaru, 2019a; Hinze and Rosler, 2014; Li et al., 2014; Otaru,
2019b, Otaru et al., 2018; Chevillotte et al., 2010; Caniato et al.,
2020) and packed structures (Dung et al., 2019; Attenborough,
1983, Voronina and Horoshenkov, 2004; Kumar et al., 2006;
Horoshenkov and Swift, 2001; Hamad 2015; Eyo, 2020). The use
of these materials in either their naturally occurring or synthetic
forms have proven useful in reverberation cutback. However,
acoustic engineers are continuously engaged in improving the
overall performance of soundproofing materials; such as those
used in sports halls, auditoriums, places of worship, factory spaces,
designs for car catalytic converters (car mufflers) and aerospace
technologies; to the reflection of sound by ground surfaces and
studies of acoustic-to-seismic coupling for the estimation of the
soil characteristics of porous ground surfaces (Attenborough,
1983). Analogous research work in (Voronina and Horoshenkov,
2003; Otaru et al 2019a; Dukhan, 2013, Zieliński, 2015; Perrot
et al., 2008) have examined several porous soundproofing materi-
als for this purpose, with a significant number of authors highlight-
ing the relative importance of packed structures.

Packed beds are mostly used as constructs that interact with
fluids and heat (Oahimire and Olajuwon, 2014), however, there is
an applicable use for these structures as sound-absorbing materi-
als. Generally, the permeability (k0) of packed or granular materials
is described (Dybbs and Edwards, 1984; Otaru and Kennedy, 2019)
as the most important intrinsic property of the porous media and
by the Kozeny-Carman empirical relation (Eqn 1), which is
expressed as a test function of the Kozeny constant (K), particle
size (Dp) and void fraction (e) of the packed structures (Carman,
1956). The accuracy of this empirical model (Eqn 1) to within
experimental scatter is described in (Otaru and Kennedy, 2019)
to be contingent on the exact use of the Kozeny constant (K). This
constant is described in (Ergun, 1952) to vary between 4.5 and 5.1
due to the complicated pore nonuniformity of porous media. This
anisotropy can be described by the tortuosity (s) of the porous
s, Jour-
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medium and can vary inversely for structures of different packing
densities and sizes. Based on experimentally measured permeabil-
ity data, Carman (1956), Alsayed and Amjad (1996) proposed
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the tortuosity value for granular packed structures. The proposed
tortuosity value was reportedly valid for spherical structures but
can deviate significantly for complex/consolidated porous materi-
als characterised by non-spherical packed structures with a broad
size distribution. Du Plessis and Fourie (2002), Ergun (1952)
assigned an analytical expression for the tortuosity of highly por-
ous (0:88 � e � 0:98) microcellular structures as a test function
of open-cell porosity (e) based on a geometrical modelling of the
internal structure of the porous matrices. Their proposed model
was used to determine the dynamic tortuosity of ‘‘bottleneck-
type” microcellular structures in (Otaru et al 2019a; Otaru et al
2019a) – with reasonable agreement between numerically pre-
dicted and experimentally measured values of their sound absorp-
tion spectra. A analytical expression for the high frequency limit of
dynamic tortuosity was proposed by Umnova et al (2000), Du
Plessis and Fourie (2002) for oscillatory flow in an air-dominated
stack of fixed identical rigidly packed spheres. Reasonable agree-
ment between predicted tortuosity values, published data and
numerically simulated results for tortuosity of random and simple
cubic packed spheres were established. Based on a workable repre-
sentative cubic cell volume, Du Plessis and Masliyah (1991),
Umnova et al (2000) provided an analytical expression for the
dynamic tortuosity of isotropic granular media with reasonable
correlation when compared to experimental measurements. Using
a local volume averaging approach, Bear and Bachmat (1990) pro-
vided a mathematical continuum framework for addressing the
tortuosity of monosized packed granules. The significant deviation
between their predicted values and experimental measurements
led to the modification of the macroscopic tensor in their model
by Ahmadi et al (2011), Bear and Bachmat (1990) thereby reducing
this disparity. Based on experimental conductivity measurements
for freely overlapping spheres, Weissberg (1963), Bear and
Bachmat (1990) provided an analytical tortuosity model as a test
function of sample porosity with strong validation through exper-
imental measurements characterised by void fractions between
0.36 and 1.0. Their work was also validated in Barrande et al
(2007), Ahmadi et al (2011) despite the assumption of overlapping
spherical structures being erroneous. Table 1 presents some of the
analytical tortuosity models as a test function of void fraction of
porous structures available in the literature.

