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A recent key challenge in noise engineering is the development of structures or materials that achieve
desirable acoustic performance in practical settings. Combinations of porous layers and perforated plates of-
fer potential composite absorbers for various acoustic applications. The present work conducts experimental
characterizations of sound absorption performance of absorbers based on membrane foams combined with per-
forated plates. Membrane foams with the well-controlled cell size and porosity are fabricated by milli-fluidic
tools, whereas perforated plates are made within a tuned perforation ratio. The three-microphone method is
used to perform the acoustic measurements. The results obtained from ten combination samples reveal that
the sound absorption behavior of the foam-based layers can be successfully tailored and improved by a thin
perforated plate within a reasonable hole diameter and spacing while maintaining the total thickness of the

composite absorber.
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1. Introduction

Undesirable or harmful outside sounds, produced
primarily by mechanical equipment, daily activities,
and industrial processes, have a significant impact on
both human and equipment performance. Designing
sound-absorbing materials for real-world applications
is one of the most frequent issues faced by acoustic
engineers (ATTENBOROUGH, VER, 2006). Along this
path, man-made materials (e.g., cellular foams, fibrous
structures, particle-packed media) are showing their
great potential for various acoustic applications in
civil, automotive and aerospace engineering (ARENAS,
CROCKER, 2010). Due to the small size of the inter-
connected pores in porous media, the sound absorption
performance of these materials is governed by the ther-
mal and viscous dissipations occurring inside the
pores (ALLARD, ATALLA, 2009). The relationship be-
tween the microstructure and the properties of porous

absorbers can be characterized by different approaches
(SAGARTZAZU et al., 2008), which can guide the design
of the required sound absorption coefficients (SAC).

The most popular models for characterizing sound-
absorbing materials fall into three main groups: semi-
empirical, semi-phenomenological, and phenomenolog-
ical ones (SAGARTZAZU et al., 2008; ALLARD, ATALLA,
2009). With the help of analytical, numerical and ex-
perimental advances, our understanding of the ma-
terial behavior is improving. A porous medium with
a rigid skeleton is represented by two frequency-
independent factors, namely the complex density and
complex bulk modulus (known as the equivalent fluid
method (ALLARD, ATALLA, 2009)). Based on this
powerful framework, the functional properties of the
acoustic materials can be well modeled and charac-
terized. The effective macro-scale properties are then
numerically determined by finite element analysis us-
ing three alternative methods (ZIELINSKI et al., 2020):
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direct numerical simulations, direct multiscale homog-
enization, and hybrid multiscale homogenization. In
the first framework, acoustic properties can be esti-
mated from the solution of the uncoupled (thermovis-
cous) linearised Navier—Stokes equations. In the sec-
ond technique, the macro-scale complex characteris-
tics are defined from dynamic viscous and thermal
permeability functions computed directly by a mul-
tiscale model (see (GASSER et al., 2005; LEE et al.,
2009)), while the third approach allows comput-
ing a set of transport properties (i.e., characteris-
tic lengths, permeabilities, tortuosities) to derive the
final acoustic absorption, (see (PARK et al., 2017,
TRINH et al., 2022b)). From these known macro-
scopic transports, the above complex factors can also
be calculated by the semi-phenomenological models,
such as the Johnson-Champoux—Allard—Pride-Lafarge
(JCAPL) model, known as the 8-parameter model.
Based on the standard tube testing, acoustical and
non-acoustical parameters of sound absorbing mate-
rials can be determined directly or indirectly (PAN-
NETON, OLNY, 2006; OLNY, PANNETON, 2008; SALIS-
sou, PANNETON, 2010). With the help of advanced
computing tools, the development of optimized prop-
erties of sound-absorbing materials can now be done
through machine learning and artificial intelligence ap-
proaches, where the computational cost can be sig-
nificantly reduced by generating new data from the
limited computational or experimental data (ZHANG
et al., 2021; TRINH et al., 2022a).

