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Abstract: We report a theoretical and experimental study of an array of Helmholtz resonators
optimized to achieve both efficient sound absorption and diffusion. The analysis starts with
a simplified 1D model where the plane wave approximation is used to design an array of resonators
showing perfect absorption for a targeted range of frequencies. The absorption is optimized by
tuning the geometry of the resonators, i.e., by tuning the viscothermal losses of each element.
Experiments with the 1D array were performed in an impedance tube. The designed system is
extended to 2D by periodically replicating the 1D array. The 2D system has been numerically
modeled and experimentally tested in an anechoic chamber. It preserves the absorption properties
of the 1D system and introduces efficient diffusion at higher frequencies due to the joint effect of
resonances and multiple scattering inside the discrete 2D structure. The combined effect of sound
absorption at low frequencies and sound diffusion at higher frequencies, may play a relevant role in
the design of noise reduction systems for different applications.

Keywords: sound absorption; sound diffusion; absorption coefficient; diffusion coefficient;
Helmholtz resonators

1. Introduction

Periodic arrays of solid scatterers embedded in a solid host, known as phononic crystals,
have been exploited in the last decades for acoustic wave control, giving rise to several applications
ranging from the radiofrequency regime to seismic waves [1,2]. These systems have a particular
dispersion relation with the presence of band gaps [3]. Recently, with the advent of 3D printing,
more complex and efficient designs are allowed [4–7]. In the particular case of rigid scatterers
embedded in a fluid host, the system is known as sonic crystal because they are particularly suited for
sound waves [8]. Characterization of their dispersion properties has been performed using different
methods, for both ideal, i.e., infinite structures [3,9] and realistic, i.e., finite ones [10], see reference [11]
for a review on band-structure calculation methods. Combining the dispersion and the bandgaps,
perhaps the most developed application of sonic crystals is design of acoustic barriers for the sound
mitigation of traffic noise [12,13].

Recently, a proof of concept for ultrasonic waves in water has shown that the diffusive properties of
sonic crystals can be used to efficiently spread the acoustic waves when used as a cover of a cavity [14].
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This system has been scaled in order to evaluate these wave diffusion properties in the case of the
noise produced during the launch of a rocket. In this situation the cavity covered by the sonic crystal
plays the role of the channel for exhaust gases. The results show a sound pressure level reduction in
the area where the rocket is located close to 2 dB in a frequency band covering two octaves (equivalent
to a decrease of 37% of the acoustic energy). Moreover, one of the main interests of using sonic crystals
in this situation is that they present low flow resistivity [15] allowing the flow of both air and water
through the structure. Therefore, a noise reduction solution based on sonic crystals can be added to
the usual mitigation methods used during the launch of a rocket consisting in the injection of a hot
supersonic pressurized water flow all around the pad [16], producing a level reduction of 3–5 dB.

The band gap in sonic crystals as well as their strong dispersion properties appear around the
Bragg frequency, which is inversely proportional to the distance between the rigid scatterers in the
array [8]. Therefore, if low frequency sound must be mitigated, then bulky structures are needed.
In order to avoid this problem, resonant inclusions have been proposed as building blocks of such
periodic arrays giving rise to the well known locally resonant materials or metamaterials [17,18].
Due to the resonance effect, new hybridized band gaps appear close to the resonance frequency
of the local resonators, which can be tuned at much lower frequencies than the Bragg frequency.
Some works have shown the filtering effect of such kind of locally resonant systems as well as the
ultra-band gap created once the resonance of the resonant building block and the Bragg frequency are
tuned [19–21]. Ultra-thin meta-diffusers have also been designed showing very good performance at
low frequencies [22,23]. Locally resonant materials have been also used for the mitigation of sound for
traffic and railway noise showing their efficiency at low frequencies [15,24–32].