The packing and arrangement of granular materials has the
potential to reduce total sound against variable degrees of vibrat-
ing frequencies. An understanding of the pore morphological fea-
tures and pore-structure related properties (non-acoustical
properties) of the porous media may provide an insight into their
acoustic behaviour. Analogous research work on the application
of granular media for sound absorption control used either exper-
imentally or pore-level numerical modelling and simulation
approaches to account for these non-acoustical parameters. Typi-
cal examples of these parameters are permeability (k0), void frac-
tion (e), kinematic tortuosity (s), dynamic shape factor (m), and
steady flow shape (s) factor (Attenborough, 1983). Though, the
two shape factors in (Attenborough, 1983) were replaced with
viscous (LV ) and thermal characteristic length (LT) to account for
the visco-inertial and thermal dissipating mechanism for higher
Table 1
Tabular representation of tortuosity models for porous structures substantiated in the lite
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frequency applications (Horoshenkov and Swift, 2001; Johnson
et al., 1987). Other non-acoustic pore-structure related parameters
are static thermal tortuosity (sT), static thermal permeability (kT)
and static viscous tortuosity (s0), and are used (Otaru, 2019a;
Zieliński, 2015, Pride et al., 1993) along with other parameters to
account for the acoustical properties of structures characterised
by non-uniform sections and possible constrictions. Proposed
models using these non-acoustical properties of porous media
are used for evaluating their surface acoustic impedance (ZC), com-
plex propagation coefficient (k) and dimensionless normal inci-
dence absorption coefficient (AC). These acoustic porous media
models are classified into empirical (Dung et al., 2019), phenome-
logical (Mikki, 1990), and semi-phenomelogical (Perrot, 2006)
models. These models can be described as equivalent fluid models
when used for granular media (Dung et al., 2019; Attenborough,
1983).

Comparable research work on the determination of the acousti-
cal properties of granular materials can be traced back to the work
of Attenborough (1983). This work developed acoustic porous
media models to predict the complex propagation coefficient and
surface acoustic impedance of rigid fibrous absorbent soil and
sands, yielding acceptable agreements with experimental data. A
more compelling model was developed to account for the acousti-
cal properties of granular media based on a log-normal size distri-
bution of tortuous slit-like pores (Attenborough, 1993). The model
makes use of the Bruggemann correlation (Otaru, 2019a) linking
kinematic tortuosity to void fraction (s ¼ e�0:5) and the Kozeny-
Carman equation to approximate the permeability (or flow resis-
tivity) of the granular media. Based on a Pade’ approximation
approach in (Horoshenkov et al., 1998), a simpler model for pre-
dicting the sound absorption spectra of porous granular materials
with some assumed pore geometry and pore size distribution close
to log-normal was reported in (Horoshenkov and Swift, 2001). This
approach was ascribed to give a better predictive scatter to other
equivalent fluid models. Kim and Lee (2010) reported numerically
predicted results for the sound absorption spectra for porous con-
crete using ‘‘real” and ‘‘virtually-created” packed structures. The
combined effects of particle size and packing geometry on the inci-
dence plane wave developed across air-filled beds of granular
materials were reported in (Kumar et al., 2006). Their study
showed the dependence of natural frequencies, acoustic attenua-
tion, and speed of sound on the void fraction of the granular med-
ium. An examination of the physical properties of loosely packed
granular beds on their acoustic absorption spectra was reported
in (Voronina and Horoshenkov, 2003) and a simple empirical rela-
tionship proposed to relate a number of measurable pore-structure
related properties of the loosed beds.

Zieliński (2015) reported the determination of the non-
acoustical properties of ‘‘virtual-generated” randomly packed
spheres based on numerical modelling and simulation of fluid
and thermal transport across workable representative cells. These
non-acoustical parameters were used to account for the sound
absorption spectra developed across the porous matrices with rea-
sonable correlation to experimentally measured data. In a related
work (Dung et al., 2019), wall effects and dependency of the ther-
mal characteristic length on particle size of randomly overlaying
packed beds of spheres was studied. This work investigated the
capacity of several equivalent fluid models in numerically predict-
rature.

