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ABSTRACT 
 

This thesis investigates the acoustic properties of microperforated panels as 

an alternative to passive noise control. The first chapters are devoted to the 

review of analytical models to obtain the acoustic impedance and absorption 

coefficient of perforated panels. The use of panels perforated with circular holes 

or with slits is discussed. The theoretical models are presented and some 

modifications are proposed to improve the modeling of the physical phenomena 

occurring at the perforations of the panels. The absorption band is widened 

through the use of multiple layer microperforated panels and/or the combination 

of a millimetric panel with a porous layer that can be a fibrous material or a 

nylon mesh. A commercial micrometric mesh downstream a millimetric panel is 

proposed as a very efficient and low cost solution for controlling noise in 

reduced spaces.  

The simulated annealing algorithm is used in order to optimize the panel 

construction to provide a maximum of absorption in a determined wide band 

frequency range. Experiments are carried out at normal sound incidence and 

plane waves. One example is shown for a double layer microperforated panel 

subjected to grazing flow. A good agreement is achieved between the theory 

and the experiments.  
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RESUMEN 
 

En esta tesis se investigan las propiedades acústicas de paneles micro 

perforados como una alternativa al control pasivo del ruido. Los primeros 

capítulos están dedicados a la revisión de los modelos de análisis para obtener 

la impedancia acústica y el coeficiente de absorción de los paneles perforados. 

El uso de paneles perforados con agujeros circulares o con ranuras es 

discutido. Se presentan diferentes modelos y se proponen algunas 

modificaciones para mejorar la modelización de los fenómenos físicos que 

ocurren en las perforaciones. La banda de absorción se ensancha a través del 

uso de capas múltiples de paneles micro perforados y/o la combinación de un 

panel de perforaciones milimétricas combinado con una capa porosa que 

puede ser un material fibroso o una malla de nylon. Se propone el uso de una 

malla micrométrica detrás de un panel milimétrico como una solución 

económica y eficiente para el control del ruido en espacios reducidos.  

El algoritmo de recocido simulado se utiliza con el fin de optimizar la 

construcción de paneles micro perforados para proporcionar un máximo de 

absorción en una banda determinada frecuencias. Los experimentos se llevan 

a cabo en la incidencia normal de sonido y ondas planas. Se muestra un 

ejemplo de panel micro perforado de doble capa sometido a flujo rasante. Se 

consigue un buen acuerdo entre la teoría y los experimentos. 
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1. INTRODUCTION 

The growth of industries in the last 60 years has contributed to an increase in 

various types of pollution such as air and water contamination, visual pollution, 

litter and noise. The latter, although intangible, is present in the everyday life of 

big cities almost permanently. Frequently during day time hours, people are 

exposed to high noise levels from both outdoor and indoor environments. In 

outdoor spaces, noise emitted from means of transport such as vehicles, 

airplanes or trains causes annoyance and can contribute to stress and blood 

pressure rise. In offices, schools, factories, restaurants, swimming pools and 

other public places, high sound levels decrease speech intelligibility and if the 

exposure to these levels is presented for long periods, it can produce hearing 

damage [Cox and D’Antonio 2005]. Nowadays technological equipment, 

transport, work sites and recreation areas among others, must comply with 

noise standards. This implies either updating the machinery or means of 

transport to new ones that meet these standards, designing and constructing 

new public indoor spaces or, controlling noise.  

Sometimes, noise can be controlled directly at the source. In other cases 

such as closed spaces, a reduction of the reverberation time is necessary for an 

appropriate noise mitigation. The modification of the reverberation time implicitly 

involves controlling the sound that arrives at the point of interest by propagation 

through air. It is known as airborne sound.  

One of the noise control treatments is the absorption. Acoustic materials are 

commonly designed to absorb sound. Passive absorbers such as porous 

materials made of fibers or microperforated panels, are used to dissipate sound 

energy as heat. Microperforated panels are made of aluminium, steel, wood or 

glass. Passive absorbers are effective at reducing medium and high frequency 

noise. This is precisely where the ear is more sensitive. Nevertheless, 

controlling noise below the medium frequency range is still a problem and can 

be an arduous work. 
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1.1. Porous materials 

Mineral fibers (rock wool, fibreglass) or polyester fibers (nylon) are often used 

in sound absorbing materials. Nowadays, natural fibers obtained from recycled 

materials are commonly used. Synthetic fibers are non-expensive and can be 

very effective at medium and high frequencies, for that reason they are used in 

a large number of applications. 

The absorption mechanism of a porous material is quite simple. When an 

absorbent material is placed in the path of an acoustic wave, part of the energy 

dissipates into heat as the wave impinges through the pores of the material, 

whereas the rest of the energy is reflected or transmitted. The absorbed 

percentage of the incident energy is called the absorption coefficient α and is a 

function of the frequency f [Crocker and Arenas 2007]. 

The acoustical behaviour of an absorbent material is characterized by the 

porosity φ and flow resistivity σ. The porosity is defined as the ratio of the open 

volume to the total volume of the material [Beranek and Ver 1992]. The air flow 

resistivity can be calculated from the apparent density ρa of a fibrous or porous 

material [Delany and Bazley 1970]. It is defined as the pressure drop ∆𝑝 through 

a material sample due to a flow velocity over distance ∆x. It is measured in rayls 

MKS/m (or Ns/m4). It gives a measure of the resistance to flow. The porosity 

and flow resistivity depend on the type of fibers and their yarn diameter Yd. For 

instance a polyester fiber can have 33 µm mean diameter while a glass wool 

fiber diameter ranges between 1 µm  and 10 µm [Garai and Pompoli 2002]. The 

flow resistivity, fiber mean diameter and apparent density of the material are 

related to each other.  

Fibrous materials are anisotropic, therefore their acoustic characteristics will 

depend on the direction of the flow. To take this into account, one should 

distinguish between normal or oblique sound incidence. However most of the 

materials used in noise control applications consist of homogenous layers of 

fibers or open pores which size is much smaller than the frequency wavelength, 

so plane wave propagation can be considered [Delany and Bazley 1970, 

Mechel 1988].   
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The apparent density ρa and thickness t of a material allow describing its 

acoustical parameters [Garai and Pompoli 2002].  In an isotropic material, the 

propagation of sound is determined by the specific acoustic impedance Za and 

propagation constant Γa [Delany and Bazley 1970]. These two complex 

quantities can be calculated as a function of the air flow resistivity [Garai and 

Pompoli 2002].  

There are different kinds of models for sound propagation in porous 

materials: Empirical as in Delany and Bazley [Delany and Bazley 1970], Bies 

and Hansen [Bies and Hansen 1980] or Dunn and Davern [Dunn and Davern 

1986], phenomenological as in Biot [Biot 1956], microstructural as in Zwikker 

and Kosten [Zwikker and Kosten 1949], or  semi-empirical as in Garai and 

Pompoli [Garai and Pompoli 2002] who adjusted the propagation constant and 

the acoustic impedances to experimental data. 

Fibrous materials exposed to wind, dust, water or fire, can deteriorate or 

present particle detachment. Therefore, neither synthetic nor recycled fibers 

have a very long life. To protect these materials from deterioration and 

environmental conditions, perforated rigid panels are used as a cover. Some 

examples are seen in ships, cars or airplanes. Moreover, when the perforations 

of the panel are submillimetric, its placement upstream a porous absorber not 

only protects the material from deterioration but also improves the absorption 

performance. For instance, if a panel is backed by a porous absorber, a mass 

reactance is added to the impedance of the material resulting in an increase of 

the frequency band of absorption. This kind of passive noise control is seen for 

example in the walls or ceiling of dining rooms. 

1.2. Microperforated panels 

In a perforated panel, the energy dissipation of a sound wave into heat is 

produced by viscous thermal losses inside the perforations. As the air 

molecules travel through the perforations, friction losses occur. This effect can 

be enhanced by reducing the diameter of the perforation to the submillimeter 
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size. Microperforated panels (MPP) where designed for this purpose [Maa 

1975]. 

An MPP placed in front of a rigid wall acts as a resonator. The air volume 

between the panel and the wall plays the role of a spring.  It is compared to a 

Helmholtz resonator that can be tuned to provide a maximum of absorption in a 

determined resonance frequency. However, unlike Helmholtz resonators, the 

absorption of an MPP covers a wide frequency range.    

A microperforated panel presents various advantages compared to porous 

materials: it is thin, light, hygienic and can be washed or cleaned. For this 

reasons, MPP’s can be used for noise absorption purposes replacing porous 

materials. The lack of fibrous or porous materials, allows designing clean 

absorbing systems adequate for food courts, hospitals, air conditioning systems 

and white rooms for microelectronics. Additionally when various layers of MPPs 

are placed parallel to each other, a multiple layer system is achieved providing 

absorption in low and medium frequencies [Lee and Swenson 1992, Lee and 

Kwon 2004]. 

The approximated theory of an MPP was given by Maa in 1975 [Maa 1975] 

and the exact theory was presented a couple of years later [Maa 1998].The 

equation of Maa [Maa 1998] can be applied to microperforated panels with 

circular orifices and low perforation rate (i.e. porosity). In this case, the orifices 

are separated from each other and their borders do not interact. However, for 

high perforation rates, the interaction effect between orifices should be included 

in the border impedance [Melling 1973, Tayong et al. 2011].  

Since the panels are made of rigid materials, drilling small size perforations 

can be challenging. An easy and fast way of doing so is by using a laser. The 

drilling process can be reduced if instead of drilling circular holes, slots are 

punched. This not only demands less effort but is also cheaper. Panels 

perforated with slots/slits are known as microslit absorbers (MSA). Their 

absorption has been studied by Maa among others [Smith and Kosten 1951, 

Stinson 1991, Allard 1993, Kristiansen and Vigran 1994, Randeberg 2000, 

Randeberg 2002, Maa 2001] and [Vigran and Pettersen 2005]. The drawback of 

a panel perforated with slits is that it provides less acoustic performance than a 
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panel perforated with circular holes. This is due to the radiated volume of air at 

the back of the plate, which is bigger for a slit than for a circular hole. As a 

consequence, the mass reactance increases and the absorption band narrows. 

Therefore although the choice of a slit perforated panel over a panel perforated 

with circular holes can be advantageous in terms of budget, it can be 

inadequate in terms of acoustic performance.   

It has been seen that in both the MPPs and MSAs, the distribution of the 

perforations over the plate surface does not affect the absorption curve as long 

as over perforation effects are considered [Ruiz et al. 2012b]. This is an 

advantage as the perforated panel can be used as an absorber but also as a 

decorative object that matches the colour and design of a room. Another benefit 

of MPPs/MSAs is that they can be used in high sound pressure level situations 

such as wind tunnels, airplane turbines or mufflers. For these situations it 

should be noted that grazing flow modifies the border impedance of the 

absorber [Ingard and Ising 1967, Ronneberger 1972, Kirby and Cummings 

1998, Dickey et al. 2001, Lee and Ih 2003, Allam and Abom 2008, Tayong et al. 

2011, Cobo et al. 2009, Cobo et al. 2010]. 

A microperforated plate can also be modeled as a rigid frame porous medium 

[Allard and Atalla 2009, Champoux and Allard 1991, Johnson et al. 1987] that 

depends on five physical parameters: the thermal Λ′ and viscous 

Λ characteristic lengths, the porosity 𝜙, the tortuosity 𝛼∞, and the static air flow 

resistivity 𝜎. The most common values used for the flow resistivity are between 

103 and 106 Nsm-4.The perforation ratio can vary between 1 and 80% [Atalla 

and Sgard 2007]. The rigid frame porous model is applicable in homogeneous 

panels, thus it was revisited by Atalla and Sgard [Atalla and Sgard 2007] and 

presented as the equivalent fluid approach. 

Microperforated panels can be used alone or together with an absorbent 

material.  Although placing a microperforated panel in front of an absorbent 

material prevents from early deterioration and enhances the acoustic 

characteristics of the absorbent system, it may not be ideal in terms of space, 

costs and durability. An alternative to that, is to use a Microperforated Insertion 

Unit (MIU) which consist of a microperforated panel bonded to a micrometric 
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mesh [Pfretzschner et al. 2006]. The absorption curve of a single MIU is 

equivalent to that of a single MPP, therefore to increase the frequency band 

without decreasing the absorption peak, multiple layer systems should be used.  

Depending on the absorption requirements, the mesh or woven textile placed 

behind the microperforated plate can be a commercial mesh used for filtering or 

a simple screen or curtain. The thickness t and yarn diameter Yd are usually 

provided by the manufacturer. However, in some practical cases this 

parameters might not be accurate and should be calculated or measured 

microscopically. An MIU is based in the theory of Maa for MPPs but it can also 

be modeled with the equivalent fluid approach. Furthermore since the 

micrometric mesh presents a squared shape geometry, its absorption can be 

calculated using a theory for rectangular perforations. The modelling of a panel 

with circular perforations bonded to a mesh with rectangular perforations is 

known as an MSPP, whereas the modelling of a panel and a mesh with 

rectangular perforations is known as a DMSP [Ruiz and Cobo 2011].  

1.3. Restrictions considering the design of 
microperforated panels 

Noise problems are annoying either for their intensity, their frequency or both. 

Frequently, a noise can be detected in a specific frequency band. That is the 

case of exhaust systems, rotors or fans which enhance tonal components of the 

sound. A turbulent fluid flow inside a ventilation duct is also a common noise 

problem. In these situations, microperforated panels can be used to reduce the 

noise.  

The benefits of microperforated panels can also be exploited on large surface 

rooms where acoustics play an important role. Some examples are museums, 

auditoriums or hospitals. In such places, the reverberations caused by high 

frequency sounds are undesirable and the use of microperforated panels is 

beneficial to absorb inconvenient reflections.  

In the cases exposed above, the problematic frequency range is very specific 

and the effectiveness of the acoustic treatment depends on the appropriate 
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microperforated panel design. Certain requirements must be fulfilled regarding 

constrictions of space, cost and robustness. Also, considerations about the type 

of perforation or the use of air or a porous layer in the backing cavity should be 

discussed in the design process. All these guidelines make the use of standard 

wideband microperforated panels inappropriate. The control treatment is an 

inverse problem that depends on the system specific conditions and therefore 

microperforated systems must be optimized.   

The optimization of microperforated panels is determined by the number of 

parameters involved. When only one MPP or MSA backed with air is required, 

the optimal parameters can be obtained through a traditional exhaustive search. 

However, as the requirements of the system increase, the exhaustive search 

can take a very long time or might not even converge to a solution before the 

computer runs out of memory.  

To reduce the computational time, an optimization algorithm can be used 

[Press et al. 1986]. Among all the optimization techniques, an evolutionary 

method called simulated annealing (SA) is applied as an effective and easy way 

of optimizing multiple parameter absorbing systems.   

1.4. Objectives and scope of the thesis 

The principal objective of this thesis is to provide an optimization algorithm 

that can facilitate the design of multiple layer microperforated panels. The aim is 

to present a tool for the design of panels that may or may not be combined with 

porous layers or micrometric meshes. The algorithm will allow designing 

absorbing systems that can have applications in various enclosures ranging 

from rooms to vehicles and airplanes, where the restrictions regarding space 

and costs are highly important. The algorithm should be able to take into 

account the possible over perforation in the microperforated panel and the 

multilayer configurations. 

For the correct operation of the algorithm, a cost function that leads to the 

desired outcome should be selected. This cost function depends on the 

acoustic parameter that is considered most important. The effectiveness of the 
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algorithm is to be proven by means of simulations and comparisons with the 

exhaustive search technique.  

In this thesis, the cost function to be optimized is the absorption coefficient 

within a prescribed frequency band, which depends on the impedance of the 

microperforated panels. 

Analytical models are studied in order to validate the more accurate theory 

that can predict the absorption performance of a panel perforated with two types 

of geometries: circular holes or slits. The panels are assumed to be rigid, 

impinged by a plane sound wave at normal incidence. Systems composed of 

one, two and three layers are presented in the linear regime. The traditional 

MPP model is compared with the equivalent fluid approach.  