In addition to the effects of periodicity and local resonances, the presence of viscothermal losses
in a realistic system must be taken into account [33,34]. Viscothermal losses limit the strong dispersive
effects in sonic crystals [35] and in acoustic metamaterials [21]. However, recently the presence of
losses has been exploited to design perfect acoustic absorbers in reflection [36–38] and in transmission
problems [39,40]. The local resonators in the acoustic metamaterials are open, meaning that they radiate
energy to the host medium, and lossy, as they present viscothermal dissipation [41]. If the energy
leakage of the resonators is balanced by the inherent viscothermal losses, the energy is trapped inside
the resonator, dissipated in heat energy, and maximal absorption can be obtained [36]. This balance
of energy leakage and losses is known as the critical coupling condition and, in the particular
case of the reflection problem, corresponds to an impedance matching of the resonator with the
surrounding medium.

In this work we design 2D arrays of Helmholtz resonators with optimized absorption properties
at low frequencies giving rise to an improved sound diffusion in the audible regime. These two
mechanisms (absorption and dispersion) could be combined to improve the previous results presented
in reference [14] where only the diffusion is playing a role in the sound mitigation process. We start the
analysis with a simplified 1D model where the plane wave approximation is used to design an array of
Helmholtz resonators that present perfect absorption for a targeted range of frequencies. The system
is optimized by tuning the geometry of the Helmholtz resonators, i.e., by tuning the viscothermal
losses of each element, and perfect sound absorption is reported analytically and experimentally.
Then, the system is numerically implemented in a 2D environment in which we validate the hypothesis
previously assumed in the 1D modeling to design an array of Helmholtz resonators, and we evaluate
both the absorption and diffusion properties of the array. Furthermore, due to the fact that the system
is discrete in 2D, it combines the diffusive properties of the array with the perfect sound absorption.
These two mechanisms increase the performance of the system with respect to the one previously
reported in reference [14].

2. Model

In this section we present the model used to characterize the wave propagation inside the 2D
array of Helmholtz resonators. A bottom up description is followed by the representation of the
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model of a single 2D Helmholtz resonator. In the low frequency limit, the Helmholtz resonators can be
considered as point resonators. Under such conditions, the array of resonators may be treated as a 1D
system, and the transfer matrix method is used to obtain its scattering parameters. Once the 1D model
is presented, we introduce the numerical modeling of the 2D system used to validate the experimental
results under realistic laboratory conditions. Finally, we present the noise control parameters used to
evaluate the sound reduction produced by the 2D array of Helmholtz resonators. These parameters
are the Insertion Loss in Reflection and the diffusion coefficient.

2.1. 2D Helmholtz Resonator

Plane wave propagation through a slit of width w, (see Figure 1a), taking into account viscothermal
losses, can be analyzed using the frequency and complex effective physical properties of the slit,
i.e., its density and bulk modulus given by Equations (1) and (2), as it was firstly introduced in
reference [34]:

ρs = ρ0

[
1−

tanh
(w

2 Gρ

)
w
2 Gρ

]−1

, (1)

κs = κ0

[
1 + (γ− 1)

tanh
(w

2 Gκ

)
w
2 Gκ

]−1

, (2)

where Gρ =
√

ıωρ0/η and Gκ =
√

ıωPrρ0/η, and where γ is the specific heat ratio of air, P0 is
the atmospheric pressure, Pr is the Prandtl number, η the dynamic viscosity, ρ0 the air density and
κ0 = γP0 the air bulk modulus. Alternatively, we can define the effective impedance Zs = ρsκs and
wavenumber ks = ω

√
ρs/κs from Equations (1) and (2).

(a)
(b)

L
s

w
s

k

L
s

w
s

k

w

w

l

l

n

c

c

n

Figure 1. (a) Scheme of the wave propagation in a slit. (b) Scheme of a 2D Helmholtz resonator.