)s ¼ 2þ 2 cos 4p
3 þ 1

3 cos
�1 2e� 1ð Þ� �� �

s ¼ 1þ 1�e
e

� �
ffiffiffiffiffi
1
3

)
, s ¼ 1� 49

100 ln eð Þ� �
(Ahmadi et al., 2011; Weissberg, 1963) Eq. (1)



A.J. Otaru, Z. Manko, O.E. Odumu et al. Journal of King Saud University – Engineering Sciences xxx (xxxx) xxx
ing the sound absorption spectra of randomly packed spheres and
to further provide a range of non-acoustical properties needed for
the design of highly efficient soundproofing packed structures.

2. Research approach

The approach used in this study is categorised into two stages:
acquisition of pore-structure related properties using randomly
packed structures, as in (Otaru and Kennedy, 2019) and numeri-
cally simulating the sound absorption spectra across macroscopi-
cally defined geometries. The study in (Otaru and Kennedy,
2019) combined discrete element modelling (DEM) and simulation
of packed spheres and computational fluid dynamics (CFD)
modelling and simulation to account for the pressure drop across
a workable representative volume of randomly packed spheres
(1, 2 and 3 mm in sizes). The CFD simulation was carried out in
COMSOL Multiphysics 5.2TM by resolving low velocity Navier-
Stokes equation for selected boundary conditions across workable
volumes – similar to 3D unit cell volumes reported in (Hassan
et al., 2014). The inlet and exit sections of the 3D unit cell were
bounded to velocity and zero pressure, respectively, whilst the lat-
eral faces were considered symmetric. The void fraction (between
0.34 and 0.45) of the porous medium was achieved using a nega-
tive of the packed structures with a flow permeability determined
by fitting the computed pressure-velocity data developed across
the packed spheres into a Hazen-Darcy model. This range of void
fraction obtained for the virtually-packed structures is in agree-
ment with experimental analysis on the determination of the
porosity of natural aggregates in (Alsayed and Amjad, 1996) –
using mercury a intrusion porosimetry (MIP) technique. A Kozeny
constant of 4.64 was determined by fitting permeability, void frac-
tion and particle size into a Kozeny-Carman model in (Carman,
1956). This approach is reiterated in this study with more CFD revi-
sion across densely (e ¼ 0:33) packed spheres carried out for differ-
ent particle sizes as shown in Fig. 1. Fig. 1 shows two- and three-
dimensional DEM packed spheres (left) and a velocity streamline/
arrow plot (right) for densely packed (e ¼ 0:33) 2 mm representa-
tive spheres. Concurrence in the values of the Kozeny-constant for
these densely packed structures were found to be in keeping with
equivalent data (R2 � 99 percent) in (Otaru and Kennedy, 2019);
giving an insight into the ability of the well-known Ergun relation
(Ergun, 1952) to accurately predict the pressure drop behaviour for
a viscous-dominated flow regime. The tortuosity of the packed
spheres was determined by the application of several tortuosity
models in (Du Plessis and Fourie, 2002; Umnova et al., 2000; Du
Fig. 1. (a) Left of velocity (m.s�1) streamline/arrow plots of flowing fluid across represent
packed spheres characterised by particle size 2.0 mm and 0.33 void fraction.

3

Plessis and Masliyah, 1991; Ahmadi et al., 2011; Weissberg,
1963; Barrande et al., 2007) and a comparison of the resulting pre-
dicted sound absorption spectra on the measured data for granular
materials available in the literature. The void fraction was deter-
mined by measuring the volume fraction of the Boolean inverted
representative packed structures using a 3D advanced imaging tool
(ScanIPTM module of Synopsys-Simpleware). Additionally, the
mean particle size was achieved by statistically measuring the
average value of watershed segmentation particles of the packed
structures in ScanIP.