Additionally, the use of microperforated panels upstream porous layers is 

proposed as wideband absorbers. This includes the study of a fibrous material 

backing a microperforated plate and the analysis of a micrometric membrane 

bonded to a portable plate. The concept of a microperforated insertion unit is 

examined. In a first stage, the absorption of the portable panel and the 

micrometric mesh are calculated with the equations of Maa for panels with 

circular perforations. In a second stage, a more appropriate model for the 

geometric shape of the mesh perforations is studied. The use of a portable 

panel with slits is considered. A model that adjusts better to the geometrical 

characteristics of the portable panel and the mesh is then presented. The 

characterization of the parameters of micrometric meshes is revised. From this, 

a more adequate approach for calculating the impedance of an MIU is expected 

to arise.  

Finally, the validation of the theoretical models is accomplished by 

experimental measurements. Most of the experiments are performed at normal 

incidence and without flow. 

1.5. Thesis outline 

The thesis is divided in theoretical and experimental work. It is structured in 

six chapters as follows: 
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Chapter 2 exposes the theoretical models used to design microperforated 

panels in single and multiple layer configurations. It includes a comparison of 

the analytical model and the equivalent fluid approach. The influence of the 

perforations geometry on the perforated panel, the over perforation effects, the 

end corrections and the distribution of the perforations over the panel surface 

are discussed. The calculation of the impedance of multilayer systems is 

proposed by means of the transfer matrix approach.  

Chapter 3 describes absorbing systems based on microperforated panels. A 

Double layer MPP/P absorber consisting of two layers of microperforated 

panels, a honeycomb structure and a porous material is shown. The effects of 

grazing flow are discussed. A practical case is presented. The concept of 

Microperforated Insertion Units MIU is reviewed. The theories of Maa, 

Randeberg, and Atalla and Sgard are used for single and multiple layer 

configurations. A hybrid model following the theory of Maa for a perforated plate 

with macro perforations and the rigid frame porous model for the mesh is 

proposed. The impedance is obtained using the transfer matrix approach. The 

calculation of the thermal characteristic length is shown.  

Chapter 4 presents the simulated annealing algorithm. It is first compared 

with the exhaustive search technique in order to validate the accurate results. 

The parameters involved in the optimization of multiple layer systems are 

described.  

Chapter 5 validates the theory with experimental results. Circular impedance 

tubes are used to measure MPP’s, MSA’s and MIU’s in the frequency range 

between 246 Hz to 7000 Hz.   Grazing flow effects and high frequency 

measurements are performed for a double layer MPP/P inside a wind tunnel.  

Finally, chapter 6 exposes the conclusions about theoretical and 

experimental work. The thesis original contributions are mentioned. The work 

that has been published or patented during the course of the thesis is compiled. 

To finish, future work is proposed.  
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2. ANALYTICAL MODELS FOR 
MICROPERFORATED PANELS 

This chapter presents theoretical approaches to obtain the acoustic 

impedance of microperforated panels under normal sound incidence in the 

linear domain. It is assumed that the plates are rigid and motionless.  

The purpose is to compare different models to predict the acoustic response 

of perforated plates whose surface can be perforated with two kinds of 

geometric shapes, i.e. circles or rectangles. For this, the model of Maa which 

allows calculating the acoustic absorption of panels drilled with circular holes 

(MPP) [Maa 1975, Maa 1987, Maa 1998] or panels perforated with slits (MSA) 

[Maa 2001] is discussed. In both cases, Maa assumes that the perforations are 

sufficiently separated from each other. Therefore, his theory does not considers 

the effects caused by the interaction between holes or the over perforation. 

Thus in this chapter, modifications of the models of Maa capable of accounting 

for these interactions are discussed.  

Maa’s theory is compared with two models that take into account the 

interaction effects between holes: The model of Atalla and Sgard [Atalla and 

Sgard 2007] and the model of Randeberg [Randeberg 2000, Ran 02]. The 

model of Atalla and Sgard allows finding the acoustic impedance of perforated 

plates and screens modeled as an equivalent fluid. It is presented as a general 

model that follows the Johnson-Allard approach [Allard 1993]. On one hand, 

comparisons between the theory of a microperforated panel (MPP) and the 

equivalent fluid approach are presented. On the other hand, the theory of a 

microslit absorber (MSA) is compared with the model presented by Randeberg 

for panels perforated with slits.  

Exact and approximated equations for the impedance of the panels in single 

layer configurations are presented in Section 2.1. The effects of the geometry, 

the design, and the over perforation are discussed. In order to widen the 

absorption frequency range, multiple layer configurations are proposed in 

Section 2.2.  
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2.1. Single layer microperforated panels 

Microperforated panels are plates which have submillimetric perforations of 

diameter d. The perforated area on the panel’s surface allows the determination 

of the porosity. The ratio of open surface to total surface is called perforation 

rate, open area ratio or porosity 𝜙. The porosity depends on the perforation 

geometry and the plate shape. It is given by 

𝜙 =
Open surface
Total surface

=
nΦ𝑠

Ω
, (2-1) 

where n is the number of perforations, Ω is the plate area and Φ𝑠 is the area 

of each perforation. If circular perforations are drilled, Φ𝑠 = 𝜋𝑟2 where r=d/2 is 

the radius of the perforation. For slits Φ𝑠 = 𝑑𝑙 where l is the length of the slit. 

Usually, the perforations in a microperforated panel are separated by a distance 

smaller than the wave-length of sound in the frequency band of absorption.  

The impedance of a perforation Zp is defined as the ratio of the pressure drop 

between the two sides of the panel ∆𝑝 , and the particle velocity 𝑢 in the 

direction of the perforation axis. The impedance is obtained applying continuity 

conditions for the particle velocity at both sides of the panel 

𝑍𝑝 =
∆𝑝
𝑢

=
𝑃1 − 𝑃2

𝑢
. (2-2) 

A single perforation is shown in Figure 2-1. 

 

 
Figure 2-1. Pressure and particle velocity in a single perforation 
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The specific acoustic impedance of a micro perforated panel 𝑍M is obtained 

dividing the impedance of a perforation 𝑍𝑝 by the perforation rate φ  

𝑍M =
𝑍𝑝
𝜙

. (2-3) 

The normalized impedance is obtained dividing ZM by the characteristic 

impedance of air   Z0=ρoc0, where ρo is the air density and c0 is the speed of 

sound in air. 

The impedance is a complex quantity that can be expressed in terms of a 

real and an imaginary part 

𝑍M = 𝑋 + 𝑗𝜔𝑀. (2-4) 

The real part of the acoustic impedance X, expresses the energy radiation 

and the viscous loses of the acoustic wave propagating through the 

perforations. It is also termed acoustic resistance.  The imaginary part jωM is 

termed acoustic reactance and refers to the mass of air moving inside the 

perforations. A good absorber presents a resistance similar to that of air (i.e. a 

resistance close to 1 and a resistance-reactance ratio much greater than 1) and 

a reactance much smaller than that of air. By adding a cavity behind the panel, 

this reactance is achieved.  

The impedance of an air cavity of thickness D with a rigid termination is given 

by 

𝑍𝐷 = −𝑗𝑍0 cot(𝑘0𝐷), (2-5) 

where 𝑘0 = 𝜔/𝑐0 is the wave number that depends on the angular frequency 

ω and the speed of sound in air 𝑐0. 

A microperforated panel system is characterized by the input impedance Zi. 

The simplest case is a single layer (SL) perforated panel placed in front of a 

rigid wall. One way of obtaining the input impedance of the system is by relating 

it with an equivalent circuit (EC). 

 Consider a single panel placed in front of a rigid wall as in Figure 2-2a. With 

the EC analogy, the acoustic impedance, the pressure difference and the 

particle velocity are associated with the electric impedance, the voltage and the 
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electric current respectively (Figure 2-2b).  The impedances of the 

microperforated panel and the air cavity in series [Maa 1975, Kang and Fuchs 

1999] and [Dupont et al. 2003] can be written as  

𝑍𝑖 = 𝑍𝑀 + 𝑍𝐷 . (2-6) 

When a plane wave propagating in air with characteristic impedance 

impinges upon a microperforated panel, the impedance contrast Zi-Z0, results in 

a reflection from which an absorption is produced. 

 
Figure 2-2. a) Sketch of a microperforated panel in front of a rigid wall. b) 

Equivalent circuit analogy 

For normal incidence, the reflection and absorption coefficients are defined 

as R and α respectively, 

𝑅 =
𝑍i − 𝑍0
𝑍i + 𝑍0

, (2-7) 

𝛼 = 1 − |𝑅|2. (2-8) 

According to Jaouen and Becot [Jaouen and Bécot 2011], the input 

impedance Zi of a system like the one in Figure 2-2 is influenced by four 

phenomena: The viscous thermal dissipation inside the perforations, the flow 

distortion effects at both sides of the plate, the acoustic resonances in the air 

cavity and the bending vibrations of the panel. The first two constitute the 

resistive and reactive parts of the impedance of the panel. A discussion about it 

is presented in the following sections. The bending vibrations could be 

Z0 

Zi 

ZM 

x=D x=0 

 

ZD 

(a) 

 

Z0 

(b) 
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beneficial if the structural resonance frequency is above the maximum peak of 

absorption. A model including the structural behavior of the panel can be found 

in [Tayong et al. 2010]. 

 The acoustic resistance and the relationship between the resistance and the 

mass reactance can be increased by reducing the orifices diameter to 

submillimetric sizes. For this reason the study of the perforations on a 

microperforated plate is so important in acoustic engineering.    

The adequate design and placement of the panel in a room is crucial to 

provide a good absorption. The resonance frequency and the frequency band of 

the system will depend on the design parameters (d,t,φ,D) where t is the plate 

thickness. For instance, the diameter of perforations determines the height of 

the absorption peak, while the air cavity thickness controls the exact frequency 

where this absorption peak is located. Therefore choosing properly the 

constitutive parameters, absorption can be provided without the use of other 

absorbing materials such as porous materials.  

The impedance of the perforations depends on their geometry. In the 

following sections, the equations to obtain the impedance of perforated panels 

with circular and slit-like perforations are presented. 

2.1.1. Panels with cylindrical perforations (MPP) 

In this section, two approaches to calculate the impedance of 

microperforated panels with circular perforations (MPP) are described. The first 

one is based in the propagation of sound in short narrow tubes [Crandall 1926, 

Maa 1975]. The second one considers the microperforated panels as an 

equivalent fluid following the rigid frame porous model [Allard 1993].  

2.1.1.1. The model of Maa 

Circular perforations on a panel can be considered as short narrow tubes.  

An exact solution for the propagation of sound in narrow tubes was first 

studied by Kirchkoff and is explained in [Dupont 2002]. The impedance of a 

short tube was given by Crandall after Rayleigh studies on the propagation of 

sound through cylindrical perforations in a panel. The acoustic impedance of a 
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tube was approximated by Maa [Maa 1975] after Crandall’s [Crandall 1926] 

solution for the wave equation. The differential equation for the axial velocity 𝑢 

is given by 

𝑗𝜔𝜌0𝑢 =
𝜇
𝑟
𝜕
𝜕𝑟
�𝑟
𝜕𝑢
𝜕𝑟
� +

∆𝑝
𝑡

, (2-9) 

where µ  is the air dynamic viscosity coefficient, t is the tube length and r is 

the radius vector of the tube. Solving for 𝑢 and averaging over the tube’s 

surface 

𝑢� = −
1

𝑗𝜔𝜌0
�1 −

2
𝑠√−𝑖

𝐽1�𝑠√−𝑖�
𝐽0�𝑠√−𝑖�

�
∆𝑝
𝑡

, (2-10) 

where ω  is the angular frequency, ρ0 is the air density and J0, J1 are Bessel 

functions of the first kind and order 0 and 1, respectively. The quantity s, termed 

perforation constant [Zwikker and Kosten 1949, Maa 1998] is the quotient 

between the tube diameter d and the viscous boundary layer inside the 

perforations.  

𝑠 = 𝑑�
𝜔𝜌0
4𝜇

= 10𝑑�𝑓. (2-11) 

The size of the boundary layer decreases as the frequency increases. Eq. 

(2-10) can be written in terms of the pressure and particle velocity as  

𝑍𝑝(𝑀𝑃𝑃) =
∆𝑝
𝑢

= 𝑗𝜔𝜌0𝑡 �1 −
2

𝑠�−𝑗
𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1

. (2-12) 

Crandall [Crandall 1926] studied the impedance of a narrow tube for limiting 

cases where s<1 and s>10. He observed that the resistance to mass reactance 

ratio was very big compared to unity for the first case and very small for the 

second case. A solution for the impedance of a perforation in the intermediate 

values of s taking into account the limiting values and using approximations for 

the Bessel functions was given by Maa [Maa 1987] as 

 

𝑧𝑝(𝑀𝑃𝑃) = 𝑋 + 𝑗𝜔𝑀  
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𝑍𝑝(𝑀𝑃𝑃) =  
32µ𝑡
𝑑2

�1 +
𝑠2

32
+ 𝑗𝜔𝜌0𝑡

⎝

⎛1 +
1

�32 + 𝑠2

2⎠

⎞. (2-13) 

Equation ((2-13) is an approximation of the exact solution (Eq.(2-12)). 

According to Maa, the maximum error between Eqs.(2-12) and (2-13) is less 

than 5%. Both the exact and approximate equations can be used for 

perforations in a panel considering that the interspace between centers is 

greater than the diameter of the perforation. However, Maa mentions that in the 

wide frequency range, the value of s falls in the intermediate region [Maa 1987]. 

That is probably the reason why in a great number of research works about 

microperforated panels, the approximate equation is preferred.  

Strictly speaking, the equations by Maa can be applied to microperforated 

panels with circular perforations and low perforation rates. In this case, the 

perforations are separated from each other and the borders do not interact. 

However, for high perforation rates, the effect of interaction between 

perforations has to be introduced [Melling 1973, Tayong et al. 2011]. This will 

be discussed further in Section 2.1.3.1. 

Due to the radiation of air at the end of the tube, the resistance and mass 

reactance of the short tube must be corrected. Moreover, Rayleigh [Rayleigh 

1926] showed that the acoustic radiation of the perforation adds a mass of air to 

the motion. These effects are not included in Eqs. (2-12) and (2-13) and will be 

explained next.  

2.1.1.1.1.  End corrections 

The physical phenomena influencing the real and imaginary parts of the 

impedance are shown in Figure 2-3. It is seen that the flow around the hole 

edges is distorted affecting the viscous boundary layer. When the dimensions of 

the tube are similar to the size of the boundary layer, the viscous thermal effects 

are very important. A region of uniform motion on the center of the hole is 

produced by the combination of the resistive and the reactive components. 
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Figure 2-3. Physical phenomena in a perforated panel (Redrawn after Atalla and 

Sgard, 2007) 

The resistive and reactive parts of the impedance must be corrected due to 

two effects:  

1) Surface resistance 
The vibration of the air molecules at the viscous thermal boundary 

layers (i.e. the panel surface) produce an additional viscosity effect due 

to friction loss when the air flow enters the perforation. This viscosity 

effect should be considered in the real part of the impedance 

(resistance). The correction factor 𝑅𝑠 was proposed by Ingard [Ingard 

1953] and Maa [Maa 1998] as 

𝑅𝑠 =
�2µωρ0

2
. (2-14) 

2) Mass reactance 
The radiation of a cylindrical mass of air through the perforation 

produces an apparent increase in the panel thickness. This increase in 

the tube’s length should be accounted for in the imaginary part of the 
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air 

Viscous 
boundary 
layer 

𝒖 

ZM 

Inner viscous effects 
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impedance (reactance). The correction factor is  𝑗0.85𝜔ρ0𝑑 [Ingard 

1953]. 