The 2D Helmholtz resonators considered in this work are made by linking two slits with different
widths as shown in Figure 1b, one playing role of the neck and the other that of the cavity. Thus, the 2D
Helmholtz resonators are characterized by a neck and a cavity of width wn and wc and length ln and lc,
respectively (see Figure 1b). The Helmholtz resonator is loaded in a slit (of height w). The thickness,
t(n), of all the walls of each Helmholtz resonator, except those corresponding to the neck, are t(n) =
(L(n)

s − w(n)
c )/2. Using the effective parameters for the neck and cavity, the Helmholtz resonator

impedance can be written as

ZHR = −ı
cos(knln) cos(kclc)− Znkn∆l cos(knln) sin(kclc)/Zc − Zn sin(knln) sin(kclc)/Zc

sin(knln) cos(kclc)/Zn − kn∆l sin(knln) sin(kclc)/Zc + cos(knln) sin(kclc)/Zc
, (3)
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where kn and kc, and Zn and Zc are the effective wavenumbers and the effective characteristic
impedances of the neck and cavity, respectively. The correction length used in this work, ∆l,
results from the addition of two correction lengths ∆l = ∆l1 + ∆l2 as

∆l1 = 0.82

[
1− 1.35

wn

wc
+ 0.31

(
wn

wc

)3
]

wn , (4)

∆l2 = 0.82

[
1− 0.235

wn

ws
− 1.32

(
wn

ws

)2
+ 1.54

(
wn

ws

)3
− 0.86

(
wn

ws

)4
]

wn . (5)

The first length correction, ∆l1, is due to pressure radiation at the discontinuity from the neck
duct to the cavity of the Helmholtz resonator [42], while the second, ∆l2, comes from the radiation at
the discontinuity from the neck to the main waveguide [43].

2.2. 1D Array of Helmholtz Resonators

We show here the modeling of the wave propagation along a 1D array built by assembling
N building blocks, each one made of a Helmholtz resonator and a cavity, as shown in Figure 2.
The propagation of waves in this system is modeled using the Transfer Matrix Method (TMM).
We consider the reciprocal system n in which only plane waves propagate. By assembling the matrices
representing each building block of the array in a total transfer matrix T, the pressure, p, and flux
velocity, v, at x = 0 can be expressed in terms of the pressure and velocity at x = L as[

p
v

]
x=0

= M

[
p
v

]
x=L

=

[
M11 M12

M21 M22

] [
p
v

]
x=L

. (6)

Figure 2. Schematic diagram of a system of N building blocks made of a Helmholtz resonator with
a cavity ending on a rigid backing. Description of the geometrical parameters of the system used in
Section 2.2. The geometrical parameters corresponding to the Helmholtz resonator are indicated in red,
those corresponding to the slit are indicated in blue, and those corresponding to the waveguide are
indicated in green.

As illustrated in Figure 2, the complete system can be represented by N individual building blocks
made of a Helmholtz resonator loaded in a slit of length L(n)

s and a width w(n)
s , a cavity with a length

L(n)
w , everything embedded in a main tube of width wt. In this paper we use upper-case letters for the

geometric parameters outside the resonators and lower-case for those of the Helmholtz resonators.
Sub-indexes represent slit (s), neck (n) cavity (c) or waveguide (w). The total length of the system can
be obtained as follows:

L =
N

∑
n=1

L(n) =
N

∑
n=1

(L(n)
s + L(n)

w ) (7)
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The transfer matrix of the n-th building block, M(n)
b may be written as

M(n)
b = M(n)

∆lslit
M(n)

s M(n)
HR M(n)

s M(n)
∆lslit

M(n)
w , (8)

where, M(n)
∆lslit

represents the transfer matrix corresponding to the correction due to the change of section
between the main tube and the Helmholtz resonator (if there is not change of section, this matrix is the
identity matrix), M(n)

s is the transfer matrix representing the propagation of waves through the slit

along a distance L(n)
s
2 , M(n)

HR represents the transfer matrix of the Helmholtz resonators, and M(n)
w is the

transfer matrix of the propagation along the cavity. These matrices are defined as follows:

• The transfer matrix for each step in the slit of the n-th building block, M(n)
s , reads as

M(n)
s =

 cos
(

k(n)s
L(n)

s
2

)
ιZs sin

(
k(n)s

L(n)
s
2

)
ι

Zs
sin
(

k(n)s
L(n)

s
2

)
cos

(
k(n)s

L(n)
s
2

)
 , (9)

where ks, Zs are the wavenumber and the impedance in the slit. As it was previously mentioned,

the term Ms is applied along a distance L(n)
s
2 . Thus, this term must be considered twice

in the transfer matrix of the building block (before and after the one corresponding to the
Helmholtz resonator).