The sound absorption spectra developed across these materials
were achieved by numerical modelling and simulation of Helm-
holtz linear acoustic and acoustic porous media models on a
three-dimensional (3D) half-tube geometry in COMSOL Multi-
physicsTM. These acoustic porous media models are Delany
Bazley-Mikki [DBM] Mikki (1990), Johnson et al. (1987), Zwikker
and Kosten (1949), Wilson (1993) and Attenborough models
Attenborough (1983). While the JCA and Attenborough models
require five pore-structure related properties to predict the specific
surface acoustic impedance and complex propagation coefficient of
porous materials, the DBM model is purportedly described (Otaru,
2019a; Attenborough, 1983; Mikki, 1990) to use only permeability
to fully describe the acoustical behaviour of some porous materi-
als. The Zwikker-Kosten and Wilson models are described in
(Zwikker and Kosten, 1949; Wilson, 1993) to use three pore-
structure related parameters to predict the acoustical properties
of porous media. An in-depth understanding of several acoustic
porous media models and their importance are expounded in
(Otaru, 2019a).

The 3D half-tube geometry (Fig. 2b) was created using the
dimensions of a 4-microphone AFD 1200-AcoustiTube� (Otaru,
2019b; Otaru et al, 2018) which consists of a speaker source, trans-
mission tube and specimen sections, as shown by Fig. 2a. The
selected material for all the domains in the geometry, is air, at sat-
urated temperature and pressure, while defining the porous layer
domain as a function of the macroscopic parameters of the porous
medium. The inlet and outlet section of the 3D half-tube geometry
was set to a hard-sound boundary wall with background pressure
field and incidence plane wave of 1.0 Pa (acting in all directions)
applied to the source and tube domains. The sidewall of the geom-
etry was set for periodic boundary conditions, typically, Floquent
periodicity. The likely trade-off between mesh count, convergence
time, and accuracy was achieved by an optimum mesh balance on
a 2D geometry as shown in Fig. 2c. Free triangular mesh structures
were applied to the tube and porous layer domains while mapped
ative packed spheres is a two- and three-dimensional images of virtual macroporous



Fig. 2. (a) An AFD 1200-AcoustiTube� (adapted from (Otaru, 2019b; Otaru et al, 2018)), (b) Three-dimensional half-tube and (c) two-dimensional numerically simulated total
acoustic pressure for 20 mm hardbacked packed spherical structures.
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mesh structures were applied to the source domain. A minimum
edge length equivalent of the minimal wavelength divided by
2000 (i.e. c0=2000f max, where c0 & f max are the speed of sound in
air and maximum frequency limit, respectively) was used for the
meshing parameter while setting the maximum element growth,
curvature factor, and resolution of narrow regions to 1.3, 0.3, and
1.0 respectively. The maximum edge length in the meshing param-
eter section was set by varying the size between c0=100f max and
c0=f max. The peak value of the maximum edge length (c0=f max)
yielded a very coarse mesh with cell density of 32 and significant
deviation; although less is less than 50%, when compared to exper-
imental data (Horoshenkov and Swift, 2001) for sound absorption
coefficients at selected frequencies (100, 1000, 2000, and
4000 Hz). However, selected values of maximum edge length
between c0=100f max and c0=f max yielded a more acceptable devia-
tion that is more than 98% in agreement with experimental data
of sound absorption coefficients (Horoshenkov and Swift, 2001)
for the aforementioned frequencies; resulting in cell densities
between 862 and 33166. A moderate maximum edge length of
c0=60f max (cell density, 11750) was therefore chosen for the 2D
simulation, thereby yielding negligible differences that is less than
0.05% when compared to several acoustic absorption spectra
obtained on a 3D half tube simulation (cell density approximately
7.5MCells). This negligible difference in results obtained for 2D and
3D simulations can be attributed to the resolution of volume aver-
age acoustic porous media model equations that are independent
of the specified domain, but rather on the representative values
of the selected pore-structure related parameters provided. Hence,
all numerical simulation results on sound absorption spectra were
computed in 2D due to its quick convergence time and accuracy. It
is noteworthy to recognise that this approach is different from a
pore-scale approach where the output of the results is largely
dependent on the inherent properties of a workable representative
volume of the porous media (Otaru and Kennedy, 2019; Zwikker
and Kosten, 1949). The normal incidence sound absorption spectra
for several numerical simulations were obtained using the com-
puted specific surface acoustic impedance (Zc) and acoustic charac-
teristic impedance (Zo) of air at S.T.P., described in (Otaru 2019a;
Kim and Lee, 2010). A quantitative assessment of the numerically
simulated sound absorption spectra developed across several
packed spheres was performed (using procedures reported in
Otaru et al. (2018) with the determination of a noise reduction
coefficient (NRC), sound absorption average (SAA), quarter-
wavelength layer resonance peak in absorption (Ap), frequency of
peak absorption (f peak) and half bandwidth (1/2f width). The average
sound absorption coefficient for the twelve one-third octave band
(200–2500 Hz) was determined as the SAA while the NRC was cal-
culated as the arithmetic mean of the sound absorption coefficients
for the one-third octave frequencies (250, 500, 1000 and 2000 Hz).
4