Owning to the high sound absorption, foam-based
absorbers have been widely developed based on the
theoretical understanding, simulation knowledge or ex-
perimental evidence (YANG et al., 2015; PARK et al.,
2017; LaNGLOIS et al., 2020). For single foam lay-
ers at different pore scales (TRINH et al., 2019; LAN-
GLOIS et al., 2020), various local morphologies ranging
from open-cell (LANGLOIS et al., 2020; TRINH et al.,
2022b) to membrane (TRINH et al., 2019) structures
have been designed by either the typical foaming pro-
cess (PARK et al., 2017; TRINH et al., 2019) or the
3D-printing technique (ZIELINSKI et al, 2022). On
the other hand, several references have demonstrated
a great improvement (e.g., low-frequency or high av-
erage absorption) in the absorption capacity by us-
ing multi-layer (BOULVERT et al., 2019) or compos-
ite (TRINH et al., 2022b; BORELLI, SCHENONE, 2021)
absorbers filled with foams or fibers, and perforated
plates can be employed as the potential sub-layers in
composite absorbers for tuning the overall system re-
sponse (L1U et al., 2017; DUAN et al., 2019).

The noise control engineering often requires spe-
cific acoustic properties for a wide frequency range
(BOULVERT et al., 2019) and other functions, e.g.,
anti-flaming, high strength, and high heat conduction
(GASSER et al., 2005; JAFARI et al., 2020; KOSALA,
2024). For this reason, a systematic investigation of

the sound absorption of composite absorbers based on
solid foam and perforated plate should be addressed.
In this respect, the inner components of the composite
absorbers (CA) considered in this study are membrane
foams with controlled cell size and some configurations
of perforated facings, and the absorption peaks as the
quarter-wavelength resonances of the foam layer are
modified by the presence of perforated facing.

2. Materials and experiments

Figure 1 illustrates the structure of the composite
absorber, which includes a membrane foam layer and
a facing perforated plate.

Perforated plate ~ Foam Rigid
backing

Incident
sound

Partially
closed

Fig. 1. Illustration of the sound absorber configuration
and the foam characteristics.

Table 1. Geometrical parameters of the perforated plates.

Hole diameter Hole spacing Perforation ratio

Plate

d [mm] b [mm] p ]
PP1 0.5 4.0 0.012
PP2 1.0 4.0 0.049
PP3 0.5 2.0 0.049
PP4 1.5 4.0 0.110
PP5 1.0 2.0 0.196

The monodisperse foam material is fabricated as
follows (TRINH et al., 2019):

1) a precursor aqueous foam and a gelatin solution
are prepared: the precursor foam within a con-
trolled bubble size ~810 (£30) pm and a constant
liquid fraction of 0.99 is generated in a glass col-
umn by tuning the flow rates of nitrogen and
foaming liquid (i.e., Tetradecyltrimethylammo-
nium bromide (TTAB) at 3 g/L). On the other
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hand, the aqueous gelatin solution, within a tuned
mass concentration from 12 % to 18 %, is prepared
and maintained at 7'~60 °C (above the sol-gel
transition temperature ~30 °C);

2) then, the precursor foam is mixed with the hot
gelatin solution, and their flow rates are adjusted
to get the gas fraction of 0.8. The foaming mixture
is filled into a 40 mm-diameter cylindrical cell with
a length of 40 mm. To avoid gravity effects during
the decreasing temperature process, the material
cell is rotated (~50 rpm) around its axis;

3) the cell is stored in a climatic chamber for one
hour at 5°C then one week at 7" = 20 °C and
RH = 30 % for water evaporating. Finally, after
unmolding, a 20 mm-thick specimen for acoustic
tests is cut from the central region along the cell
axis.