• The transfer matrix for each resonator, M(n)
HR, is defined as

M(n)
HR =

[
1 0
1

Z(n)
HR

1

]
, (10)

being ZHR the acoustic impedance of the Helmholtz resonator. Notice that this definition is valid
when λ >> wn, where the Helmholtz resonators can be considered as point resonators.

• The transfer matrix for the radiation correction of the slit to the free space, M(n)
∆lslit

, can be defined as

M(n)
∆lslit

=

[
1 Z(n)

∆lslit

0 1

]
, (11)

with Z(n)
∆lslit

= −ιω∆l(n)slit ρ0/φ
(n)
t S0 the characteristic radiation impedance, where ω is the angular

frequency, φ
(n)
t = w(n)

s /wt is the total porosity and S(n)
0 = wtL

(n)
s . ∆slit = ∆l1 + ∆l2 is the length

correction, where ∆l1 is the length correction given by the pressure radiation at the discontinuity
from the neck duct to the cavity of the Helmholtz resonator, and ∆l2 comes from the radiation
at the discontinuity from the neck to the principal waveguide (see reference [38]) given by
Equation (4) and Equation (5). It is important to note that, due to the symmetry of each resonator,
the radiation correction of the slit to the free space must be applied at both sides of the structure.

• The transfer matrix for the air cavity placed behind the Helmholtz resonator, M(n)
w , is defined in

the following form

M(n)
w =

 cos
(

k0L(n)
w

)
ιZ0 sin

(
k0L(n)

w

)
ι

Z0
sin
(

k0L(n)
w

)
cos

(
k0L(n)

w

)  , (12)
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where k0 and Z0 are the wavenumber and the acoustic impedance of the air. In this part of the
system we consider that the width of the tube is large enough to neglect the effect of viscothermal
losses.

The total transfer matrix of the system can be built by multiplying the transfer matrix
corresponding to the different building blocks as follows:

M =
N

∏
n=1

M(n)
b =

N

∏
n=1

M(n)
∆slit

M(n)
s M(n)

HR M(n)
s M(n)

∆slit
M(n)

w . (13)

In our case we are considering the reflection problem and, thus, at x = L we consider a Neumann
boundary condition, i.e., an acoustically rigid wall by means of assuming v(x = L) = 0. It is
worth noting here that the total length of the system is given by L = ∑N

n=1 Ln = ∑N
n=1 (Ln

s + Ln
w).

By considering this, we can obtain the reflection coefficient by using the following expression,

R =
M11 − Z0M21

M11 + Z0M21
. (14)

Thus, the absorption coefficient is directly calculated as follows,

α = 1− |R|2. (15)

2.3. 2D Finite Array of Helmholtz Resonators

The 1D array considered in Section 2.2 can be periodically replicated along the z-axis with
a periodicity wt, therefore creating a 2D finite array of Helmholtz resonators. The geometries of the
Helmholtz resonators used in the 2D case are identical to the ones used in the 1D system since the
sound absorption should cover the same frequency range. The acoustic response of this structure will
be studied numerically using the Finite Element Method (FEM). The array is excited with a plane
wave from the left size, analogously as it was done in the 1D case. The whole numerical domain will
be surrounded by Perfectly Matched Layers in order to avoid spurious reflections and numerically
replicate the Sommerfeld radiation conditions. The neck and the cavities of the Helmholtz resonators
as well as the slits will be modeled as equivalent fluids with the corresponding complex and frequency
dependent density and bulk modulus, as described in Section 2.1, in order to consider the effect of
viscothermal losses. This numerical model is used later to validate the results from the experimental
measurements in the anechoic chamber and also to evaluate the different side effects coming from the
finite size of the structure.