The highest peak in absorption coefficient and variance in the fre-
quencies at the 0.5 absorption coefficient were calculated as the Ap
and 1/2f width respectively. The results of the numerically simulated
total acoustic pressure for 20 mm hardbacked packed spheres are
presented in Fig. 2b and c, for both the 3D half-tube and 2D geome-
tries, respectively.
3. Discussions of results

The accuracy of the numerical model was established by com-
paring the resulting predicted normal incidence absorption spectra
against multiple sources of experimentally measured data avail-
able in the literature, for frequencies between 0 and 7 kHz.
Fig. 3a and b present the predicted and experimentally measured
(Horoshenkov and Swift, 2001) characteristic sound absorption
spectra for spherical glass beads (mean particle size, 0.68 mm,
and pore volume fraction, 0.38) and Coustone (mean particle size,
0.74 mm, and pore volume fraction, 0.40). Experimental values of
tortuosity used for this simulation are specified in (Horoshenkov
and Swift, 2001) as 1.742 and 1.664 respectively. These Figures
show that DBM, Wilson, and Zwikker-Kosten models failed to reli-
ably predict the acoustical behaviour characterised by the packed
spheres. This may be attributed to the fact that these models were
developed to predict the acoustical behaviour characterised by
non-packed granular media. For example, work reported in
(Otaru, 2019a; Otaru et al., 2019a) showed that the Wilson
(1993) model is an accurate predictor of the relaxation behaviour
at the boundary layer of structures characterised by spherical
pores (not spherical particles) and circular openings where there
is a transition in relaxation behaviour (Wilson, 1993; Otaru et al.,
2019a). This geometrical description is hardly identifiable from
‘‘bottleneck-type” structures described in (Li et al., 2014; Lu
et al., 2000), typified by pore-volume fractions between 0.6 and
0.8. The observed inaccuracy of the DBM model to reliably charac-
terise the sound absorption spectra for these granular materials is
also evident in Fig. 3a and b. This could be attributed to their ‘‘phe-
nomenological focus” on high-porosity (fibrous) materials (Otaru,
2019a; Mikki, 1990). These fibrous materials are characterised as
transversely isotropic in their natural state (Otaru, 2019b) with
extremely high pore-volume fraction, typically, beyond 0.95%. It
would, therefore, be reasonable to conclude that the predictive
outcome of normal incidence sound absorption spectra using
DBM models for highly porous materials would provide a better
fit to experimental measurements, as evident in Fig. 3c. This figure
presents numerically predicted and experimental measured (Hinze
and Rosler, 2014) data of the normal incidence sound absorption
spectra for highly porous metallic sponges for different porous
layer thicknesses ranging from 8.0 to 17.5 mm. The experimentally
measured values of permeability (reported in Hinze and Rosler,



Fig. 3. Plots of dimensionless numerically simulated sound absorption spectra against multiple sources of experimentally measured data for (a) 0.68 mm size spherical beads
(Horoshenkov and Swift, 2001), (b) 0.74 mm sized Coustone (Horoshenkov and Swift, 2001) and porous metallic sponges (Hinze and Rosler, 2014) for frequency (Hz).
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2014) for these highly porous metallic sponges are 0.91x10�09m2

(for the 450 sample) and 3.64x10�09m2 (for the 800 sample) with
porosities greater than 95%, for both cases; exceptionally higher
than those recorded for packing beds of structures that reportedly
sit between 0.33 and 0.49 pore volume fractions (Attenborough,
1983; Horoshenkov and Swift, 2001; Otaru and Kennedy, 2019;
Carman, 1956).