The density and the air flow resistance of the mem-
brane foam samples are defined as follows. For the
density, with the specific gravity of the dried gelatin
measured to be g, = 1.36, the density of the cut
foam sample (diameter — D = 40 mm, and thickness —
L =20 mm) was calculated from the the sample mass
ms as ps = 107%m,/V, with V, = ”TDZL. This gives
the density and the open porosity of the foam sam-
ples as ps = 27.1 (£2.3) kg/m3 and ¢ = 0.98 (+0.003).
The air flow resistance can be estimated from the air
flow resistivity o of the sample through the formula
R =oL. For the foam with low air flow resistivity, we
have o = AAP/Q, where A is the sample cross-section
area and AP is the measured pressure drop, and @ is
the air flow rate. For the sample with high air flow
resistivity, the value of o can be inversely character-
ized as o = lim,,o[J(wpeq)], where peq is the effective
density measured from the impedance tube test (see
(PANNETON, OLNY, 2006)). Among the two test foam
samples, only sample F'1 allows for direct measurement
of resistivity o = 10700 Nsm™* which is very similar to
the characterized value shown in Table 2.

The cell size of the final foam layers measured
from SEM images is 810 um within the monodisperse
structure. The membranes range from open to closed
cells depending on the gelatin concentration used. Two
specimens are selected, namely F1 and F'2, within
a moderate membrane fraction. As illustrated in the
bottom part of Fig. 1, morphological characteriza-
tions can be undertaken to measure the membrane
fractions of fully open or fully closed faces and the
ratio of closure membrane (i.e., aperture/face area)
in partially open ones, a detailed description of the

foam characterization can be found in (TRINH et al.,
2019).

Five stainless steel perforated plates (PP) with dif-
ferent configurations are manufactured. The geometri-
cal parameters of the PP (Fig. 1, see the top part) are
detailed in Table 1. For a square array, the perfora-
tion ratio is given as p = md?/(4b?). These plates have
a thickness of ¢ = 1 mm and a diameter of 40 mm. It
should be noted that this diameter matches the size of
the cut cylindrical foam samples to fit the inner diam-
eter of the impedance tube for acoustic experiments.

Source

Fixed l
ring ‘.‘ Foam

A l ~— Tube

Perforated Hy=p,/p.
panel Hays=p,/p
a

- P IS

Fig. 2. Experimental setup of three-microphone impedance
tube (length — 1 m, diameter — 40 mm).

Acoustic properties are measured using a three-
microphone impedance tube (SALISSOU, PANNETON,
2010) in the frequency range of f € [4, 4500] Hz with
a step of 4 Hz; see Fig. 2. Note that the perforated
plate is placed adjacent to the foam layer without
any bonding layers or membranes. Here, a steel ring
(with an internal diameter of 39 mm and a square wire
size of 1 mm) is used to hold the two material lay-
ers in the horizontal test tube. The SAC at normal
incidence « is measured through the pressure trans-
fer function Hi> between microphones 1 and 2. An-
other function Hs3 between microphones 2 and 3 is
used for direct evaluations of the equivalent proper-
ties (i.e., density peq and bulk modulus K.,4) and in-
verse estimations of the macroscopic transports (i.e.,
thermal characteristic length A’, viscous characteris-
tic length A, static air flow resistivity o, thermal per-
meability k{, and tortuosity ae (PANNETON, OLNY,
2006; OLNY, PANNETON, 2008)). Based on the data ob-
tained from the impedance tube experiment, the char-
acterized transport properties of the two foam samples
are estimated, see Table 2. In the next section, the re-
sults of the absorption properties of the foam layers
and the composite absorbers are evaluated.

Table 2. Characterized macroscopic transport parameters of the foam samples.