2.4. Noise Control Parameters

2.4.1. Insertion Loss in Reflection

The Insertion Loss (IL) is defined as the difference between sound pressure levels measured before
and after a sound absorbing material is located in the path between the source and the receiver [12].
When both the source and the receiver are placed at the same side, as is our case, the concept of IL
is used as in reference [14]. In this case, the original definition of IL was extended to characterize
systems where only reflection and absorption (but no transmission) is allowed (Insertion Loss in
Reflection, ILR).

The magnitude of ILR of a given system is obtained by determining the acoustic pressure at
different positions and frequencies, p(x, f ). The measurement positions are located in front of the
system to be studied. The IL is a relative parameter, comparing the acoustic pressure field scattered
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by the structure with respect to a reference case. In our study, a rigid wall is selected as a reference.
Therefore, the definition of ILR reads:

ILR[dB] ≡ Lre f − LHR = 10 log

(
|pre f |2

|pHR|2

)
, (16)

where, pre f and pHR are the acoustic pressures measured for the reference case and for the system of
Helmholtz resonators, respectively, and Lre f and LHR the sound pressure level in both cases.

2.4.2. Diffusion Coefficient

With the presence of a rigid backing after the absorbing material, sound energy can only be
absorbed, or reflected back from the surface. Reflection may be specular, by following Snell’s law,
or diffuse, the wave spreading according to a given pattern. In order to estimate the diffusiveness of
the field, the diffusion coefficient d is used.

The diffusion coefficient can be estimated by measuring the scattered far-field at different angles,
as specified in the standard ISO 17497-2 [44]. It obeys the expression [14]

d =

(
∑n

i=1 10SILi/10
)2
−∑n

i=1

(
10SILi/10

)2

(n− 1)∑n
i=1
(
10SILi/10

)2 , (17)

where SILi is the Sound Intensity Level of the far field in the i-th measurement position, defined as
SILi = 10 log Ii

I0
, n is the total number of measurement positions, Ii and I0 are the acoustic intensity in

the i-th position and the reference intensity, respectively. In our study, the sound pressure has been
evaluated in the far field, at 83 angular positions ranging from −90◦ to 90◦, where 0◦ is the direction of
normal incidence along the x direction.

A flat panel with the same dimensions as the evaluated structure is considered as the reference
case. We define the global diffusion parameter (GDP) as

GDP =

∫ f2
f1
(d− dre f )d f

f2 − f1
, (18)

where, d and dre f are the diffusion coefficients of the system under study and the reference case,
respectively, and f1 and f2 are the minimum and maximum frequencies of the working frequency
range. The parameter GDP gives an estimation of the overall diffusion properties for the range of
frequencies of interest: GDP = 0 means that the evaluated system has similar diffusion properties as
the reference, GDP > 0 (GDP < 0) means that the evaluated structure presents higher (lower) diffusion
coefficient in average for the evaluated range of frequencies than the reference.

3. Experimental Setups

3.1. Impedance Tube: 1D System

The experimental setup used for the characterization of the reflection and absorption properties
of the 1D system of Helmholtz resonators is designed following the guidelines of the Standard
UNE-EN-ISO 10534-2 [45]. A picture of the experimental setup is shown in Figure 3. The impedance
tube has a square shape section with side length wt = 10 cm and a total length of 1.5 m, along the
propagation direction. A loudspeaker Fonestar UT-4104, controlled by a M-AUDIO FastTrack Pro
sound card, was placed at one end of the tube. The system of 5 Helmholtz resonators was manufactured
using in polylactic acid (PLA) using 3D printing. The printer (Anycubic i3 Mega) operates with a layer
resolution of 0.05 mm, and a nozzle diameter of 0.4 mm. It was placed at the other end of the tube
backed by a totally reflecting metallic block acting as a rigid end. Two B&K 4189 microphones with
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their respective preamplifiers (B&K 2671) are mounted on the tube walls, separated by a distance of
9 cm. The closest microphone to the sample is placed at 10 cm from the sample. The low and high
cut-off frequencies are fl = 200 Hz, fh = 1700 Hz, respectively.