Fig. 3a and b show that the JCA and Attenborough’s model reli-
ably predicts characteristic sound absorption spectra of the granu-
lar materials. However, the application of the JCA model requires
the determination of the viscous– and thermal characteristic
lengths of the granular materials using expressions reported in
(Dung et al., 2019). In addition to the values of permeability, tortu-
osity and void fractions provided in (Horoshenkov and Swift,
2001). Predictions with the JCA model could be improved when
the thermal effects are corrected using the so-called thermal per-
meability, that is, by means of another parameter and/or the
enhanced version of JCA model, namely Johnson-Champoux-
Allard-Lafarge (JCAL) model (Otaru, 2019a). The application of
the Attenborough’s equivalent fluid model during simulation
requires the fitting of a shape factor ratio (n ¼ m=

ffiffi
s

p
). This shape

factor ratio is reported in the original work of Attenborough
(1983) to vary between 0.5 and 1.0 for granular media. Fig. 3a
and b shows that using a shape factor ratio of 1.0, the numerically
predicted normal incidence sound absorption spectra of the spher-
ical granular materials completely overlay the experimentally
measured data, better than the application of the JCA model.
Though, the JCA model was originally developed to account for
the acoustical behaviour of motionless skeleton structures charac-
terised by arbitrary pore shapes
5

(Johnson et al., 1987) and irregular pore network influenced by
high pore volume fractions (between 0.8 and 0.95%), saturated by a
Newtonian fluid (Chevillotte, 2010). More so, the exact use of a
shape factor ratio in Attenborough’s model could help in reducing
the gap between predicted and measured acoustical properties for
these structures, as evident in Fig. 3c. It is noteworthy to recognise
that Attenborough’s model (1983) was modified from the Zwikker
and Kosten (1949) model developed for porous materials with
elastic frames. The Attenborough’s model was reportedly valid
for predicting the acoustical properties of rigid fibrous absorbents
and sands using five pore-structure related parameters of the por-
ous media (permeability, pore-volume fraction, kinematic tortuos-
ity, dynamic shape factor, and steady flow shape factor).

Experimental values of the tortuosity (as part of the pore-
structure related properties) used in the numerical simulation
approach in Fig. 3a and b are provided in (Horoshenkov and
Swift, 2001). The influence of the changes associated with varying
tortuosity of porous media is established by the application of sev-
eral void-fraction-dependent tortuosity models available in the lit-
erature (Du Plessis and Fourie, 2002; Umnova et al., 2000; Du
Plessis and Masliyah, 1991; Ahmadi et al., 2011; Weissberg,
1963; Barrande et al., 2007), given by Eq. (1). Fig. 4a and b show
the plots of the numerically simulated normal incidence sound
absorption spectra against experimental measurements (Dung
et al., 2019) for 2 mm [permeability, 3.14x10�09m2] and 5 mm
[permeability, 1.75�10�08m2] mean particle size packed spheres,
respectively. It is evident from these figures that the characteristic
sound absorption spectra obtained using Weissberg (1963) tortu-
osity model (also reported in (Barrande et al., 2007)) completely
superimpose experimentally measured data recorded in both



Fig. 4. Plots of the dimensionless numerically simulated normal incidence absorption coefficient using different tortuosity (si) predictive models against experimentally
measurements (Dung et al., 2019) for packed spheres characterised by (a) 2 mm and (b) 5 mm mean particle size.
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cases. These equitable agreements could allude to the theory that,
the Weissberg’s tortuosity model was developed using experimen-
tal conductivity measurement for freely overlaying packed beds of
spheres (Ahmadi et al., 2011; Barrande et al., 2007) and are highly
accredited by researchers in the field of transport in porous media.
The application of the Weissberg analytical model shows that the
range of tortuosity values obtained for monosized packed struc-
tures used in this work varies between 1.387 (for loosely packed
spheres) and 1.543 (for densely packed spheres). The constant
value of

ffiffiffi
2

p
provided by Carman (1956) as the tortuosity for gran-

ular packed structures sits within the predicted values using the
Weissberg (1963) tortuosity correlation. However, the resulting
predictions of the normal incidence sound absorption spectra in
Fig. 4 convey strong support to the supposition that a generalised
value of the tortuosity of packed spheres is universally untrue
and could lead to inaccuracies when used to evaluate the acousti-
cal properties of near-spherical packed structures.