 

Therefore, the impedance corresponding to the end corrections is 

𝑍𝑒𝑛𝑑_𝑐𝑜𝑟 =
�2µωρ0

2
+ 𝑗0.85𝜔𝜌0𝑑. (2-15) 

 

The exact formula for the specific acoustic impedance of an MPP including 

the impedances of the tube given by Crandall [Crandall 1926] and the end 

correction proposed by Ingard [Ingard 1953] is 

𝑍𝑀(𝑀𝑃𝑃) =  
√2𝜇𝑠
𝜙𝑑

+
𝑗𝜔𝜌0
𝜙

�0.85𝑑 + 𝑡 �1 −
2

𝑠�−𝑗
𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1

�. (2-16) 

In the same way, the approximate formula proposed by Maa including the 

impedances of the tube and the end corrections is written as 

𝑍𝑀(𝑀𝑃𝑃) =  
32µ𝑡
𝜙𝑑2

��1 +
𝑠2

32
+
√2𝑠𝑑
32𝑡

� +
𝑗𝜔𝑡𝜌0
𝜙

⎝

⎛1 +
1

�32 + 𝑠
2

+ 0.85
𝑑
𝑡
⎠

⎞. (2-17) 

Figure 2-4 shows Crandall and Maa solutions for the acoustic impedance of 

an MPP as a function of the perforation constant s, for d=t=0.2 mm and a 

perforation ratio of 0.72%. It is seen that for a large range of s, the MPP 

provides an acoustic resistance close to that of air and a mass reactance 

slightly higher.  

Sakagami et al. [Sakagami et al. 2005, Sakagami et al. 2006, Sakagami et al. 

2010] and other several authors [Lee and Swenson 1992, Kang and Fuchs 

1999, Dupont 2002, Sakagami et al. 2005] and [Tayong et al. 2010] following 

Maa’s first paper [Maa 1975], used a resistive term 4 times greater i.e 

𝑋 =  
32µ𝑡
𝑑2

��1 +
𝑠2

32
+
√2𝑠𝑑

8𝑡
�. (2-18) 
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However, Maa in [Maa 1998] stated that the value of the surface impedance 

in his previous paper was too high and errors were introduced for large values 

of s.  

Sakagami et al. also used Rs instead of 4Rs in [Sakagami et al. 2008, 

Sakagami et al. 2009, Sakagami et al. 2011]. Same as Cobo et al. in [Cobo et 

al.2004] and [Cobo et al. 2009]. 

     
Figure 2-4. Crandall (straight line) and Maa (dashed) solutions for real (blue) 
and imaginary (red) parts of the specific acoustic impedance of an MPP with 

d=t=0.2 mm and φ=0.0072. 

Some authors stated that the resistive term depends also on the perforation 

shape. Bolton and Kim [Bolton and Kim 2010] proposed to introduce the 

resistive effect by means of a parameter ϕ 

𝑅𝑠 = 4𝜑
�2𝜌0𝜔𝜇

2
= 2𝜑�2𝜌0𝜔𝜇,  

(2-19) 

 
where ϕ  should be 4 for a sharp edge perforation and 2 for a round edge 

perforation. Applying computational fluid dynamics, Bolton and Kim found an 

existing dependence of ϕ with the MPP parameters (d,t,φ) and the frequency 

𝜑 = �(1 − 223 𝑡)
𝜙
𝑑

+ 135� 𝑓−0.5. (2-20) 

It is therefore seen that there is not a general consensus about the resistive 

end correction.  
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The problem of choosing the adequate end correction relies on Ingard’s 

theory. His theoretical derivations leaded to a value 4 times smaller than his 

experimental results.  

This was explained by Hou in [Hou 2009] where the resistive end correction 

is discussed for rounded and sharp edges. Hou concluded that 4Rs is an 

acceptable value of the resistance for typical microperforated panels with sharp 

edges.  

For the measurements presented in Chapter 5, the end correction 𝑅𝑠 =

√(2µωρ0 )/2 was found to be in agreement with the experiments.  

2.1.1.2. The equivalent fluid approach 

Atalla and Sgard [Atalla and Sgard 2007] presented a simple and general 

model to handle different panel configurations in the transfer matrix context (see 

Section 2.2.2). In this model, a perforated plate is assumed to be of infinite 

extent. It is coupled at both sides to a semi-infinite fluid, and impinged by a 

sound wave parallel to the direction of the perforations (Figure 2-5).   

 
Figure 2-5. Infinite perforated plate excited by a plane wave (Redrawn after 

Atalla and Sgard, 2007) 

In particularly, Atalla and Sgard showed that a microperforated panel can be 

modeled as an equivalent fluid following the Johnson-Allard rigid frame porous 

model with an equivalent tortuosity  Johnson et al. 1987, Champoux and Allard 

1991] and [Allard and Atalla 2009]. This tortuosity depends on the contact 

interface between the plate and the adjacent media.  

∞ 

∞ ∞ 

∞ 
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The equivalent fluid model can be used for different configurations considering 

the panel geometry and the multilayer interface. To simplify the derivation, 

Atalla and Sgard assume cylindrical perforations. 

The impedance at the interior of the tube and at the front of the panel is 

governed by viscous and inertial effects. If the perforation diameter is below 1 

mm (d < 1 mm) the absorption by visco-thermal losses is guaranteed. For 

perforations with diameters between 1 mm and 1 cm, the term macro-

perforation is used. The exact equation for the impedance of a perforation yields 

[Atalla and Sgard 2007] 

𝑍𝑝(𝐴𝑆) = 𝑗𝜔𝜌�𝑒𝑡, (2-21) 

where 𝜌�𝑒 is the effective density that is related to the air density by the dynamic 

tortuosity 𝛼�(𝜌�𝑒 = 𝜌0𝛼�). The effective density takes into account the viscous and 

inertial effects. It is given by 

𝜌�𝑒 = 𝜌0𝛼∞ �1 +
𝜎𝜙

𝑗𝜔𝜌0𝛼∞
𝐺𝐽(𝜔)� , (2-22) 

where 𝛼∞ is the geometric tortuosity, 𝜎 the flow resistivity and  

𝐺𝐽(𝜔) = ��1 + 𝑗
4𝜔𝜌0𝛼∞2 𝜇
𝜎2𝜙2Λ2

� , (2-23) 

where Λ is the viscous characteristic length. The geometric tortuosity, the 

flow resistivity and the viscous length depend on the shape of the perforation. 

For a circular pore, the size of the viscous length equals the perforation radius r 

so that Λ = 𝑟 = 𝑑/2. The flow resistivity yields 

The layer arrangement influences the geometric tortuosity. For a panel with 

circular perforations radiating in air at both ends, the geometric tortuosity yields 

𝛼∞ = 1 +
2𝜀𝑒
𝑡

, (2-25) 

𝜎 =
8𝜇
𝜙𝑟2

. (2-24) 
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where 𝜀𝑒 is a correction of the length induced by the radiation of air at the 

sides of the plate. The correction length is a function of the porosity and the 

perforation radius 

𝜀𝑒 = 𝜀0�1 − 1.14�𝜙� = 0.48�Φ𝑠�1 − 1.14�𝜙�, (2-26) 

where  𝜀0 = 0.48�Φ𝑠. For the case of a plate with circular perforations, 

 𝜀0 = 0.48√πr2 = 0.85𝑟. 

So far, no approximations for high and low frequency have been made, 

therefore Eq. (2-21) is valid for micro and macro perforated plates. Equation 

(2-21) with approximations yields  

𝑍𝑝(𝐴𝑆) = �
2𝑡
𝑟

+ 4
𝜀𝑒
𝑟
�𝑅𝑠 + 𝑗𝜔𝜌0(𝑡 + 2𝜀𝑒) + j �

2𝑡
𝑟

+ 4
𝜀𝑒
𝑟
�𝑅𝑠,

 
(2-27) 

where 𝑅𝑠 is the surface resistance 𝑅𝑠 = √(2µωρ0 )/2. Note that it is the same 

resistive correction used by Maa.  

The exact and approximated formula for the specific acoustic impedance of a 

microperforated panel including the impedances of the tube and the end 

correction are shown in Eqs.(2-28) and (2-29) respectively. 

𝑍𝑀(𝐴𝑆) =
𝑗𝜔𝜌0t
𝜙

𝛼∞ �1 +
𝜎𝜙

𝑗𝜔𝜌0𝛼∞
��1 + 𝑗

4𝜔𝜌0𝛼2∞𝜇
𝜎2𝜙2Λ2

��, (2-28) 

𝑍𝑀(𝐴𝑆) = (1 + 𝑗) �
2𝑡
𝑟

+ 4
𝜀𝑒
𝑟
�
𝑅𝑠
𝜙

+
𝑗𝜔𝜌0
𝜙

(𝑡 + 2𝜀𝑒).
 

(2-29) 

2.1.1.2.1.  End corrections 

In the exact equation of the equivalent fluid approach, the border impedance 

is introduced by means of the geometric tortuosity 𝛼∞ (Eq. (2-25)). The 

geometric tortuosity is defined as the high frequency limit of the dynamic 

tortuosity  𝛼� = 𝜌�𝑒/𝜌0. The geometric tortuosity takes into account the relative 

increase of the density of the ideal flow that fills the rigid frame of a porous 

media. It is a function of the length correction induced by the radiation of a 

cylinder of air vibrating at both sides of the perforation (this is why there is a 

factor 2 in the numerator of the second term of Eq. (2-25)).It is therefore, an 
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intrinsic parameter of the absorbent material that depends on the micro-

geometry and on the layer in contact with the panel.  

In the exact equation (Eq.(2-28)), the geometric tortuosity appears as a 

multiplying factor while in the high frequency approximation, the surface 

resistance 𝑅𝑠 and the length correction ε𝑒 appear as an addition.  

The comparison between the exact and approximated equations is shown in 

Figure 2-6 for a panel with parameters (t, φ, D)=(1 mm, 8.3 %, 1.5 cm) and 

diameter of perforations variable between 0.25 mm and 1.5 mm. The panel is 

placed 1.5 cm in front of a rigid wall. It is seen that for small diameter sizes, the 

approximated equation provides less absorption than the exact equation. As the 

diameter increases and equals the size of the panel thickness, both equations 

provide similar results. Therefore, it is seen that the agreement between the 

exact and approximated equations depends on the relationship between the 

diameter of the holes and the thickness of the panel. 

 
Figure 2-6. Absorption coefficient a microperforated panel with t=1 mm, 

φ=8.3 %, D= 1.5 cm and different values or d using the exact (blue line) and 
approximated (dashed green line) equations of Atalla and Sgard  
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2.1.1.3. Comparison of models 

The agreement or discrepancies between the model of Maa and the 

equivalent fluid approach can be observed studying the impedance as a 

function of the effective density.  

Without considering the end corrections, the impedance of a microperforated 

panel for these two models can be written in a general form as 

𝑍𝑀 =
𝑗𝜔𝑡
𝜙

𝜌�𝑒 , (2-30) 

where 𝜌�𝑒 is the effective density 

𝜌�𝑒 =

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝜌0 �1 −

2
𝑠�−𝑗

𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1

, 𝑀𝑎𝑎

𝜌0 �1 +
𝜎𝜙
𝑗𝜔𝜌0

��1 + 𝑖
4𝜔𝜌0𝜇
𝜎2ϕ2Λ2

�� , 𝐴𝑡𝑎𝑙𝑙𝑎 and 𝑆𝑔𝑎𝑟𝑑

� (2-31) 

Figure 2-7 shows the real and imaginary parts of 𝜌�𝑒/𝜌0 using the equations 

by Maa and by Atalla and Sgard. The panel thickness and porosity are equal to 

1 mm and 1 % respectively. The diameter of the perforations is varied from 0.25 

mm to 1.5 mm.  

It is observed that for small values of d, the real part of both models deviate 

from each other. In the range where microperforated panels provide absorption 

(i.e. d < 1 mm), the model of Maa displays higher values. On the other hand, 

the imaginary parts are in good agreement. This resemblance increases with 

the diameter raise. Both formulations provide similar effective density for d > 1 

mm and f > 1000 Hz.  

The influence of the diameter of the perforations in the absorption curve is 

shown in Figure 2-8. The frequency band of absorption decreases as the 

diameter increases. For small values of d, the model of Atalla and Sgard 

displays slightly less absorption than the model of Maa. The maximum 

absorption peak is achieved for a diameter of 0.5 mm, which is exactly half size 

of the panel thickness. As the diameter grows, the tendencies are reversed.  
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Figure 2-7. Real and Imaginary part of the normalized effective density using 
the equations of Maa (dashed green line) and Atalla and Sgard (blue line) for 

different values or d 
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Figure 2-8. Absorption coefficient a microperforated panel with t=1 mm, φ=1%, 
D= 1.5 cm and different values or d using the equations of Maa (dashed green 

line) and Atalla and Sgard (blue line)  

2.1.2. Panels with slit perforations (MSA/MSP) 
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The impedance of a slit was first studied by Rayleigh in 1929 and an 

approximated equation for low frequency was given by Beranek [Beranek 

1986]. In the work by Maa, the exact and low frequency approximated formula 

for the impedance of a micro slit absorber (MSA) are described. The length of 

the perforations in an MSA is greater than its diameter. As the amount of air 

upstream the plate has to be compressed into a much smaller volume, the 

resistive end correction is exactly the same as that of an MPP 𝑅𝑠 = √(2µωρ0 )/

2.  However, the reactive part differs. 

Mathematically speaking, the reactance of an MPP is solved for a cylindrical 

shape, therefore Bessel functions are used. An MSA has rectangular shape 

perforations. This can only be approximated to an ellipse (i.e. the length of the 

slit is greater than the width) through the use of the hyperbolic tangent function.  
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In this case, the relationship between the length and width is much bigger 

than one and the end correction should be much greater than the width. This as 

a consequence increases the mass reactance and affects the MSA wideband 

properties. For this reason, the MSA has a low resistance and high reactance 

 Essentially the equations of an MSA are similar to that of an MPP but the 

resistance is smaller and the mass reactance is higher. This explains why the 

performance of an MSA is less than to that of an MPP.  

The equivalent of Eq. (2-12) for a single slit in normal sound incidence is [Maa 

2001] 

𝑍𝑝(𝑀𝑆𝐴) =
∆𝑝
𝑢

= 𝑗𝜔𝜌0𝑡 �1 −
1
𝑠�𝑗

𝑡𝑎𝑛ℎ�𝑠�𝑗��
−1

. (2-32) 

To avoid the use of complex variables, Maa gave approximations for s<1 and 

s>10, expanding the hyperbolic tangent function in series. 

𝑍𝑝(𝑀𝑆𝐴) =

⎩
⎨

⎧
12𝜇𝑡
𝑑2

+ 𝑗𝜔𝜌0𝑡 �1 +
1
5
� , 𝑠 < 1,

2𝜇𝑡
𝑑2

𝑠√2 + 𝑗𝜔𝜌0𝑡 �1 +
1
𝑠√2

� , 𝑠 > 10.
� (2-33) 

The equation valid for the intermediate frequency range where 1<s<10 

yields,   

𝑧𝑝(𝑀𝑆𝐴) = 𝑋 + 𝑗𝜔𝑀,  

𝑍𝑝(𝑀𝑆𝐴) =
12𝜇𝑡
𝑑2

��1 +
𝑠2

18
� + 𝑗𝜔𝜌0𝑡 �1 +

1
�(52 + 2𝑠2)

� . (2-34) 

2.1.2.1.1. End corrections 

The end corrections are not taken into account in Eq. (2-34). Following 

Rayleigh’s derivation for an elliptic aperture, Maa used the elliptic integral and 

defined the reactive end correction as 

𝐹(𝑒) = 𝜋
2
�1 + �1

2
�
2
𝑒2 + �1×3

2×4
�
2
𝑒4 + �1×3×5

2×4×6
�
2
𝑒6+. . . �, (2-35) 
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where 𝑒 = �1 − (𝑟/𝑙)2, l is the slit length. The mass reactance correction is 

an extension of the thickness t. The acoustic impedance with end corrections is 

then, 

𝑧𝑝(𝑀𝑆𝐴) = 12𝜇𝑡
𝑑2

���1 + 𝑠2

18
� + √2𝑠𝑑

12𝑡
� + 𝑗𝜔𝜌0𝑡 ��1 + 1

�(52+2𝑠2)
� + 𝐹(𝑒)𝑑

2𝑡
�.  (2-36) 

According to Maa, the approximated equation  (2-36) can be used for all the 

ranges of s, and the error from the exact formula is close to 6 % [Maa 2001]. 