Figure 3. Experimental setup used to measure the reflection and absorption coefficients in an impedance
tube for a 1D system of Helmholtz resonators. The impedance tube includes a loudspeaker controlled
by a sound card at one end and the set of Helmholtz resonators at the other end, backed by a rigid
surface. Two microphones are mounted on the tube walls as specified in reference [45].

3.2. Anechoic Chamber: 2D System

The experimental configuration of the 2D array of Helmholtz resonators is characterized under
realistic conditions in an anechoic chamber, as shown in Figure 4. The whole structure is surrounded
by acoustically rigid wood panels at all ends except the side where the incident wave is impinging on
the structure (see Figure 4). Both the Helmholtz resonators and the rigid panels are made of medium
density fiber, a material that has an acoustic impedance much greater than the one of air and hence,
can be considered as acoustically rigid. The procedure for the experimental characterization is based
on a modified version of the Transfer Function Method (TFM), as described in references [46,47].
The loudspeaker (Genelec 8030A) is controlled by the same sound card mentioned previously and it
is placed sufficiently far from the structure to ensure quasi-plane wave propagation at the frequency
range of interest (D = 3 m). Two B&K 4189 microphones with their respective preamplifiers (B&K
2671) are placed very close to the structure (d = 1.5 cm), separated by a distance d = 2.5 cm.

(b)

Incident 
quasi-plane
wave

(a)

Figure 4. Experimental setup of the 2D finite array of Helmholtz resonators inside the anechoic
chamber. (a) Picture of the experimental configuration. (b) Schematic diagram of the 2D system of
Helmholtz resonators.

4. Results

As described in Section 2.2, acoustic wave propagation along an array of Helmholtz resonators
is modeled using the TMM for the 1D system. Once the targeted scattering properties of the system
are obtained, i.e., maximum absorption for a given frequency range, the obtained geometry of the
Helmholtz resonators is extrapolated to more realistic conditions by periodically replicating the
1D system along the z-direction creating a 2D array. This system is numerically modeled and
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experimentally validated in an anechoic chamber. The design of the 1D system is performed by
using an optimization technique (Sequential Quadratic Programming (SQP) method) employing TMM
to maximize the absorption coefficient for a range of frequencies f = [400, 560] Hz, in which the number
of resonators is fixed to N = 5, including cavities (spaces) in between the resonators. The resulting
geometry of the optimized structure is shown in Table 1, following the nomenclature introduced in
Figure 2. In our case, the value of t(n) is 9 mm for all the Helmholtz resonators (t(n) = 9mm ∀ n).

Table 1. Optimized geometrical parameters obtained for each Helmholtz resonator composing the
system to maximize the absorption coefficient in f = [400, 560] Hz.

Parameter (mm) HR1 HR2 HR3 HR4 HR5

ln 5.20 32.39 38.61 24.78 10.46
wn 4.63 1.00 1.00 1.00 1.67
lc 49.77 34.92 42.06 47.13 75.52
wc 46.34 10.00 10.00 10.00 16.74
ws 36.03 23.69 10.34 19.09 5.02
Ls 66.35 30.00 30.00 30.00 36.74
Lw 25.00 25.00 25.00 23.00 20.00

4.1. Results for the 1D Problem: Sound Absorption and ILR

Figure 5 summarizes the theoretical and experimental results obtained using the 1D array of
Helmholtz resonators in the impedance tube. We first evaluate analytically and experimentally
the sound absorption coefficient along the range of frequencies of interest, as shown in Figure 5a.
The results obtained from the TMM results indicate an almost perfect absorption α > 0.995 for
the whole targeted frequency range, including 5 peaks with increased absorption (α > 0.999 at
peak). Experimental results agree well with theoretical ones, especially at the resonance frequencies.
Small differences between the theory and the experiments could be attributed to different reasons,
including insufficient accuracy in the manufacturing process, small deviations placing the Helmholtz
resonators modifying the length of the cavities (spacing between resonators) or even excitation of plate
modes of some of the panels forming the resonators. The corresponding ILR values emphasise the
aforementioned differences between theory and experiments. However, experimental ILR results are
above 15 dB at all frequencies of interest, reaching experimentally peaks up to 32 dB.
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Figure 5. Impedance tube results: 1D system. Theoretical and experimental (a) absorption coefficient
and (b) Insertion Loss in Reflection (ILR), along the optimized range of frequencies. (c) Reflection
coefficient along the complex frequency plane for the optimized design.