The potential to improve the sound absorption properties of
packed spheres was studied by assessing the influence of central
pore-structure related parameters of the porous media. Using
Attenborough’s (1983) model with a shape factor ratio of 1.0, the
mean particle size (Dp) and pore volume fraction (e) were varied
within limits that would be realistically possible for packed beds,
as previously reported in (Horoshenkov and Swift, 2001; Carman,
1956) to influence the permeability and tortuosity of porous
media. Fig. 5a and b present the changes associated with the sound
absorption spectra of packed spheres for varied particle sizes and
pore volume fraction, respectively. As expected, the sound absorp-
tion spectra varies discordantly with changes to these pore-
structure related parameters. The contacts between the vibrating
air and the walls of the packed particles are described in (Zhang
and Zhao, 2007) to dissipate a significant amount of heat energy
at audible frequencies, typically, beyond 1 kHz. At lower frequen-
cies, interparticle collision is described (Olny and Panneton,
2008; Allard and Champoux, 1992) to be elastic with little or no
dissipated energy confined to large wavelengths. These figures
show that the highest quarter-wavelength layer peaks in absorp-
tion (Ap) are obtained at audible frequencies, typically, between
3.0 and 4.0 kHz. This peak was reportedly (Li et al., 2014; Otaru
et al., 2019a) identified to exist for frequencies between 2.0 and
3.0 kHz for ‘‘bottleneck-type” microcellular structures made by
replication casting techniques. However, a significant dip in the
characteristic absorption spectra beyond the 3 kHz frequency mark
was observed in their work (Li et al., 2014; Otaru et al., 2019a),
6

thereby, yielding a lesser half broadband width when compared
to the packed spheres used herein. Fig. 5a and Table 2 show that
the highest absorption peak (0.964) and half broadband width
(2730 Hz) were observed for the 1 mm mean particle size struc-
tures – with an improved shift in absorption spectra to the fre-
quency minima. However, lower sound absorption properties are
obtained for the 3 mm packed structures and a shift in quarter
wavelength layer peak in absorption to the frequency maxima is
also observed. Fig. 5a also shows the sound absorption spectra
for packed beds typified by mean particle size between 0.2 and
0.5 mm (smaller size packed structures) as discussed later.

Fig. 5b shows that the reduction in the pore-nonuniformity
(tortuosity) of the packed bed (resulting from increasing void frac-
tion from 0.33 to 0.43), effectively reduces their sound absorption
spectra with a shift in the quarter wavelength layer peak in sound
absorption to the frequency maxima. This change may be attribu-
ted to the varied pore spaces available for the propagation of pres-
sure waves which is observably highest for the densely packed
structures, typified by a pore volume fraction of 0.33, and lowest
for the loosely packed structures. The negligible difference in the
sound absorption spectra for these packing arrangements
(Fig. 5b) at extremely high frequencies (beyond 4000 Hz) could
be attributed to the unchanging wall effects exhibited by these
packed structures. A measure of the specific surfaces (ratio of sur-
face area to the volume) for the workable representative matrices
(Fig. 5b) indicates a negligible difference in values observed for the
different packing densities. However, differences in measured
specific surfaces of the packed structures characterised by different
particle sizes were significant, highest for the smallest particle size
structures and lowest for the largest particle size structures. Fur-
thermore, the numerically simulated sound absorption spectra
presented in Fig. 5a and b provide an insight into the belief that
densely packed structures enable the penetration of longer-
wavelengths (Chevillotte, 2010) whilst differences in particle size
results in the changes associated with an increase of thermal
boundary layer at audible frequencies (Dung et al., 2019; Olny
and Panneton, 2008).

Fig. 5a shows that the numerically predicted normal incidence
sound absorption spectra for large size packed spheres are quite
poor, even when approximated as densely packed. Continuous
improvement of the sound absorption properties was, therefore,
limited to smaller sized spheres, by studying the acoustical proper-
ties of structures characterised by 200 and 500 mm mean particle
size. Fig. 5a shows that the extent to which the packed structures



Fig. 5. Plots of the dimensionless numerically simulated normal incidence absorption coefficient for varying (a) particle size and (b) pore volume or void fraction while (c)
represents plots of predicted sound absorption properties against flow permeability for particles in the range of 0.2 – 4.0 mm and void fractions between 0.33 and 0.49.