The resistive and reactive end corrections can also be included in the exact 

formula as 

𝑍𝑝(𝑀𝑆𝐴) = 𝑗𝜔𝜌0𝑡 �1 −
1
𝑠�𝑗

𝑡𝑎𝑛ℎ�𝑠�𝑗��
−1

+ 12𝜇𝑡
𝑑2

�√2𝑠𝑑
12𝑡

� + 𝑗𝜔𝑡𝜌0 �
𝐹(𝑒)𝑑
2𝑡

�. (2-37) 

The exact and approximated formula for the specific acoustic impedance of 

an MPP including the impedances of the tube and the end correction is 

obtained diving Eqs.  (2-36) and (2-39) by the perforation ratio 

𝑧𝑀(𝑀𝑆𝐴) = 12𝜇𝑡
𝜙𝑑2

���1 + 𝑠2

18
� + √2𝑠𝑑

12𝑡
� + 𝑗 𝜔𝜌0𝑡

𝜙
��1 + 1

�(52+2𝑠2)
� + 𝐹(𝑒)𝑑

2𝑡
�. (2-38) 

𝑍𝑀(𝑀𝑆𝐴) = √2𝜇𝑠
𝜙𝑑

+ 𝑗𝜔𝜌0
𝜙

�𝐹(𝑒)𝑑
2

+ 𝑡 �1 − 1
𝑠�𝑗

𝑡𝑎𝑛ℎ�𝑠�𝑗��
−1
�. (2-39) 

 
Figure 2-9. Exact (straight line) and approximated (dashed) solutions for real 

(blue) and imaginary (red) parts of the specific acoustic impedance of an MSA 
with d=t=0.2 mm l=22.5 mm and φ=0.0072 
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The exact and approximate solutions for the specific acoustic impedance of 

an MSA are shown in Figure 2-9. It is seen that Eqs.  (2-36) and (2-39) provide 

indistinguishable solutions. 

2.1.2.2. The models of Randeberg and Vigran and 
Pettersen 

A deduced model for slit like perforations was described by Randeberg in his 

PhD thesis [Randeberg 2000] after the work by Allard in Chapter 4 in [Allard 

1993]. The impedance of a perforation is similar to Eq. (2-32), however the end 

corrections are treated differently. The increase of the slit depth (reactive end 

correction) is 

𝛿 = −
2𝑤
𝜋
𝑙𝑛 �sin

𝜋𝑤
2𝑏
�, (2-40) 

where w is the slit width (d=w) and b is the center to center distance. The 

resistive end correction is defined as  

𝑅𝑠 = �2𝜇𝜌0𝜔
𝑡 + 2𝑤
𝑤2 . (2-41) 

Therefore, the impedance of a slit like perforated panel is 

𝑍𝑀(𝑠𝑙𝑖𝑡) =
𝑗𝜔𝜌0𝑡′
𝜙

��1 −
𝑡𝑎𝑛ℎ�𝑠�𝑗�

𝑠�𝑗
�
−1

−
2𝑤
𝜋𝑡′

𝑙𝑛 �sin �
𝜋𝑤
2𝑏
�� − 𝑗

𝑑𝑣
𝑡′
�. (2-42) 

where t’ is the modified slit length and dv is the boundary layer thickness 

𝑑𝑣 = �2𝜇/𝜌0𝜔. (2-43) 

According to Randeberg, Eq.(2-42) already includes the effect of interaction 

between slits since the reactive correction 𝛿 includes the slit distance b. 

Vigran and Pettersen [Vigran and Pettersen 2005] used the term “Micro 

Slotted Panel” (MSP) and proposed equations similar to those of Randeberg 

except for the resistive term. The impedance of an MSP including end 

corrections is 
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𝑍𝑀(𝑀𝑆𝑃) =
𝑗𝜔𝜌0𝑡
𝜙

��1 −
𝑡𝑎𝑛 �𝑘′𝑤

2
�

𝑘′𝑤
2

�

−1

−
2𝑤
𝜋𝑡

𝑙𝑛 �𝑠𝑖𝑛 �
𝜋𝜙
2
���, (2-44) 

with 

𝑘′ = �
𝜔𝜌0
𝑗𝜇

. (2-45) 

In a slotted panel, φ=w/b therefore the equations of Randeberg and Vigran- 

Pettersen agree except in the resistive term dv/t’.  

2.1.2.3. Comparison of models 

The impedance of an MSA/MSP without end corrections is exactly the same 

for the models of Maa, Randeberg and Vigran and Pettersen. Therefore the 

comparison between them is interesting only if the end corrections are taken 

into account. The absorption curve of a microslit panel is shown in Figure 2-10.  

The exact equation of Maa for an MSA is compared with the equations of 

Randeberg and Vigran and Pettersen. The panel constitutive parameters are 

(t, φ, l, D)=(2.5 mm , 5 %, 22.5 mm, 3 cm). The diameter of perforations is varied 

between 0.25 mm and 1.5 mm. It is seen that for small perforations (d< 0.25 

mm) the three models agree fairly well. As the diameter increases, the 

differences between the models become remarkable.  

On one hand, the model of Vigran and Pettersen presents lower absorption. 

This is due to absence of the resistive term dv/t’. On the other hand, it is 

observed that the model of Maa presents lower absorption than the model of 

Randeberg. Furthermore, as the diameter grows, the absorption peaks of the 

curves of Randeberg and Maa displace. This increase on the diameter leads to 

an overperforation of the panel surface.  

The deviation between the two curves relies on the fact that the equation of 

Randeberg already includes the effect of interaction between slits. This is best 

seen in Figure 2-11 where the models of Maa and Randeberg are compared for 

a panel with (d, t, φ, l, D)= (0.15 mm, 3 mm, 20%, 22.5 mm, 3.5 cm). 
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Figure 2-10. Absorption coefficient a microperforated panel with t=2.5 mm, 

φ=5%, D= 3 cm and different values or d using the equations of Maa (dashed 
green line) and Randeberg (blue line) and Vigran and Pettersen (dotted red 

line) 

 

 
Figure 2-11. Absorption coefficient a microperforated panel with d=0.15 mm, t=3 

mm, φ=20%, l=22.5 mm and D= 3.5 cm for the models of Maa (dashed green 
line) and Randeberg (blue line)  
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2.1.3. Considerations of design 

2.1.3.1. Over perforation effects 

The model of Maa assumes that the perforations are sufficiently spaced from 

each other and the panel has a low perforation rate. Therefore, no interaction 

between edges exists.  

Melling stated that the resistive part of the border impedance (i.e. the surface 

resistance) should be corrected for over perforation, but he doesn’t give details 

on how to do so. However, he explained how to correct the reactive part 

studying the shapes and distances of the perforations.  

Consider circular perforations with diameter d, distance between centers of 

perforations b and distance between edges θ  as in Figure 2-12. Melling [Melling 

1973] showed that when d/b<0.2 (or θ>4d), the orifices do not interact with each 

other. However, when d/b>0.8 (or θ<d/4), the interaction between perforations 

occur and the reactive part of the impedance must be modified. 

To take the interaction into account, Melling proposed to modify the reactive 

part of the impedance M in the following way.  

𝑀 = 𝑖𝜔𝜌0
𝑑

Ψ(𝜖), (2-46) 

with 

Ψ(𝜖) = (1 − 1.4092 𝜖 + 0.33818 𝜖3 + 0.06793 𝜖5 − 0.02287 𝜖6
+ 0.03015𝜖7 − 0.01641𝜖8)−1, (2-47) 

where Ψ(𝜖) is the Fok function. Considering this, the exact equations for an 

MPP (Eq.(2-16)) and an MSA (Eq. ((2-38))) including over perforation are  

𝑍𝑀(𝑀𝑃𝑃) =  
√2𝜇𝑠
𝜙𝑑

+
𝑗𝜔𝜌
𝜙

�
0.85𝑑
Ψ(𝜖) + 𝑡 �1 −

2
𝑠�−𝑗

𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1

�, (2-48) 

and 

𝑍𝑀(𝑀𝑆𝐴) =
√2𝜇𝑠
𝜙𝑑

+
𝑗𝜔𝜌0
𝜙

�
𝐹(𝑒)𝑑

2Ψ(𝜖) + 𝑡 �1 −
1
𝑠�𝑗

𝑡𝑎𝑛ℎ�𝑠�𝑗��
−1

�. (2-49) 
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Figure 2-12. The concept of ε=d/De in the Fok function 

Melling and Rschevkin [Rschevkin 1963] stated that 𝜖 = 𝑑/𝐷𝑒, where 

𝐷𝑒 = 2�Φ𝑠/𝜋. Randeberg [Randeberg 2000, Randeberg 2002] and Tayong and 

co-workers [Tayong et al. 2010], defined 𝜖 as  

𝜖 =
√𝜋𝑑
2𝑏

 (2-50) 

Taking into account that for a circular perforation 𝜙 = (𝜋/4)(𝑑/𝑏)2 [Maa 

1987], we can write 𝜖 as a function of φ.  Strictly speaking, Fok deduced the 

expression for a circular aperture in a circular baffle, therefore in his function the 

quotient between the diameter of two circles appears. However, Rschevkin 

states that for a circular aperture in a squared baffle of side length b, the 

function Ψ(d/b) should be approximately of the same magnitude as the one 

obtained through the Fok function. Fok deduction assumes a circle of radius b, 

but the definition of porosity requires a square of side b.  

Figure 2-13 shows the Fok function (mass reactance correction factor) in the 

range 0<𝜖<0.8. As can be seen, for small values of  𝜖, the correction is small but 

it becomes important for 𝜖>0.2. As this is the weighting factor for the excess 

length of the oscillating mass inside the hole, we see how the over perforation 

trims the excess of length and takes it toward zero at the limit.  

In the equivalent fluid model, the over perforation effects are included in Eq. 

(2-26). Note also that Atalla and Sgard consider 𝜀 = �𝜙. As seen in Figure 
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2-14, the function of Fok and the tortuosity function does not differ too much for 

φ<0.4. 

 
Figure 2-13. Fok function 

 

Figure 2-14. Over perforation correction by means of the Fok function and the 
tortuosity 

In a recent work, Jaouen and Becot [Jaouen and Bécot 2011] used the 

equivalent fluid model to characterize a screen (low frequency approximations 
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Ψ(𝜖) = 1 − 1 − 13𝜖 − 0.09𝜖2 + 0.27𝜖3 (2-51) 
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with 𝜖 defined as 2√(𝜙/𝜋). It is therefore noticed that there is not an 

agreement about which independent variable to use in the over perforation 

function. In some works published during the course of this thesis [Cobo et al. 

2010, Ruiz et al. 2011], 𝜖 = �𝜙  was used. However, applying strictly Fok’s 

deduction for a circular orifice and baffle, Eq. (2-50) should be used.  

Figure 2-15 shows the absorption curve of an MPP following the models of 

Maa (Eq. (2-48)) and Atalla and Sgard (Eq. (2-28)).  Only the equations without 

approximation are used. Both models include over perforation effects. In the 

model of Maa, the correction factor used in the Fok function (Eq.2.47) is  

𝜖 = �𝜙 . In the model of Atalla and Sgard the correction factor used is given by 

Eq. (2-26). The study of the absorption curve is performed for different 

parameter combinations. It is seen that for the frequency range shown, small 

discrepancy exists between the models.  

 
Figure 2-15. Absorption curve at normal sound incidence according to Maa and 

Atalla and Sgard for different parameters 

Figure 2-16 shows the absorption curve for a given MPP with (d,t,φ,D= 0.2 

mm, 7 mm, 40 %, 2 cm) assuming that the over perforation correction used by 

Atalla and Sgard is an approximation of the exact equation given by the Fok 
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function. That is, modifying the excess of length of Eq.(2-26) in the Atalla and 

Sgard model by 

𝜖𝑒 = 𝜖0 �1 − 1.4092 �𝜙 + 0.33818 �𝜙
3

+ 0.06793 �𝜙
5

− 0.02287�𝜙
6

+ 0.03015�𝜙
7
− 0.01641�𝜙

8� 
(2-52) 

It is seen that the absorption curves given by the two models provide similar 

results with a small difference. Moreover, for a perforation rate of φ=0.4, the 

absorption curve provided by the Atalla and Sgard model using the correction 

for over perforation (Eq. (2-26)) and the Fok correction (Eq.(2-47)) are 

indistinguishable. Therefore, the differences between the two approaches are 

not due to over perforation corrections.  

 
Figure 2-16. Comparison of the absorption curves of an MPP given by Maa, 

Atalla and Sgard and Atalla and Sgard using Fok function 

Consider now the effect of modifying the resistive part of the end correction 

including the factor 4 of the first work of Maa and the correction factor of Bolton 

and Kim in the surface resistance of the Maa model Eqs.(2-19) and (2-20). 

Figure 2-17 shows the resulting absorption curves.  

 

It is seen that: 

• Multiplying by 4 the resistive part of the border impedance has a 

negligible effect in the absorption curve provided by Maa.  
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• The correction proposed by Bolton and Kim has an important effect 

(almost 10%), which decreases considerably the absorption curve.  

• There is little difference between the two absorption curves provided 

by Atalla and Sgard. 

• At the low frequency range, the model by Maa gives higher absorption 

than that of Atalla and Sgard, and this one in turn, gives higher 

absorption than Maa’s model with the correction given by Bolton.  

• At the peak, the same tendency is maintained: Maa’s model provides 

a higher peak than Atalla&Sgard.  On the other hand the model of 

Maa modified by Bolton’s correction provides a lower absorption peak. 

• At the high frequency range the model of Atalla and Sgard provides 

higher absorption than the other models.  

In general it is observed that the differences between the exact equations of 

the models of Maa and Atalla and Sgard are small even for plates with high 

perforation. However, the corrections proposed by Bolton introduce an 

important effect.  

 
Figure 2-17. a) Absorption curve of an MPP using the models by Maa, Maa with 
corrections of Bolton, Atalla and Sgard and Atalla and Sgard with Fok function. 

b) zoom of the peak 

Figure 2-18 shows a single layer MPP with (t, φ, D) = (1 mm, 3 %, 3 cm). The 

effect of varying the perforation diameter while keeping the other parameters as 

constants is studied. The exact and approximated equations are compared. The 
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correction factors used are Ψ(𝜖) with 𝜖 = �𝜙 for Maa and 𝜀𝑒 = 0.85r�1 −

1.14�𝜙�  for Atalla and Sgard.  

 
 Figure 2-18. Comparison of the exact (straight line) and approximated (dashed) 

equations by Maa (blue line) and Atalla and Sgard (red line) for a single layer 
MPP with t=1 mm, φ=3 %, D=3 cm, and d variable 

It is seen that:  

• The curves provide an absorption peak that decreases as the 

perforation diameter increases.  

• For very small diameters, the curve predicted with the approximated 

equation of Maa is above the curve predicted with the exact equation.  

• The absorption curve predicted with the approximated equations of 

Atalla and Sgard gives lower absorption than the rest of the curves for 

diameters below 0.5 mm. 

• The peak of the curve provided by the approximated equation of the 

equivalent fluid approach moves towards the rest of the curves with 

the increase of the perforation diameter.  

• As the diameter increases, the peaks of the approximated and exact 

equations of Atalla and Sgard approach each other.  
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• The absorption peak obtained with the approximated equation of 

Atalla and Sgard tends to be below the rest of the peaks for very small 

diameter sizes. 

• The peaks of the curves predicted with the equations of Atalla and 

Sgard start to exceed the peak of the curves predicted with the model 

of Maa when the diameter exceeds 0.75 mm.  