The reflection coefficient represented in the complex frequency plane is shown in Figure 5c.
For a critically coupled system, where the coupling between the resonators and the propagating
medium (energy leakage), and the intrinsic losses of the resonator are balanced, the zeros should be
located exactly on the real frequency axis. However, for a set of N resonators, this is the case if the
system is optimized to obtain perfect absorption at N discrete frequencies. In this work, the goal is to
get the highest global absorption for a certain frequency range, which results in the zeros of |R| located
very close, but not exactly at the real frequency axis, i.e., not all the resonances are critically coupled.
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4.2. Results for the 2D Problem

4.2.1. Sound Absorption and ILR

The absorption properties of the structure shown in Figure 4 are characterized experimentally
in an anechoic chamber and are compared to numerical simulations solving a 2D model using FEM.
In both cases, the method employed to measure the sound absorption coefficient consists of a modified
version of the TFM, as explained in Section 2.4. Figure 6 illustrates both the sound absorption coefficient
and the ILR, evaluated numerically and experimentally. The absorption coefficient from numerical
simulations, as shown in Figure 6a, follows a very similar trend as in the 1D system (see Figure 5a):
Almost perfect absorption for the optimized frequency range, f = [400, 560] Hz, including 5 resonant
peaks corresponding to each of the building blocks with different geometries, with absorption values
α > 0.95. Experimental results agree quite well with simulations, with a maximum absorption of
α = 0.996 at f = 525 Hz and α > 0.95 for the whole frequency range except a small reduction around
f = 435Hz, where the absorption reaches its minimum, α = 0.93. Despite these small differences and
due to the similarity of the absorption values obtained in the 1D and 2D systems, we can validate the
hypothesis that the use of 1D modeling to design a 2D array of Helmholtz resonators is accurate enough
for the purpose of this work. The corresponding ILR values in dB, shown in Figure 6b emphasize the
aforementioned differences between theory and experiments. However, experimental ILR results are
above 12 dB at all frequencies of interest, reaching experimentally peaks up to 25 dB.
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Figure 6. Anechoic chamber results: 2D system. Theoretical and experimental (a) absorption coefficient
and (b) ILR, for a system composed of 5 Helmholtz resonators having the same geometry as in the
1D case.

4.2.2. Diffusion Coefficient

In this section we evaluate the diffusion coefficient of the optimized structure. In order to highlight
the role of the cavities in the structure we compare it with the diffusion coefficient of a system without
cavities, also optimized for perfect absorption for the same range of frequencies. As a reference system
we consider a flat rigid panel with the same dimensions as the other two structures. The diffusion
coefficient and the GDP have been evaluated as explained in Section 2.4 for frequencies ranging from
f1 = 200 Hz to f2 = 3000 Hz and for normal incidence.

Figure 7 shows the diffusion coefficients of the three evaluated structures. The flat panel presents
a monotonous diffusion coefficient decreasing in frequencies, meaning that as frequency increases the
scattered wave is more directional. The array without cavities is very close to that of the flat panel,
except for the range of frequencies where it was optimized for perfect absorption. For the optimized
array with cavities we can see that the diffusion coefficient presents several peaks due to the fact that
sound penetrates in the system and combined effects of resonances and multiple scattering take place
producing diffusion of sound.



Appl. Sci. 2020, 10, 1690 11 of 15

500 1000 1500 2000 2500 3000
0

0.2

0.4

0.6

0.8

1

Figure 7. Diffusion coefficient of the proposed system of Helmholtz resonators with cavities compared
to the one obtained for a system of 5 Helmholtz resonators without cavities optimized for maximum
absorption at the same range of frequencies.