Sample A’ [pm] A [pum)] o [Nsm™] k{ [x10710 m?] Qoo []
F1 | 220 (£36) | 73 (£14) | 11560 (£750) 109 (£25) 2.48 (£0.26)
F2 | 180 (£30) | 55 (£8) | 17500 (+1200) 93 (£19) 4.05 (£0.33)
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3. Results and discussion

The SAC curves of the single-layer foams and the
perforated plates backed by an air gap of 7 mm are pro-
vided in Fig. 3. In terms of the acoustic properties of
porous materials with membrane structures, a compar-
ison between the measured data (solid line) the charac-
terized absorption values (dashed line with circle mark-
ers) shows a high degree of agreement, as depicted in
Fig. 3a. Note that computed sound absorption curves
are defined from the semi-phenomenological model
(i.e., Johnson—Champoux—Allard-Lafarge model). The
results of the transport properties demonstrate con-
sistency with previously obtained results for monodis-
perse foams with a thin solid membrane (TRINH et al.,
2019) as well as foam materials with a high polydisper-
sity of the pore size (NGUYEN et al., 2024). Both foam
layers show a quarter-wavelength resonance behavior
with « ~ 1 at the central frequency of the first peak,
f1 (Fig. 3a). The results f; = 2132 Hz (Af = 1888 Hz)
and f = 1392 Hz (Af = 884 Hz) are, respectively, for
F1 and F2, where Af is the peak width at « = 0.8.
It is clear that the high membrane foam F2 provides
broadband performance (i.e., an absorption peak at
lower frequencies) compared with the foam F1. How-
ever, when the membrane ratio in the foam sample is
too high, causing the cell faces to be nearly closed,
the absorption capability of the foam layer decreases
because airborne waves cannot easily propagate into
the foam structure (TRINH et al, 2019). The foam
thickness of 20 mm is much smaller than the opti-
mal thickness of granular-packed layers (>100 mm) to
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Fig. 3. Normal incidence sound absorption coefficients of
(a) foam layers and (b) perforated plates backed by an air
gap of 7 mm.

achieve the above peaks, see Eq. (42) in (VIET DUNG
et al., 2019). As depicted in Fig. 3b, the effect of per-
foration ratios on the sound absorption indicates that
reducing the ratio p leads to an increase in the absorp-
tion, which is consistent with the findings in (L1U et al.,
2017), while the plates PP2 and PP3 have the same
perforation rate, they have different airflow resistiv-
ity (i.e., viscous permeability) and viscous characteris-
tic lengths (due to different hole diameters) and these
properties are responsible for different sound absorp-
tion performances. It should be noted that to clearly
illustrate the absorption characteristics of perforated
plates within different perforation ratios in the test
frequency range, an air gap of 7 mm was chosen as an
example within the range of 2 mm to 8 mm, as used in
(L1v et al., 2017).

As shown in Fig. 4, thin perforated plates change
significantly the acoustic behavior of the base foams.
Herein, the configuration CAij denotes the combina-
tion of the foam Fi with the perforated plate PPj
with ¢ = {1,2} and j = {1,...,5}. The original absorp-
tion curves are generally shifted towards lower frequen-
cies by combining PPs within a low ratio p, and the
shift distance depends on the original peak or com-

plex wavelength A, = \/Keq/peq/f. In detail, the fre-
quency fi of the foam F1 is significantly reduced to
1316 Hz (e.g., CAll in Fig. 4a), whereas it can be
challenging to reduce that of the high-membrane foam
F2 (ie., fi = 1252 Hz for CA23, Fig. 4b). In contrast,
the use of PPs with a high perforation ratio can im-
prove the absorption capacity of the composite panels

a)

Sound absorption « [—]

0 1 2 3 4

Sound absorption o [—]

0 1 2 3 4
Frequency [kHz]

Fig. 4. Normal incidence sound absorption coefficients
of composite absorbers based on foam F'1 (a) and
foam F2 (b).
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in the high frequency range (see CAi3 to CAi5 for both
foams). These observations confirm the link between
the absorption property of CA and the imposed PP
structure described in (DUAN et al., 2019). Further-
more, the stably high absorption of CA14 and CA15
(Fig. 4a) behaves like a thick fibrous layer (SOLTANI,
Norouzi, 2020). In terms of modeling the structure
studied (i.e., the perforated plate combined with an air
layer or a foam layer), the assumption of rigid-frame
porous models can be used with the necessary tortu-
osity correction (ATALLA, SGARD, 2007).