In general it is observed that the exact and approximated equations of both 

models agree for specific pore diameters. However, for the parameters studied, 

the approximated equation of Atalla and Sgard provides less absorption than 

the rest of the curves for diameters below 0.5 mm  

Figure 2-19 presents the absorption curve for an MSA with (d,t,p,D)=(0.15 

mm, 3 mm, 20%, 22.5 mm, D= 3.5 cm). It is the same configuration used in 

Figure 2-11. However, taking into account the over perforation, the deviation 

from both models in the imaginary part of the curve is reduced as expected. The 

real and imaginary part of both models overlap. 

 

 
Figure 2-19. Absorption coefficient a microperforated panel with d=0.15 mm, t=3 
mm, φ=20 %, l=22.5 mm and D= 3.5 cm for the models of Maa (dashed green 

line) and Randeberg (blue line)  
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2.1.3.2. Influence of the perforations geometry 

To analyze the influence of the perforation’s geometry, consider the models 

presented by Maa for an MPP and an MSP. Figure 2-20 shows two squared 

plates of 7 cm side length with parameters (d,t,φ)=(3 mm, 1 mm, 9.81 %).  

   
Figure 2-20. a) MPP with (d,t,φ)=(3 mm, 1 mm, 9.81 %) and b) MSP with 

(d,t,φ,l)=(3 mm, 1 mm, 9.81 %, 5 cm) 

To compare these two panels, the diameter of the circular perforation must 

be equal to the width of the slit. The number of perforations in each plate is 

obtained finding the ratio between the product of the open area and the 

perforation ratio over the total area (see Eq. (2-1)). Therefore, the number of 

circular holes was 68. The number of slits in an MSP can vary depending on the 

length and diameter (width) of the slits. For this test, an arbitrary length of 5 cm 

was chosen and therefore 6 slits were drawn. The simplest over perforation 

correction is considered (i.e Ψ��𝜙�).  

 
Figure 2-21. Real and imaginary parts of the impedance of an MPP and an MSP 

with (d,t,φ,l)=(3 mm, 1 mm, 9.81 %,5 cm ) 

(a) (b) 
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Figure 2-22. Absorption curves of an MPP and an MSP with (d,t,φ,l,D)=(3 mm, 1 

mm, 9.81 %, 5 cm, 2.3 cm) 

Figure 2-21 and Figure 2-22 show the impedance and the absorption of the 

plates. As expected, the resistance of the MPP is higher than that of an MSP 

and therefore the absorption coefficient of an MSP is lower than that of an MPP.  

2.1.3.3. Distribution of the perforations over the 
panel surface 

In order to study the effect of the distribution of the perforations in a panel 

surface, nine panels of 28.8 mm diameter where simulated. Five panels 

consisted of an MPP while the remaining four consisted of an MSA. The width 

of the slits in the MSAs was equivalent to the diameter of the circular 

perforations of the MPPs so that both panels had the maximum number of 

similarities between their constitutive parameters. The diameter of the 

perforations was fixed to 3 mm. The constitutive parameters of the nine panels 

were (d,t,φ)=(3 mm, 1 mm, 9.96 %). Therefore, the number of holes in the 

MPPs was nine. As the number of slits depends on its size, a length of 5.4 mm 

was fixed in order to obtain 4 slits. 

Plates one to four had one hole in the center and eight holes distributed 

around the center at angles of 45º in samples one to three, and 30º, 60º and 

120º in plate four. Plate number five was perforated with holes distributed 

randomly over the surface of the plate. Plates six to eight where perforated with 
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rectangular slits maintaining the width and length of the slits constant. Sample 

number nine was perforated with one slit of twice the length than the others. 

The characteristics of the panels are shown in Table 2-1. 

 

Figure 2-23. MPPs and MSPs 

Table 2-1. Characteristics of the panels 

d1 

(mm) 

t1 

(mm) 

φ1 

(%) 

Panel diameter 

 (mm) 

l 

(mm) 

# circular holes  

MPP 

# slits  

MSP 

3 1 9.96 28.8 5.4 9 4 

The least distance between centers on each of the panels is easily found 

using the sine and cosine laws. Table 2-2 shows the hole to hole distances. 

Since the distribution of the perforations in plate five was done randomly, all the 
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distances between perforations are different and only the smallest distance 

(which has been measured) is considered in the table.   

Table 2-2. Distance between centers on the samples 

Sample 
S1 S2 S3 S4 S5 S6 S7 S8 S9 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Distance 
between 
centers        

b in (mm)  

6.
5 

8.
5 5 6.
5 

8.
41

 

11
 

6.
2 

8.
7 

10
 

5.
67

 

8.
4 

10
.5

 

12
 

14
.4

 

8.
7 8 

d/b 

0.
46

 

0.
35

 

0.
6 

0.
46

 

0.
35

 

0.
27

 

0.
48

 

0.
34

 

0.
30

 

0.
52

 

0.
35

 

0.
28

 

0.
25

 

0.
20

 

0.
34

 

0.
37

 

According to Melling (Section 2.1.3.1) if the ratio of the diameter of the holes d, 

over the distance between centers b, is less than 0.2, there is no interaction 

effect. For all nine plates, this ratio is always greater than 0.20 and less than 

0.6. Figure 2-24 shows that the maximum interaction between borders occurs in 

distance 3 which corresponds to plate 2, while the minimum interaction occurs 

in distance 14 which corresponds to plate 7. Figure 2-25 shows the absorption 

curves of the nine panels using the equations given by Maa, including over 

perforation corrections with 𝜖 = �𝜙 and  𝜖 = √𝜋𝑑
2𝑏

. 

 
Figure 2-24. Ratio of the diameter of the holes over the distance between 

centers 
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Figure 2-25. Absorption curve of the panels including correction for over 

perforation. a)  𝜖 = �𝜙, b) 𝜖 = (√𝜋 𝑑)/2𝑏 

It is clearly seen that the absorption of an MPP is higher than that of an MSP. 

In addition, the absorption curves of the five MPPs correspond when the first 

correction factor is used.  

The same happens with the MSPs, all four panels provide the same 

absorption. This is expected since the distances between centers are not taken 

into account. Using the second correction factor (Figure 2-25b), each panel 

provides a different absorption curve. However the tendency is maintained. The 

curves of the MSPs are below the curves of the MPPs.  

2.2. Multiple layer microperforated panels 

The frequency range of absorption of a single layer MPP or MSP is limited to 

one or two octaves. In order to widen this range, another layer of material can 

be introduced between the panel and a rigid wall. This will enhance the 

frequency band of absorption to three or four octaves.  

In this section, two approaches to obtain multilayer absorbing systems are 

described.  

The first one consists on the approach by analogy to an equivalent electrical 

circuit (EC). The second one called transfer matrix approach (TM), allows 

expressing the parameters of one side of the plate based on the physical 

parameters of the layer at the other side of the plate. Comparisons between 

both models are presented. 

(a) (b) 
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2.2.1. The Equivalent Circuit approach (EC) 

Maa [Maa 1987] obtained the impedance of a double layer MPP using the 

equivalent circuit (EC) analogy. Similar formulations where used by Lee and 

Swenson [Lee and Swenson 1992], Kang and Fuchs [Kang and Fuchs 1999], 

Lee and Chen [Lee and Chen 2001], Zhang and Gu [Z.M.Zhang and X.T.Gu 

1998] and Randeberg [Randeberg 2000] among others.  

In the EC, the air cavities and the perforated panels can be related to an 

electrical circuit (Figure 2-26) in series and parallel configurations as follows: 

From the particle velocity continuity, the impedance of the panel ZM is always in 

series while the air cavity impedance ZD is in parallel. 

 
Figure 2-26. Equivalent electrical circuit analogy of a double layer 

microperforated panel in front of a rigid wall 

For a two layer system, the impedance of the panel-air cavity next to the rigid 

wall yields 

𝑍2 = 𝑍M2 + 𝑍D2, (2-53) 

From the pressure continuity, the impedance Z2 will be in parallel with the 

previous air cavity impedance ZD1 as 

𝑍1 =
𝑍D1𝑍2
𝑍D1 + 𝑍2

. (2-54) 

The input impedance Zi will be the result of adding Z1 in series with the 

impedance of the first MPP  

𝑍𝑖 = 𝑍M1 + 𝑍1. (2-55) 

Replacing Eq.(2-53) in Eq.(2-54) and Eq.(2-54)in Eq.(2-55) the acoustic 

impedance of a double layer MPP yields 
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𝑍𝑖 = 𝑍M1 +
𝑍D1(𝑍M2 + 𝑍D2)
𝑍D1 + 𝑍M2 + 𝑍D2

, (2-56) 

where 𝑍M1,M2 are the impedances of panels 1 and 2 which can be obtained 

by any of the models described in Section 2.1. Also note that 𝑍D1,D2 are the air 

cavity impedances given by Eq.(2-5). The absorption coefficient is obtained 

replacing Eq. (2-56) in (2-7) and (2-8). 

2.2.2. The Transfer Matrix approach (TM) 

 The transfer matrix (TM) is a practical way of finding the acoustic impedance 

of a multilayer system of n number of elements (layers). In this method, each 

layer is considered to be of infinite transversal length and forms a unitary matrix. 

The input impedance of the system is obtained by the multiplication of the 

individual matrices.  

For a one-dimensional acoustic element, the unit transfer matrix is written as 

[Lee and Kwon 2004] 

�
𝑝𝑛
𝑢𝑛� = �𝐸11 𝐸21

𝐸21 𝐸22
� �
𝑝𝑛+1
𝑢𝑛+1�, (2-57) 

where E11,E12,E21,E22 are the transfer matrix elements. In a multilayer 

system, two types of elements can be recognized: A fluid (or equivalent fluid) 

and a microperforated panel. For an equivalent fluid, the transfer matrix is given 

by 

�
𝑝𝑛
𝑢𝑛� = [𝐹] �

𝑝𝑛+1
𝑢𝑛+1� =

⎣
⎢
⎢
⎡ cos 𝑘𝑎 𝑡𝑎

𝑗𝑍𝑎
𝜙𝑎

sin𝑘𝑎𝑡𝑎
𝑗𝑍𝑎
𝜙𝑎

sin𝑘𝑎𝑡𝑎 cos 𝑘𝑎𝑡𝑎 ⎦
⎥
⎥
⎤
�
𝑝𝑛+1
𝑢𝑛+1� (2-58) 

where 𝑘𝑎, 𝑡𝑎, 𝜙𝑎 and 𝑍𝑎 are the wave number, the  thickness, the porosity  

and the impedance of the fluid. If the fluid is air 𝑘𝑎, 𝑡𝑎, 𝜙𝑎 and 𝑍𝑎 are replaced 

by the properties of air i.e. 𝑘0, D, 1, 𝑍0. For a microperforated panel, the transfer 

matrix is given by  

�
𝑝𝑛
𝑢𝑛� = [𝑆] �

𝑝𝑛+1
𝑢𝑛+1� = �1 −𝑍M

0 1 � �
𝑝𝑛+1
𝑢𝑛+1�, (2-59) 
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where ZM is the acoustic impedance of the panel. The transfer matrix [T] of a 

multiple layer system will be then 

[𝑇] = [𝑆]n[𝐹]n … . . [𝑆]𝑛+1[𝐹]𝑛+1. (2-60) 

Consider a double layer (DL) system consisting of two panels and two air 

cavities. The transfer matrix yields 

[𝑇] = [𝑆]1[𝐹]1[𝑆]2[𝐹]2 

[𝑇] = �1 −𝑍M1
0 1 � � cos 𝑘0𝐷1 𝑗𝑍0 sin𝑘0𝐷1

𝑗𝑍0 sin𝑘0𝐷1 cos 𝑘0𝐷1
�... 

...�1 −𝑍M2
0 1 � � cos 𝑘0𝐷2 𝑗𝑍0 sin𝑘0𝐷2

𝑗𝑍0 sin𝑘0𝐷2 cos 𝑘0𝐷2
� 

(2-61) 

The input impedance is obtained as   

𝑍𝑖 =
𝑇(1,1)
𝑇(2,1)

 (2-62) 

The transfer matrix approach presents a straightforward way of combining 

and switching layers of materials of a multilayer system. 

 

 Figure 2-27. Comparison of the exact (straight line) and approximated (dashed) 
equations by Maa (blue line) and Atalla and Sgard (red line) for a double layer 
MPP with (t1, t2)=1 mm, (φ1,φ2)=3 %, (D1,D2)=3 cm, d2=1 mm and d1 variable 
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The input impedance of a double layer MPP is shown in Figure 2-27. The 

variation of the perforation diameter of the first panel is studied. The exact and 

approximated equations of Maa and Atalla and Sgard are used. In general it is 

observed that the tendency between the exact and approximated equations 

seen in Figure 2-18 is maintained in Figure 2-27.  

2.2.3. Comparison of approaches 

Zou at al. in [Zou et al. 2006] stated that the absorption coefficient predicted 

by the EC did not agree with experimental results in some frequency range. 

Instead, they proposed an Impedance Transfer (IT) method to predict the 

absorption coefficient of a double layer MPP. Cobo et al. [Cobo et al. 2009] 

compared the equivalent circuit (EC) and the impedance transfer (IT) 

approaches to a double layer MPP absorber and explained why the IT approach 

was the correct one.  

The impedance of a double layer system can be deduced imposing pressure 

and particle velocity continuity conditions in each layer (i.e. the particle velocity 

is continuous at both sides of the MPP and the loss of acoustic pressure 

through the MPP is due to its impedance).  

 
Figure 2-28. Downstream and upstream waves propagating in a double layer 

absorbing system 

The configuration of a double layer MPP (MSP) is shown in Figure 2-28 

where Z1 and Z2 are the impedances of the layers 1 and 2.  
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Let An and Bn be the downstream and upstream waves. The acoustic 

pressure and particle velocity in each layer are 

𝑝𝑛 = 𝐴𝑛𝑒−𝑗𝑘0𝑥 + 𝐵𝑛𝑒𝑗𝑘0𝑥, (2-63) 

𝑢𝑛 =
𝐴𝑛𝑒−𝑗𝑘0𝑥 − 𝐵𝑛𝑒𝑗𝑘0𝑥

𝑍0
, (2-64) 

for n=0, 1, 2. Assuming continuity conditions, the normal component of the 

particle velocity at the rigid interface x=D1+D2 yields 

�𝑢|𝑥=𝐷1+𝐷2 =
𝐴2𝑒−𝑗𝑘0(𝐷1+𝐷2) − 𝐵2𝑒𝑗𝑘0(𝐷1+𝐷2)

𝑍0
= 0. (2-65) 

The following relation is obtained 

𝐵2
𝐴2

= 𝑒−2𝑗𝑘0(𝐷1+𝐷2). (2-66) 

Making use of Eq. (2-2), the impedance to the right of the second MPP is 

obtained as 

�𝑍𝐷2 =
𝑝2
𝑢2
�
𝑥=𝐷1

= 𝑍0
𝐴2𝑒−𝑗𝑘0(𝐷1) + 𝐵2𝑒𝑗𝑘0(𝐷1)

𝐴2𝑒−𝑗𝑘0(𝐷1) − 𝐵2𝑒𝑗𝑘0(𝐷1) 

= 𝑍0
1 + 𝐵2

𝐴2
𝑒2𝑗𝑘0(𝐷1)

1 − 𝐵2
𝐴2
𝑒2𝑗𝑘0(𝐷1)

, 

(2-67) 

Replacing Eq. (2-66) in Eq.(2-67), the acoustic impedance of the air cavity in 

front of a rigid wall ZD2 is obtained as 

𝑍𝐷2 = −𝑗𝑍0 cot(𝑘0𝐷2), (2-68) 

From the boundary condition of particle velocity, the impedance of the MPP 

and the air cavity are in series 

𝑍2 = 𝑍M2 + 𝑍𝐷2 = 𝑍M2 − 𝑗𝑍0 cot(𝑘0𝐷2), (2-69) 

Again, Eq. (2-2) is used to obtain the impedance at the left of the second 

MPP 
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�𝑍2 =
𝑝1
𝑢1
�
𝑥=𝐷1

= 𝑍0
𝐴1𝑒−𝑗𝑘0(𝐷1) + 𝐵1𝑒𝑗𝑘0(𝐷1)

𝐴1𝑒−𝑗𝑘0(𝐷1) − 𝐵1𝑒𝑗𝑘0(𝐷1) (2-70) 

from where  

𝐵1
𝐴1

= 𝑒−2𝑗𝑘0𝐷1
𝑍2 − 𝑍0
𝑍2 + 𝑍0

. (2-71) 

At the right of the first MPP, the boundary condition yields 

�𝑍𝐷1 =
𝑝1
𝑢1
�
𝑥=0

= 𝑍0
𝐴1 + 𝐵1
𝐴1 − 𝐵1

= 𝑍0
1 + 𝐵1

𝐴1

1 − 𝐵1
𝐴1

 (2-72) 

And replacing from Eq. (2-71),  

𝑍𝐷1 = 𝑍0
𝑍2 cos(𝑘0𝐷1) + 𝑗𝑍0 sin(𝑘0𝐷1)
𝑍0 cos(𝑘0𝐷1) + 𝑗𝑍2 sin(𝑘0𝐷1) (2-73) 

From the boundary condition as in Eq. (2-69), the input impedance of the 

system is obtained as 

𝑍𝑖 = 𝑍M1 + 𝑍𝐷1 = 𝑍M1 + 𝑍0
𝑍2 cos(𝑘0𝐷1) + 𝑗𝑍0 sin(𝑘0𝐷1)
𝑍0 cos(𝑘0𝐷1) + 𝑗𝑍2 sin(𝑘0𝐷1) (2-74) 

Developing Eq. (2-74) yields 

𝑍𝑖 = 𝑍M1 +
𝑍𝐷1(𝑍M2 + 𝑍𝐷2)
𝑍𝐷1 + 𝑍M2 + 𝑍𝐷2

+
𝑍02

𝑍𝐷1 + 𝑍M2 + 𝑍𝐷2
 (2-75) 

which is the impedance obtained by Eq. (2-56) plus the term 𝑍02/(𝑍𝐷1 + 𝑍𝑀2 +

𝑍𝐷2).  