In order to quantify the diffusion for the overall range of frequencies we have used the GDP
(see Section 2.4). We can see that for the system without cavities, although it is optimized between
400 and 560 Hz, the GDP takes a value close to 0, meaning that the system in terms of diffusion behaves
like a flat panel. However, for the system with cavities, the GDP increases up to 0.125, showing that
the behavior is far from a flat panel, producing an efficient sound diffusion due to the combined effect
of resonances and multiple scattering in the structure.

5. Discussion

The mitigation of sound is a scientific and technological challenge for several applications.
Recently, the diffusion of sound produced by sonic crystals, as 2D periodic arrays of rigid scatterers
embedded in air, has been used as a noise mitigation mechanism to reduce the sound level around
an acoustic source placed in front of this periodic system [14]. These results are a proof of concept
in which the main motivation is to incorporate these crystals in future launch-pad designs as
a broadband noise reduction system for aerospace applications [48]. However, sonic crystals are
not efficient at low frequencies and in the previous work only the diffusion was used as mitigation
mechanism. In the current work, we introduce absorption at low frequencies combined with the
multiple scattering processes that arises from the discreteness of the array allowing also diffusion of
sound at higher frequencies.

Figure 8 shows the ILR of the designed structure in this work covering the low frequency range,
in which the absorption has been optimized, and the medium/high frequencies, in which the diffusion
of sound, i.e., the reduction of specular reflections, is activated. On the one hand, the perfect absorption
between 400 Hz and 560 Hz of the proposed array, produces a peak of ILR in which sound is dissipated
in the structure due to viscothermal losses. It is worth noting here that this kind of behavior would
be rarely obtained employing sonic crystals. In fact, in order to have similar peaks of ILR with sonic
crystals, huge periodic structures with periodicity of the order of the wavelength of the frequencies to be
attenuated would be required. On the other hand, at higher frequencies the proposed structure presents
similar diffusion as the sonic crystals producing several peaks of ILR. In this range of frequencies the
wave can penetrate in the structure and activate the multiple scattering mechanism together with the
higher mode resonances.

At this stage it is interesting to evaluate the overall ILR as evaluated in reference [14], in order to
see what are the capabilities of the system to mitigate sound. The overall ILR calculated by integrating
the ILR in the whole range of frequencies (200–1700 Hz; where the plane wave approximation in our
system is fulfilled) is 5 dB. This shows an improvement of the noise mitigation properties with respect
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to the previous analyzed sonic crystals (where a 2 dB level decrease was predicted) by combining the
effect of absorption at low frequencies, and diffusion at medium/high frequencies.
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Figure 8. ILR of the system with cavities.

6. Conclusions

In this work we have experimentally, numerically and theoretically evaluated the possibilities of
2D arrays of Helmholtz resonators for sound absorption and diffusion. On the one hand, the array
has been optimized in order to present perfect absorption for a targeted range of frequencies with
wavelength much larger than the characteristic size of the building blocks, i.e., in the low frequency
regime. While the geometrical parameters of the Helmholtz resonators are bounded due to the
limits imposed by the finite size of the transversal section of the impedance tube, the distances
between resonators are totally free (meaning that no lower and upper bounds are imposed for this
parameter). It is important to notice that the optimal solution is given here by a discrete distribution
of resonators. The 2D structure presents experimentally a quasi-perfect absorption of sound in the
range of frequencies of interest in good agreement with the theoretical predictions. On the other
hand, the diffusion coefficient of the structure has been evaluated in order to analyze the combined
effect between multiple scattering in the array and the resonances at higher frequencies. The diffusion
coefficient of the system is improved for a broad range of frequencies. In fact the comparison with
the system of Helmholtz resonators without cavities shows that the multiple scattering effect plays
an important role on the diffusion coefficient, as also shown in reference [14]. The combined effect of
the two phenomena gives an overall ILR of 5 dB between 200 Hz and 1700 Hz. The results shown in
this work go further and combine absorption and diffusion in the same structure, improving the noise
mitigation performances of the systems shown in reference [14].
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