Table 2
Tabulated values of pore-structure related parameters and sound absorption properties of packed spheres.

ds (mm) Ɛ k0/10�09 [m2] s[–] SAA [–] NRC [–] Ap [–] fpeak [HZ] 1/2fwidth [HZ]

2.00 0.337 1.836 1.533 0.186 0.111 0.962 3200 1920
0.363 2.938 1.497 0.156 0.095 0.890 3300 1725
0.395 4.204 1.455 0.140 0.087 0.813 3400 1685
0.429 6.155 1.415 0.124 0.078 0.723 3500 1500

1.00 0.33 0.476 1.543 0.326 0.194 0.964 2900 2730
3.00 3.720 0.128 0.066 0.864 3300 1500
0.50 0.120 0.370 0.236 0.660 2750 Nil
0.20 0.019 0.181 0.146 0.388 6500 Nil
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thrust back pressure wave (characterised by reduced quarter-
wavelength layer peak in sound absorption) were obtained for
these smaller size spheres, that are densely packed (e ¼ 0:33). A
significant improvement in the characteristic sound absorption
properties of the packed spheres was achieved by increasing the
available pore spaces of the smaller size packed structures. The
combined values of their sound absorption properties (NRC, SAA,
and Ap) for all packed spheres were plotted against their flow per-
meability values as shown by Fig. 5c. This figure indicates that
improved sound absorption properties are observably high for per-
meability values between 0.3 and 2.0�10�09m2. Observations from
the raw data show that this range of permeability values is
attained for 500 mm loosely packed (void fractions between 0.43
and 0.49) and 1000 mm densely packed (void fractions between
0.33 and 0.37) spherical structures. A strong indication that, for
varied pore volume fractions, optimum sound absorption proper-
ties of packed spheres exist in structures characterised by mean
7

particle sizes between 500 and 1000 mm. Fig. 5c also demonstrates
that, outside this range of optimal mean particle size and flow per-
meability values, the characteristic sound absorption properties
are evidently poor and reverberation cutbacks are observably less
than half for most cases.

Finally, further improvements in the characteristic sound
absorption properties for the optimally selected samples were
done by the insertion of an air gap (AG, also known as back cavity
(Otaru, 2019a)) and increased porous layer thickness (AT) and
numerically simulating their normal incidence sound absorption
spectra against frequency, as shown in Fig. 6. These figures show
that higher broadband noise control and a shift in the quarter
wavelength layer peak in resonance absorption to the frequency
minima were recorded in both cases, but, improved for the back-
cavity application. This approach demonstrates the importance of
back cavity application over improved porous layer thickness at
lower frequencies (typically, between 0 and 2000 Hz) and in terms



Fig. 6. Plots of dimensionless numerically simulated normal incidence sound absorption coefficient for increasing air gap (back cavity) and porous layer thickness for
optimally selected pore-related parameters (a) Particle size, 0.5 mm & void fraction, 0.49 and (b) particle size, 1 mm & void fraction, 0.33. Fig. 6c. Plot of total acoustic pressure
of 2D incidence plane wave on porous sample supported with an air gap or back cavity.
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of cost-benefit and load-impact advantages, this approach would,
therefore, be suitable for the range of the optimally selected
packed spherical structures.

4. Conclusion

This work provides an insight into the propensity of Attenbor-
ough’s equivalent fluid model as an accurate predictor of the char-
acteristic sound absorption spectra typified by packed spheres and
which conspicuously overlays experimental measurements when
compared to other equivalent fluid models. Numerical predictions
using Attenborough’s model were able to demonstrate the reliabil-
ity of the characteristic sound absorption spectra on the impor-
tance of pore-structure related parameters (permeability, particle
size, and pore-volume fraction) of the packed spheres. Significant
improvements in the characteristic sound absorption spectra cou-
pled with a shift in the quarter wavelength layer frequency reso-
nance absorption to frequency minima were achieved by
targeting permeability values in the range between 0.3 and
2.0�10�09m2 and the implementation of back-cavity and increased
porous layer thickness for highly efficient sound absorption. This
approach could lead to desirable and timely packed structures cap-
able of reducing noise pollution by more than half.
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