Cobo et al. [Cobo et al. 2009] claimed that since the deduction of equation 

(2-74) had been rigorously obtained, it is accurate and gives better results than 

using the EC analogy.  

For a double layer system, the impedance transfer is straightforward. 

However when the number of layers increases, or the interchange of layers is 

required, the IT development can be tiresome. Therefore, the impedance 

transfer approach is more appropriate. 

The comparison of these approaches is observed in Figure 2-29. The exact 

equation of Maa for an MPP is used. As can be seen, the IT and TM 

approaches are equivalent. 
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Figure 2-29. Absorption curves obtained with the IT (blue line), EC (dashed 

green line) and TM (doted red line) approaches for a double layer MPP with (d1, 
t1, φ1, D1, d2, t2, φ2, D2)=(0.25 mm, 1 mm, 7.8 %, 1.32cm, 0.25mm, 1mm, 3.4 %, 

1.14 cm) 

2.3. Summary 

In this chapter, the impedance of a microperforated panel with slits and 

circular perforations has been reviewed. For all the models exposed, the 

impedance can be separated in two components:  

1) The impedance of the perforations. 

2) The border impedance.  

The impedance of the perforations is responsible of the visco-thermal losses 

effects that occur when an acoustic wave impinges onto the perforations. The 

border impedance is responsible for the flow distortion and the excess of 

vibrating air mass. 

It is seen that a perforated panel can be modeled with an analytical model 

deduced for the perforation geometry or with the equivalent fluid approach. The 

differences between the two models rely on the border impedance. While Maa 

and Randeberg include the end correction as an addition to the impedance, 

Atalla and Sgard include it as a multiplying factor by means of the geometric 

tortuosity. Nevertheless, the exact equations of Maa and Atalla and Sgard 

provide very similar results. The difference is seen when using the 
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approximated equations of Atalla and Sgard which provide a much smaller 

absorption curve when the diameter of the perforations is less than half the 

length of the tube.  

In multilayer configurations, several options for calculating the input 

impedance are presented. However, the equivalent circuit approach seems to 

be less accurate than the transfer matrix approach. The development of the 

transfer matrix for a double layer system is generalized in the impedance 

transfer approach.  

Table 2-3 summarizes the equations shown in this chapter. Note that in the 

table, the equations are not normalized by the acoustic impedance of air. 

Table 2-3. Equations to obtain the impedance of MPP and MSP. 
ACOUSTIC 

IMPEDANCE 
OF A PANEL 

EXACT EQUATIONS APPROXIMATED EQUATIONS 

MAA MPP 

𝑍𝑀(𝑀𝑃𝑃) =  
√2𝜇𝑠
𝜙𝑑

+ 

𝑗𝜔𝜌0
𝜙 �

0.85𝑑
Ψ(𝜖) + 𝑡 �1−

2
𝑠�−𝑗

𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1

� 

𝑧𝑀(𝑀𝑃𝑃) =  
32µ𝑡
𝜙𝑑2 �

�1 +
𝑠2

32
+
√2𝑠𝑑
32𝑡 �

+ 

𝑗
𝜔𝑡𝜌0
𝜙

⎝

⎛1 +
1

�32 + 𝑠2

2

+
0.85
Ψ(𝜖)

𝑑
𝑡
⎠

⎞ 

MAA MSA 

𝑍𝑀(𝑀𝑆𝐴) =
√2𝜇𝑠
𝜙𝑑

+ 

𝑗𝜔𝜌0
𝜙 �

𝐹(𝑒)𝑑
2Ψ(𝜖) + 𝑡 �1−

1
𝑠�𝑗

𝑡𝑎𝑛ℎ�𝑠�𝑗��
−1

� 

𝑧𝑀(𝑀𝑆𝐴) =
12𝜇𝑡
𝜙𝑑2 �

��1 +
𝑠2

18�
+
√2𝑠𝑑
12𝑡 �

+ 

𝑗
𝜔𝑡𝜌0
𝜙 ��1 +

1

�(52 + 2𝑠2)
� +

𝐹(𝑒)𝑑

2𝑡Ψ(𝜖)� 

ATTALA and 
SGARD 

𝑍𝑀(𝐴𝑆) =
𝑗𝜔𝜌0𝑡
𝜙

𝛼∞ �1 +
𝜎𝜙

𝑗𝜔𝜌0𝛼∞
��1 + 𝑗

4𝜔𝜌0𝛼2∞𝜇
𝜎2𝜙2Λ2 �� 

𝑍𝑀(𝐴𝑆) = (1 + 𝑗) �
2𝑡
𝑟

+ 4
𝜀𝑒
𝑟
�
𝑅𝑠
𝜙

+ 𝑗
𝜔𝜌0
𝜙

(𝑡

+ 2𝜀𝑒) 

RANDEBERG 𝑍𝑅 =
𝑗𝜔𝜌0𝑡′
𝜙 ��1−

𝑡𝑎𝑛ℎ�𝑠�𝑗�
𝑠�𝑗

�
−1

−
2𝑤
𝜋𝑡′

𝑙𝑛 �sin �
𝜋𝑤
2𝑏
�� − 𝑗

𝑑𝑣
𝑡′ �
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3. ABSORBING SYSTEMS BASED ON 
MICROPERFORATED PANELS 

In a microperforated panel with optimal absorption properties, the diameter of 

perforations and the plate thickness should be approximately of the same order 

so that its ratio (d/t) is close to 1 [Maa 1987]. This requirement can lead to 

several difficulties. For example, the submillimetric thin panels can become 

difficult to handle when installed in situ. Also, drilling submillimetric holes can be 

demanding and expensive. In this chapter, two solutions to overcome this 

problem are suggested: the former consist on filling up the air cavity with an 

absorbent material. The theory of this was described in [Allard and Atalla 2009] 

and [Mechel 2002]. Experimental validations were presented in [Atalla and 

Sgard 2007] and [Chevillote 2012]. The later proposes to replace the bulk 

material with a thin foil as in [Ackermann et al. 1988, Frommhold et al. 1994, 

Mechel 1994a, Mechel 1994b] or [Pfretzschner et al. 2006].  

The theory to model microperforated panels shown in Chapter 2 is used to 

create hybrid systems of panels combined with porous layers or micrometric 

foils. Experimental validation of the systems proposed in this chapter is shown 

in Chapter 5.  

3.1. Hybrid absorber Double Layer MPP with a porous 
layer (DLMPP/P) 

The absorption of a multilayer perforated system can be enhanced by 

introducing a porous or fibrous material into the air cavity spaces. Usually, it is 

assumed that the facing (perforated panel upstream a porous material) adds a 

mass reactance to the total impedance. Ingard [Ingard 1954] showed that the 

perforated facing also causes an additional acoustic resistance which could 

even be larger than the acoustic resistance of the porous layer. The additional 

resistance is obtained when the porous layer is bonded to the perforated plate 

but it becomes zero if the plate and the porous absorber are separated a 

distance bigger than the diameter of the perforations. This was confirmed by 
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Lee and co-workers [Lee et al. 2006] who showed with experimental results that 

the porous material significantly increases the resistance and reactance. 

Additionally, they revealed that both the resistance and reactance of the 

perforations in contact with air decreases as the porosity increases. 

The addition of a microperforated panel to a fibrous or porous layer enhances 

the absorption bandwidth. However, the contact interface modifies the border 

impedance of the microperforated panel [Ingard 1954, Atalla and Sgard 2007, 

Lee et al. 2006]. Randeberg showed that when the air cavity behind the panel is 

filled with a porous material, a mass reactance is added to the impedance of the 

material [Randeberg 2000].  

In a free fluid like air, the propagation of sound is characterized by the 

characteristic density ρ0. Quantities such as the wave number k0 and 

characteristic impedance Z0 are real. On the contrary, in a fluid limited by a 

porous structure, losses cannot be ignored and consequently the wave number 

and the acoustic impedance become complex functions. The wave number is 

substituted for the propagation constant  𝛤𝑎. The acoustic properties of a fibrous 

material can be expressed in terms of the specific impedance Za and the 

propagation constant  𝛤𝑎 [Perrot 2006].  

Many works concerning porous materials are based on the empirical model 

developed by Delany and Bazley [Delany and Bazley 1970]. In this thesis, a 

straightforward semi empirical model proposed by Allard and Champoux [Allard 

and Champoux 1992] is used. In the Allard-Champoux model the propagation 

constant  Γ𝑎 and acoustic impedance Za  of a fibrous material are given as 

Γ𝑎(𝜔) = 𝑗2𝜋𝑓�𝜌(𝜔)/𝐾(𝜔), (3-1) 

𝑍𝑎(𝜔) = �𝜌(𝜔) × 𝐾(𝜔), (3-2) 

where 𝜌(𝜔) is the dynamic density and 𝐾(𝜔) the bulk modulus of the fluid. 

The dynamic density takes into account the viscous and inertial forces per unit 

volume of air in the material. The bulk modulus relates the divergence of the 

averaged molecular displacement of the air to the averaged variation of the 

pressure [Allard and Champoux 1992].  
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Assuming normal temperature and atmospheric pressure, the dynamic 

density and bulk modulus are 

𝜌(𝜔) = 1.2 + [−0.0364(𝜌0𝑓/𝜎)−2 − 𝑗0.1144(𝜌0𝑓/𝜎)−1]1/2 (𝑘𝑔/𝑚3) (3-3) 

𝐾(𝜔) = 1101320 +
𝑗29.64 + �2.82 �𝜌0𝑓

𝜎
�
−2

+ 𝑗24.9 �𝜌0𝑓
𝜎
�
−1
�
1
2

𝑗21.17 + �2.82 �𝜌0𝑓
𝜎
�
−2

+ 𝑗24.9 �𝜌0𝑓
𝜎
�
−1
�
1
2

   (𝑁/𝑚2) (3-4) 

where σ is the flow resistivity. In a fibrous material, the flow resistivity 

increases with the apparent density of the material and decreases with the fiber 

mean diameter.  

The model of Allard and Champoux presents very similar results to the model 

of Delany and Bazley for 0.01<(𝜌0𝑓)/𝜎<1 but improves the results for (𝜌0𝑓)/

𝜎<0.01. For a material with a high flow resistivity, for instance σ=60000 Rayl 

mks/s, the minimum valid frequency using the Delany and Bazley model is 

f=500 Hz since 𝜌0=1.2 kg/m3 and f/σ = 0.0083. Therefore, this model provides a 

valid margin when low flow resistivity materials are used. For higher flow 

resistivity, the Allard and Champoux model is more appropriate.  

 
Figure 3-1. Sketch of a double layer MPP with a porous layer (DL-MPP/P) 

Consider a double layer MPP with the second air cavity filled up of a fibrous 

material (DL-MPP/P in the following) as in Figure 3-1.The acoustic pressure and 

particle velocity of each layer will be as in Eqs.(2-63) and (2-64) except in the 
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porous layer where the propagation constant  𝛤𝑎 is used instead of the wave 

number  𝑘0 

𝑝2 = 𝐴2𝑒−𝛤𝑎𝑥 + 𝐵2𝑒𝛤𝑎𝑥 (3-5) 

𝑢2 =
𝐴2𝑒−Γ𝑎𝑥 − 𝐵2𝑒Γ𝑎𝑥

𝑍𝑎
 (3-6) 

Following the same derivations as in equations (2-65) to (2-68), the 

subsequent relations are obtained,  

�𝑢|𝑥=𝐷1+𝐷2 =
𝐴2𝑒−Γ𝑎(𝐷1+𝐷2) − 𝐵2𝑒−Γ𝑎(𝐷1+𝐷2)

𝑍𝑎
= 0, (3-7) 

𝐵2
𝐴2

= 𝑒−2Γ𝑎(𝐷1+𝐷2). (3-8) 

�𝑍𝐷2 =
𝑝2
𝑢2
�
𝑥=𝐷1

= 𝑍𝑎
𝐴2𝑒−Γ𝑎(𝐷1) + 𝐵2𝑒Γ𝑎(𝐷1)

𝐴2𝑒−Γ𝑎(𝐷1) − 𝐵2𝑒−Γ𝑎(𝐷1) 

= 𝑍𝑎
1 + 𝐵2

𝐴2
𝑒2Γ𝑎(𝐷1)

1 − 𝐵2
𝐴2
𝑒2Γ𝑎(𝐷1)

, 

(3-9) 

and substituting B2/A2 yields,  

𝑍𝐷2 = 𝑍𝑎 cot ℎ(Γ𝑎𝐷2), (3-10) 

which is the equation of the impedance of a porous layer in front of a rigid 

wall [Beranek 1992]. The impedance of the system can be obtained with Eqs. 

(2-69) to (2-74) with the appropriate value of ZD2. 

Figure 3-2 shows the absorption curve of a double layer MPP with the 

second air cavity filled up of a fibrous material with variable flow resistivity. The 

model of Maa (Eq, 2.48) is used for the two panels. Simulations are performed 

for the DLMPP with the second air cavity filled of air, a fibrous material with 

σ=10000 Rayls and a fibrous material with σ=40000 Rayls. It is seen that when 

no porous layer is included, the system does not provide a good absorption 

because flow resistivity equals zero. However the absorption curve is strongly 
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enhanced by introducing a porous layer. This DL-MPP/P provides an average 

absorption of 90% in the frequency band (500,14000) Hz, at normal incidence.  

 
Figure 3-2. Absorption curve of a DL-MPP/P  with parameters 

(d1,t1,φ1,D1,d2,t2,φ2,D2)=(0.23 mm, 0.5 mm, 23 %, 2 cm, 0.23 mm, 0.5 mm, 
23 %, 4 cm) and variable σ 

3.1.1. Grazing flow effects 

So far, the MPPs and MSPs have been presented in the linear regime, 

normal incidence and no flow. In certain applications, grazing flow may appear. 

The effect of the grazing flow through a microperforated panel is an increase of 

the resistance and a decrease of the reactance of the end correction impedance 

[Kirby and Cummings 1998]. Empirical models have been proposed to explain 

the difficulties associated with the numerical modelling of these effects. 

However these models are valid for specific parameter ranges of the perforated 

panel. 