In order to rate the sound absorption performance
of the test absorbers, the sound absorption coefficients
on a set of 13 octaves from 200 Hz to 2500 Hz are
used for evaluation. According to the (ASTM C423-23,
2023), two rating index numbers (i.e., the sound ab-
sorption average (SAA) and the noise reduction coeffi-
cient (NRC)) are calculated. Noted that the SAA and
NRC are, respectively, calculated over the twelve 1/3
octave bands (from 200 Hz to 2500 Hz) and four fre-
quencies (i.e., 250 Hz, 500 Hz, 1000 Hz, and 2000 Hz),
and two rating results are approximately estimated
from the field induced by normal incidence. As shown
in Table 3, most of the composite absorbers based on
foam F'1 show a clear improvement in the rating in-
dex number (i.e., SAA = 0.49 and NRC = 0.50), while
only the configuration CA23 shows the same behavior
due to the peak occurring at the frequency of 1275 Hz.
It can be said that by using a foam layer with a low
membrane ratio (i.e., foam F'1), we can easily shift the
peak of the absorption curve to a lower frequency band.

Table 3. Rating of sound absorption of the test samples.

Rating index
Test absorbers SAA [ NRC [

F1 0.41 0.45
CAll 0.49 0.50
CA12 0.44 0.45
CA13 0.45 0.45
CA14 0.43 0.45
CA15 0.41 0.45

F2 0.47 0.50
CA21 0.45 0.45
CA22 0.44 0.45
CA23 0.49 0.50
CA24 0.42 0.45
CA25 0.42 0.45

The absorption coefficients are next averaged as
a = (1/N) Z aff;) over N discrete frequencies f; in

[200, 1500] Hz for the low range and [1500, 4000] Hz
for the high range (BOULVERT et al., 2019; TRINH
et al., 2021). With a test frequency step of 4 Hz,
N takes the values of 325 and 625, corresponding to
the low-frequency range and high-frequency range, re-

spectively. By lowering the value of fi, the average
sound absorption of CA11 to CA14 (Fig. 5a) shows an
improvement in the low frequency range. The absorp-
tion @ of CA1l increases approximately 1.5 times to
reach ~0.6 (see the highest bar in low group in Fig. 5a),
which could be the limit for all composite panels based
on the foam F2 (low group in Fig. 5b). In high groups,
the values @ averaging from configurations CAi3 to
CAi5 are 0.934 for ¢ = 1 (foam F'1) and 0.840 for i = 2
(foam F'2); the ratios between the value @ of the two-
layer composite panels and that of the foam layer are
calculated as 1.06 and 1.29, respectively. These obser-
vations provide quantitative evidence of the absorption
performance of composite panels. Based on PP3 with
a medium perforation ratio and small holes, both CA43
configurations exhibit improved sound absorption over
the whole frequency range of interest.
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Fig. 5. Bar graphs of the average sound absorption of
(a) foam F'1 + plates PPj and (b) foam F2 + plates PPj.

4. Conclusions

In this paper, the sound absorption of foam layers
covered by perforated plates has been experimentally
characterized. The experimental evidence reveals the
effects of the membrane level and the perforation pa-
rameters on the local absorption resonances (i.e., mod-
ified quarter-wavelength resonances of the foam layer
within the influence of the facing perforated plate).
The absorption behavior of a given foam material
can be effectively tailored to the desired performance
by adding appropriate perforated facings. Perforated
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plates with a low perforation ratio are advantageous
for low-frequency sound absorption applications and
vice versa. In addition, good sound absorption over
the full frequency range can be achieved by using com-
posite layers with a fixed thickness of about ~20 mm.
Based on the present framework, further works can be
designed for the systematic characterization of com-
posite absorbers developed for real applications.
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