 Ingard and Ising [Ingard and Ising 1967] studied the nonlinearity of an orifice 

at high sound pressure levels and showed that at the front of the perforation, 

the acoustic particle velocity is increased as the sound wave enters the 

perforation. At the outlet of the orifice, they observed that the flow separates 

forming a high velocity jet. Kirby and Cummings [Kirby and Cummings 1998] 

studied the impedance of perforated plates subjected to grazing flow and 

backed or not by porous layers. They considered that the resistive and reactive 
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parts of the border impedance where modified by the grazing flow. Circular and 

louvres perforations where included in their investigation.  

Tayong and co-workers [Tayong et al. 2011] did experimental investigations 

of the hole interaction effect on the sound absorption of MPPs under high and 

medium sound levels. The analysis of the data revealed that the nonlinear 

reactance dependence on velocity was very low compared to the resistance-

velocity dependence. In their work, the presence of mean flow was not taken 

into account.  

Allam and Abom [Allam and Abom 2008] studied the effect of grazing flow in 

the impedance of commercial MPPs and MSPs manufactured by Sontech. The 

empiric equation of the normalized impedance of a plate (combining grazing 

and through flow) adjusted for the experimental measurements was 

𝑍𝑚 =
𝑍M
𝑍0

= ��
�8𝜇𝜌0𝜔
𝑍0𝜙𝐶𝐷

� �1 +
𝑡
𝑑
�� +

𝛽𝑀
𝜙

+
𝑗𝑘
𝜙𝐶𝐷

�𝑡 + 𝛿 × 𝐹𝑖𝑛𝑡 × 𝐹𝑓�,  (3-11) 

where CD is the orifice discharge coefficient, defined as the quotient between 

the real flow velocity and the ideal flow velocity (therefore it is a dimensionless 

number smaller than 1). β=0.15  is a semi-empiric constant, M  is the Mach 

number, δ=0.62d  is a factor for the acoustic end correction for both sides of the 

hole and Fint, Ff  are the hole interaction and flow effect  respectively 

𝐹𝑖𝑛𝑡 = 1 − 1.47�𝜙 + 0.47�𝜙3, (3-12) 

and 

𝐹𝑓 =
1

1 + 305𝑀3, (3-13) 

According to Malmary et al. [Malmary et al. 2001] and Melling [Melling 1973] 

the discharge coefficient in a grazing flow varies between 0.6 and 0.9. Notice 

that the impedance given in Eq.(3-11) already includes the impedance of the 

perforation and the end correction.  

Considering the impedance of a perforation given by Crandall (using Bessel 

functions) and adding the end impedance given by Allam and Abom yields 
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𝑍M(MPP)𝑓𝑙𝑜𝑤 =
√2𝜇𝑠
𝐶𝐷𝑑

+
𝑗𝜔𝜌0𝛽𝑀𝑍0

𝐶𝐷
�

0.85𝑑 × 𝐹𝑖𝑛𝑡 × 𝐹𝑓 +

𝑡 �1 −
2

𝑠�−𝑗
𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1
�, (3-14) 

Cobo et al.[Cobo et al. 2010] proposed a model similar to that of Allam and 

Abom but with a modification of the end corrections. The equations given for the 

impedance of the MPP (Eq. (2-48)) or MSA (Eq. (2-49)) in zero flow situations 

become Eqs. (3-15) and (3-16) respectively with flow end corrections  

𝑍M(MPP)𝑓𝑙𝑜𝑤 =  
√2𝜇𝑠
𝜙𝑑

+ ψ𝑓,𝑅 +
𝑗𝜔𝜌0
𝜙

�
0.85𝑑

Ψ(𝜖)ψ𝑓,𝐼
+ 𝑡 �1 −

2
𝑠�−𝑗

𝐽1�𝑠�−𝑗�
𝐽0�𝑠�−𝑗�

�
−1

�, (3-15) 

and 

𝑍M(MSA)𝑓𝑙𝑜𝑤 =
√2𝜇𝑠
𝜙𝑑

+ ψ𝑓,𝑅 + 

𝑗𝜔𝜌0
𝜙

�
𝐹(𝑒)𝑑

2Ψ(𝜖)ψ𝑓,𝐼
+ 𝑡 �1 −

1
𝑠�𝑗

𝑡𝑎𝑛ℎ�𝑠�𝑗��
−1

�, 

(3-16) 

where 

ψ𝑓,𝑅 =
𝛽𝜌0𝑉
𝜙

, 

ψ𝑓,𝐼 = 1 + γM. 

(3-17) 

V is the flow velocity, M the Mach number and β and γ are parameters to be 

fitted. Figure 3-3 to Figure 3-5 show a parametric study for the DL-MPP/P 

system described in section 3.1 but this time under grazing flow (i.e. using Eq. 

(3-15) for the first MPP).  

It is seen from Figure 3-3 that for the values chosen for β and γ, the flow 

velocity has an effect in the high frequency range. The absorption in higher 

frequencies increases with the parameter β, Figure 3-4. Moreover, for the 

values chosen for V and β, the absorption curve slightly varies with frequency 

(Figure 3-5) when γ is varied between 300 and 600. This shows that the reactive 

impedance has a lower influence than the resistive impedance.   

Experimental results with this double layer MPP/porous system are 

presented in Chapter 5. 
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Figure 3-3. Absorption curve of a DL-MPP/P with absorber with parameters 
(d1,t1,φ1,D1,d2,t2,φ2,D2,R1,β,γ)=(0.23 mm, 0.5 mm, 23 %, 2 cm, 0.23 mm, 0.5 
mm, 23 %, 4 cm, 30000 rayl/m, 0.15,300) under grazing flow with V variable 

 
 
 
 
 

 
Figure 3-4. Absorption curve of a DL-MPP/P with absorber with parameters 
(d1,t1,φ1,D1,d2,t2,φ2,D2,R1,V,γ)=(0.23 mm, 0.5 mm, 23 %, 2 cm, 0.23 mm, 0.5 
mm, 23 %, 4 cm, 30000 rayl/m, 30m/s,300) under grazing flow with β variable 
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Figure 3-5. Absorption curve of a DL-MPP/P with absorber with parameters 
(d1,t1,φ1,D1,d2,t2,φ2,D2,R1,V,β)=(0.23 mm, 0.5 mm, 23 %, 2 cm, 0.23 mm, 0.5 
mm, 23 %, 4 cm, 30000 rayl/m, 30m/s,0.6) under grazing flow with γ variable 

3.2. Hybrid absorber MPP with a micrometric mesh 

3.2.1. Single layer Microperforated Insertion Units 
(MIU) 

The combination of a perforated panel with a micrometric mesh was 

proposed by Pfretzschner and co-workers [Pfretzschner et al. 2006]. They 

name it a microperforated insertion unit (MIU). The MIU results when a panel is 

covered with a micrometric mesh. In this way, the perforations of the panel can 

be millimetric but will have a submillimetric perforated area provided by the 

mesh.  

Millimetric panels are easily manageable and can be drilled in a cheap way. 

Micrometric meshes are commercially manufactured and can be purchased. 

Using appropriate constitutive parameters, this system can be an excellent way 

of noise control.  

A single-layer MIU (SL-MIU) results from the combination of a millimetric 

panel with parameters (d1,t1,φ1) in close contact with a micrometric mesh with 

parameters (d2,t2,φ2). The system is placed in front of an air cavity of thickness 

D. Therefore the absorption curve of a SL-MIU depends on the tuning of 7 

parameters (d1,t1,φ1,d2,t2,φ2,D). The performance of such system is similar to 
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that of a SL-MPP (see section 2.1). Figure 3-6 shows the sketch of a single 

layer MIU.  

 
Figure 3-6. a) Sketch fo a single layer MIU, b) Side view 

 

 
Figure 3-7. Equivalent circuit of a single layer MIU 

Consider Figure 3-6a as a double layer system. Starting from the rigid wall at 

the right, the impedance of the MIU can be obtained as in section 2.2 for a 

double layer MPP except that since the micrometric mesh is bonded to the 

portable panel, there is no air cavity between the structures, Figure 3-6b. 

Therefore, the impedance of the panel and the mesh can be considered in 

series as in Figure 3-7. The impedance of the second air cavity ZD2 is obtained 

with Eq.(2-5). From the EC approach, the input impedance before the second 

MPP (mesh) will result of the addition in series of the air cavity impedance as 

D 

ZD 

Zi 
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𝑍2 = 𝑍M2 + 𝑍𝐷2, (3-18) 

ZM2 is the impedance of the micrometric mesh. Using the Impedance transfer 

method, the input impedance of the first air cavity D1 will be as in Eq. (2-73) 

𝑍𝐷1 = 𝑍0
𝑍2 cos(𝑘𝐷1) + 𝑗𝑍0 sin(𝑘𝐷1)
𝑍0 cos(𝑘𝐷1) + 𝑗𝑍2 sin(𝑘𝐷1). (3-19) 

Finally, the input impedance of the system will be as in Eq. (2-74) 

𝑍𝑖,𝑀𝐼𝑈 = 𝑍M1 + 𝑍𝐷1, (3-20) 

where ZM1 is the impedance of the first MPP (portable panel).  

In the work by Pfretzschner [Pfretzschner et al. 2006], the mesh is 

considered as a rigid panel. Both the panel and the mesh are modeled with the 

equations of Maa for a panel with circular perforations without considering 

overperforation effects. This means that the impedances ZM1 and ZM2 are 

obtained with Eq. (2-16).  

To obtain the MIU, D1 tends towards zero, so the cosine in Eq. (3-19) tends 

to 1 and the sine tends to zero, i.e. 

𝑍𝐷1 𝑀𝐼𝑈 = lim
𝐷1→0

𝑍𝐷1 =𝑍0
𝑍2
𝑍0

= 𝑍2, (3-21) 

The input impedance of the MIU becomes 

𝑍𝑖,𝑀𝐼𝑈 = 𝑍M1 + 𝑍𝐷1 = 𝑍M1 + 𝑍2 = 𝑍M1 + 𝑍M2 + 𝑍𝐷2, (3-22) 

Therefore the impedance of an MIU is the addition of the normalized acoustic 

impedances of the portable panel and the mesh, plus the air cavity impedance. 

However, a very important assumption is made:  the perforation ratio of the 

micrometric mesh is modified by that of the panel i.e. 𝜙′2 = 𝜙1 × 𝜙2.  

Figure 3-8 explains this modified ratio. It is noticed that a part of the mesh is 

being hidden behind the plate and only some area of the mesh is in contact with 

air at both sides. Therefore, it is noticeable that the part of the mesh which is 

hidden by the plate does not contribute to the viscous dissipation. Additionally it 

can be deduced that the porosity observed from the rear side of the system is 

the product of the porosities of the plate and the mesh (𝜙1 × 𝜙2).   
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Figure 3-8. Flow inside the perforations of an MIU 

Observing what occurs inside the perforations, the particle velocity inside and 

outside of the pores can be obtained as 

𝑢1 =
𝑢
𝜙1

,𝑢2 =
𝑢
𝜙′2

 (3-23) 

The particle velocity is the same at both sides of the MIU but not inside the 

perforations. Since 𝜙1 and 𝜙2 are smaller than one, the velocity inside the pores 

is always greater than outside them.  

  
Figure 3-9. Absorption curve of a single layer MIU with (d1,t1,φ1,d2,t2,φ2,D)=(6 
mm,1 mm,23 %,35 µm,39 µm,14 %,5 cm) using the equations by Maa for an 

MPP 

Figure 3-9 shows the absorption curve of a single layer  MIU using the 

equations by Maa (Eq. (2-16)) with (d1,t1,φ1,d2,t2,φ2,D)=(6 mm,1 mm,23 %,35 

µm,39 µm,14 %,5 cm). It can be seen that for these parameter configuration, 
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the frequency range of absorption is between 410 and 2560 Hz (almost 2.5 

octaves), i.e. very similar to a single layer MPP.  

3.2.2. Double layer Microperforated Insertion Units 
(MIU) 

A good alternative to widen the absorption curve keeping a high absorption 

peak is by designing double-layer MIUs (DL-MIU). If the impedance of each 

MIU is known, the input impedance of the DL-MIU can be calculated by 

applying the IT development or the TM approach. Since the impedance of each 

MIU depends on 7 parameters, controlling the absorption performance of a DL-

MIU requires the tuning of 14 parameters. Figure 3-10 shows the sketch of a 

DL-MIU at normal incidence.  

 
Figure 3-10. Sketch of a double layer MIU (DL-MIU) 

ZMIU1 and ZMIU2 are the impedances of the MIU1 and MIU2 respectively. ZD1 

and ZD2 are the impedances of the air cavities 1 and 2 respectively. Z1, Z2 are 

the impedances of the layers. The input impedance of a system like the one in 

Figure 3-10 is obtained as follows: The second air cavity impedance is obtained 

with Eq. (2-5). Since at both sides of the MIU, the particle velocity is constant 

but there is a difference in pressure due to the MIU impedance, the boundary 

condition gives 
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𝑍2 = 𝑍𝑀𝐼𝑈2 − 𝑗𝑍0 cot(𝑘0𝐷2). (3-24) 

The impedance of the first air cavity is exactly the same as Eq. (2-73), 

𝑍𝐷1 = 𝑍0
𝑍2 cos(𝑘0𝐷1) + 𝑗𝑍0 sin(𝑘0𝐷1)
𝑍0 cos(𝑘0𝐷1) + 𝑗𝑍2 sin(𝑘0𝐷1). (3-25) 

Imposing boundary conditions at both sides of the first MIU, the system’s 

input impedance is obtained 

𝑍1 = 𝑍𝑚1 + 𝑍𝐷1 = 𝑍𝑚1 + 𝑍0
𝑍2 cos(𝑘0𝐷1) + 𝑗𝑍0 sin(𝑘0𝐷1)
𝑍0 cos(𝑘0𝐷1) + 𝑗𝑍2 sin(𝑘0𝐷1), (3-26) 

which is exactly the same as Eq.(2-74). Figure 3-11 shows the absorption 

curve of a double layer MIU with parameters (d1,t1,φ1,d2,t2,φ2,D1,d3,t3,φ3,d4, 

t4,φ4,D2)=(5 mm, 2 mm, 23 %, 35 µm, 39 µm,14 %, 2 cm, 4 mm,1 mm, 5 %,150 

µm,150 µm, 50%,1 cm) using the equations given by Maa for the panels and 

the meshes. 

  
Figure 3-11. Absorption curve of a double layer MIU with (d1,t1,φ1,d2,t2,φ2, 

D1,d3,t3,φ3,d4,t4,φ4,D2)=(5 mm,2 mm,23 %,35 µm,39 µm,14 %,2 cm,4 mm,1 
mm,5 %,150 µm,150 µm,50%,1 cm) using the equations by Maa for an MPP 

Figure 3-12 shows the absorption curves of a  SL-MIU with (d1,t1,φ1,d2,t2, 

φ2,D1)=(6 mm, 1 mm, 23 %, 35 µm, 39 µm, 14 %, 5 cm), compared to a DL-MIU 

with (d1,t1,φ1,d2,t2,φ2,D1,d3,t3,φ3,d4,t4,φ4,D2)=(6 mm, 1 mm, 23 %, 35 µm, 39 µm, 

14 %, 2 cm, 6 mm, 1 mm, 23 %, 35 µm, 39 µm, 14 %, 3 cm). The two systems 
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have the same total thickness (5 cm) and the DL-MIU is composed of two MIUs 

with the same constitutive parameters as the SL-MIU. The average absorption 

of both MIUs, in the frequency band (500, 5000) Hz, is 0.72 for the SL case, 

and 0.81 for the DL one. It is observed that a double layer MIU allows widening 

the absorption curve. 

 

Figure 3-12. Absorption curve of (a) an SL-MIU with (d1,t1,p1,d2,t2,p2,D1)=(6 
mm,1 mm,23 %,35 µm,39 µm,14 %,5 cm), and (b) a DL-MIU with 

(d1,t1,φ1,d2,t2,φ2,D1,d3,t3,φ3,d4,t4,φ4,D2)=(6 mm,1 mm,23 %,35 µm,39 µm,14 %,2 
cm, 6 mm,1 mm,23 %,35 µm,39 µm,14 %,3 cm) 

3.2.3. Considerations of design 

3.2.3.1. Over perforation effects 

In the model proposed by Pfretzschner and co-workers, the equations by 

Maa does not include over perforations. However, the interaction between 

perforations of the portable panel or of the mesh may occur. To take this into 

account, Eq. (2-48) can be used for the portable panel and the micrometric 

mesh.  

Figure 3-13 and Figure 3-14 present the absorption curves of the single and 

double layer MIUs shown in Figure 3-9 and Figure 3-11 compared to the 

absorption curves of an MIU with over perforation.  
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Figure 3-13. Absorption curve of a SL MIU with (d1,t1,φ1,d2,t2,φ2,D)=(6 mm,1 

mm,23 %,35 µm,39 µm,14 %,5 cm) using the equations by Maa for an 
MPP(blue line) and Maa with correction for over perforation(green dashed line) 

 

 
Figure 3-14. Absorption curve on a DL MIU with (d1,t1,φ1,d2,t2,φ2,D1, 

d3,t3,φ3,d4,t4,φ4,D2)=(5 mm,2 mm,23 %,35 µm,39 µm,14 %,2 cm,4 mm,1 
mm,5 %,150 µm,150 µm,50%,1 cm) using the equations by Maa for an 

MPP(blue line) and Maa with correction for over perforation (green dashed line) 

It can be observed that including over perforation effects by means of the Fok 

function, the absorption curve is modified particularly at frequencies above the 

maximum absorption peaks. The attached mass influencing the reactive part of 

the impedance, affects the absorption curve by widening it and displacing it to 

the high frequencies.  
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Another possibility to consider the over perforation effects is by using the 

equations of Atalla and Sgard for the panel and the mesh. This is explained in 

section 3.2.4.  

3.2.3.2. Influence of the perforations geometry 

Pfretzschner et al. worked with portable panels with circular perforations. 

Furthermore, they assumed that the meshes had also circular perforations. 

However, the microscopic analysis of the mesh geometry reveals that the 

weaving process usually results in rectangular shaped orifices (see Appendix 

A). Therefore, the MIU model can be extended to other perforation geometries. 

For a plane wave in the frequency domain and depending on the shape of 

the perforation, ZM1, ZM2 can be obtained with the equations in Table 2-3. When 

slit perforated panels or meshes are considered, the length of the slit l should 

be included.  In [Ruiz and Cobo 2011], the combination of an MPP with a mesh 

of slit perforations was proposed as a Micro Slotted Perforated Panel (MSPP) 

while the combination of an MSP with a slitted mesh was called Double Micro 

Slotted Panel (DMSP). 

Figure 3-15 shows the comparison of the absorption curves provided by an 

MIU, MSPP and DMSP following the models of Maa for the panel and the mesh 

with circular perforations (MIU), Maa for an MSP as portable panel (M MSPP). 

The same configuration is shown but using the equations of Randeberg (R 

MSPP). Also an MIU using the approximated equations of the equivalent fluid 

approach (AS MSPP) is simulated.  For the parameters chosen in Figure 3-15, 

all the MSPP curves provide an absorption very close to the MIU model. It is 

seen that using the theories of Maa and Randeberg for the portable panel, the 

absorption curves superimpose. On the other hand, using the equations by 

Atalla and Sgard, the absorption curve matches that of an MIU. This is due to 

the fact that Atalla and Sgard simplify the derivation of the impedance assuming 

cylindrical shape size perforations.  

Figure 3-16 shows the absorption curves of a panel and a mesh with the 

same parameters as in Figure 3-15, but considering the perforations of the 

mesh as rectangular orifices (DMSP). It can be seen that the results are very 
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different. The models of Randeberg and Maa (MSA) in both plates give an 

absorption curve that matches the peak frequency of the MIU model, but the 

peak is lower. The approximated equations of the Atalla and Sgard model, 

provide and absorption curve with a much smaller peak.  

 

 
Figure 3-15. Absorption curve of an MIU with  (d1,t1,φ1,d2,t2,φ2,D)=(3 mm, 1 mm, 

9.96 %, 41µm, 50 µm, 31 %, 3.13 cm) and an MSPP with (d1,t1,φ1,d2, 
t2,φ2,D,l1)=(3 mm, 1 mm, 9.96 %, 41µm, 50 µm, 31 %, 3.13 cm, 5.4 mm) 

 

 
Figure 3-16. Absorption curve of an DMSP with parameters (d1,t1,φ1,d2, 
t2,φ2,D,l1)=(3 mm, 1 mm, 9.96 %, 41µm, 50 µm, 31 %, 3.13 cm, 5.4 mm) 
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3.2.4. Modeling of the MIU by means of the equivalent 
fluid approach. 

The MIU model does not consider neither the effect produced by the union of 

the MPP and the mesh, nor the effect of the flow inside the perforations to the 

resistive and reactive parts of the border impedance. This might be accounted 

for using the equivalent fluid approach. As explained in section 2.1.1.2, the 

equivalent fluid approach proposed by Atalla and Sgard already includes a 

correction for over perforation.  However, an important remark should be done. 

The equivalent tortuosity defined in Eq. (2-25) considers a circular perforation 

radiating at both ends, but this is not the case of an MIU since only one of the 

ends radiates sound. The equivalent tortuosity of the portable panel and the 

micrometric mesh must be 𝛼∞,1,2 respectively 

𝛼∞,1,2 = 1 +
𝜀𝑒1,2

𝑡1,2
, (3-27) 

Equation (3-27) assumes that only one side of the panel radiates air (i.e the 

right side of the mesh and the left side of the panel). In the contact surface, the 

continuity of pressure and particle velocity is assumed. In other words, it is 

assumed that there is no flow distortion.  

The equation to obtain the input impedance of an MIU using the equations of 

Atalla and Sgard yields  

𝑍i,MIU =
𝑗𝜌0𝜔𝜌�e1𝑡1

𝜙1
+
𝑗𝜌0𝜔𝜌�e2𝑡2

𝜙2′
+𝑍𝐷 , (3-28) 

where 𝜌�e1,2 are the effective density of the plate and the mesh respectively, t1 

and t2 the plate and mesh thickness and φ1,φ2´ the plate and mesh porosity. The 

first and second terms of Eq. (3-28) are similar to Eq. (2-21). The first term 

corresponds to the impedance of the portable panel and the second term 

corresponds to the impedance of the mesh. The modified porosity of the mesh 

𝜙2′ has to be used in the effective density of the mesh.  

Figure 3-17a shows the absorption curve of the same MIU of Figure 3-9 but 

using the exact equation of the equivalent fluid approach (Eq.(2-21)) for the 

panel and the mesh.  
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It is observed that the model of an MIU in using the equations of Atalla and 

Sgard approaches the curve of the MIU with Maa equations corrected for 

overperforation. The differences are mainly at the right side of the peak, which 

is the reactive part of the impedance. The absorption curve provided by the 

Atalla and Sgard model is shifted to the high frequency range. This could 

possibly be due to the fact that in the model of Maa, the impedance of both the 

panel and the mesh has a resistive part that considers a tube radiating at both 

sides of the plate. As explained previously, this is not a proper estimation of the 

physical phenomena occurring inside the perforations of and MIU. In Figure 3-

17b, the reactive part of the impedance of the panel and the mesh in the MIU 

model is divided by 2 in order to consider the radiation of only one side of the 

panel and one side of the mesh. 

 

   
Figure 3-17. Absorption curve of a single layer MIU with (d1,t1,φ1,d2,t2,φ2,D)=(6 
mm,1 mm,23 %,35 µm,39 µm,14 %,5 cm) using the equations of Maa and by 
Atalla and Sgard, a) Maa corrected by Fok, b) Maa corrected by Fok and tube 

radiation 

The results of the simulations in Figure 3-17 tend to show that the model of 

the MIU can be enhanced by including overperforation effects and the effect 

produced by the union of the MPP and the mesh. Atalla and Sgard presented a 

correction of the tortuosity of a panel backed by a porous material. If the mesh 

is considered as a porous layer, this correction can be applied. The model of 

the MIU modified for the tortuosity of a porous backing is presented in the next 

section. 
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3.2.5. Hybrid model Maa-JCA for macro perforated 
portable panels 

An MIU can be modeled under the transfer matrix context using an hybrid of 

the analytical model of Maa for the portable panel and the rigid frame porous 

model given by Johnson-Champoux-Allard (JCA) [Champoux and Allard 1991] 

for the micrometric mesh [Ruiz et al. 2012b, Ruiz et al. 2012a]. The hybrid 

model presents two main advantages: First, portable panels with macro 

perforations can be used. Second, the mesh can be modeled as an equivalent 

fluid in which the pore micro geometry is considered.  

3.2.5.1. Adjustments of the Maa model for macro 
perforated plates bonded to meshes 

The impedance of the portable plate is calculated from the equations (2-48) 

or (2-49). However, these equations implicitly assume that the end correction 

has two equal contributions, one from the upstream side and the other one from 

the downstream side. This is appropriate for a free-standing plate. Yet, in the 

hybrid system, the downstream side is not free because it has a woven mesh 

immediately adjacent. Therefore the transition between the perforated plate and 

the mesh backing must lead to a correction. As only the upstream side of the 

plate is free, the reactive term of the impedance should be divided by 2. To take 

into account the mesh backing, the correction ε1(α∞)  is used [Atalla and Sgard 

2007].  ε1 = 0.48�Φ𝑠(1 − 1.47�ϕ1 + 0.47�ϕ1
3) is the correction length of the 

carrying plate.  α∞ is the geometric tortuosity of the mesh. Eqs. (2-48) and 

(2-49) corrected for the hybrid model are rewritten as 

𝑍MPP =
√2𝜇𝑠
𝜙𝑑1

+
𝑗𝜔𝜌0
𝜙

�
0.85𝑑
𝜓(𝜉) × 0.5 + 𝜀1(𝛼∞) +

𝑡

�1 − 2
𝑠�−𝑗

𝐽1(𝑠�−𝑗)
𝐽0(𝑠�−𝑗)

�
�,

 
(3-29) 

and 
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𝑍MSP =
√2𝜇𝑠
𝜙𝑑

+
𝑗𝜔𝜌0
𝜙

�
𝐹(𝑒)𝑑

2𝜓(𝜉) × 0.5 + 𝜀1(𝛼∞) +
𝑡

�1 − 𝑡𝑎𝑛ℎ (𝑠�𝑗)
𝑠�𝑗

�
�,

 
(3-30) 

3.2.5.2. Adjustments of the JCA model for 
micrometric meshes 

The JCA model provides equations to calculate the propagation of sound 

through fibrous materials considering a rigid frame porous media [Allard and 

Champoux 1992, Champoux and Allard 1991]. This model can be adapted to 

calculate the impedance and associated wave number of a micrometric mesh 

as 

𝑍𝑎(𝑚𝑒𝑠ℎ) = �𝜌�𝑒(𝜔) × 𝐾(𝜔), (3-31) 

𝑘a(𝑚𝑒𝑠ℎ) = 𝜔�𝜌�𝑒(𝜔)/𝐾(𝜔), (3-32) 

where 𝜔 is the angular frequency, 𝜌�𝑒 the effective density and 𝐾(𝜔) the bulk 

modulus. The effective density and bulk modulus are defined by means of the 

thermal Λ and the viscous Λ’ characteristic lengths. To calculate  𝜌�𝑒,  Eq. (2-22) 

can be replaced in Eqs. (3-31) and (3-32). However, some considerations in the 

tortuosity and resistivity should be done for the circular rod fibers of square 

shaped pores in the mesh.  

Since the end termination of the mesh has rounded edges, the length 

correction 𝜀 is thought to be very small. Furthermore, due to the strong 

interaction between perforations, the attached mass is diminished. Therefore, 

the correction length can be disregarded. As a result, the effective tortuosity 𝛼∞ 

is equal to 1.  

On the other hand, the resistivity of the mesh can be obtained with the theory 

of Stinson for simple pore shapes [Stinson and Champoux 1992] as 

𝜎𝑚𝑒𝑠ℎ =
4𝑔𝑠𝜇𝛼∞2

𝑟2𝜙
, (3-33) 
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where, r  is the radius of the pore and 𝑔𝑠 is a constant parameter for a given 

pore shape (i.e 𝑔𝑠 = 2,3, 5/3 𝑎𝑛𝑑 1.78 for circular pores, slits, triangular 

equilateral pores and square pores respectively).  

In the equivalent fluid approach, circular perforations were considered and 

therefore the viscous and thermal characteristic lengths could be approximated 

to the radius of the perforation Λ=Λ’=d/2=r. However, the characteristic length 

Λ  [Johnson et al. 1987] can be calculated as 

Λ =
2∫ 𝜐𝑖2(𝑟)𝑑𝑉   𝑉

∫ 𝜐𝑖2(𝑟𝑤)𝑑𝑆𝑆

. (3-34) 

The integrations of the numerator and the denominator of Eq. (3-34) are over 

the volume and the surface of the pore, respectively. 𝜐𝑖 (𝑟) and 𝜐𝑖 (𝑟𝜔) are the 

velocities of an inviscid fluid in the pores and at the surface of the pore 

respectively [Allard and Champoux 1992]. An exact calculation of the thermal 

length is described in [Ruiz et al. 2012b]. Comparisons of the absorption curve 

with Λ=r and calculated as in [Ruiz et al. 2012b] showed no significant 

differences. Therefore Λ=r can be assumed for simplification.  

The expression for the dynamic bulk modulus yields 

𝐾(𝜔) =
𝛾𝑃0

𝛾 − (𝛾 − 1)(1 + 𝐻�1 + 𝑗𝜔 𝐻⁄ 𝑗2𝜔)�
, (3-35) 

where 𝛾 is the fluid specific heat ratio, 𝑃0 is the fluid equilibrium pressure and 

𝐻 = 16𝜇 �𝐵𝛬′2𝜌0�⁄ . In the last expression, 𝐵 is the Prandtl number and 𝛬′ the 

thermal length that characterizes the high frequency behaviour of the bulk 

modulus.   

The thermal characteristic length has been defined as the surface to pore 

volume ratio of the pore solid interface [Champoux and Allard 1991]. 

2
Λ′

=
∫ 𝑑𝑆𝑆

∫ 𝑑𝑉𝑉

=
𝑆
𝑉

, (3-36) 

A straightforward model to calculate the thermal length of woven meshes 

was proposed in by Ruiz et.al in [Ruiz et al. 2012b]. Since 𝛬′ depends only on 

the geometry of the frame, the model is specific for square perforated pores 
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with rounded edges as the one in Figure 3-18. In this figure, d denotes the 

diameter of the perforation, b the distance from center to center of fibers and Yd 

the diameter of the fiber. The volume of air passing through this kind of 

perforation is seen in Figure 3-19.  

 
Figure 3-18.  Geometry of a single perforation 

 
Figure 3-19. Volume of air passing through the perforation 

The derivation of the thermal length is as follows. The volume of each truncated 

cylinder in the elementary cell of Figure 3-18 is   

𝑉ℎ = 𝜋𝑟𝑦2𝑏 − 4� � � 𝑑𝑥
𝑦

𝑧=0

�𝑟𝑦2−𝑥2

𝑦=0
𝑑𝑦

𝑟𝑦

𝑥=−𝑟𝑦
𝑑𝑧, (3-37) 

where 𝑟𝑦 is the yarn radius and 𝑏 = 𝑑 + 2𝑟𝑦. Solving the integral of the 

second term in the right hand side of Eq. (3-37) yields 

  

 
 

 
 

d 

b 

Yd 
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𝑉ℎ = 𝜋𝑟𝑦2𝑏 − 4
2𝑟𝑦3

3
. (3-38) 

The volume Vp of the pore Figure 3-19 is  

𝑉𝑝 = 𝑏2𝑌𝑑 −
4𝑉ℎ

2
, (3-39) 

The surface of each truncated cylinder is  

𝑆ℎ = 2𝜋𝑟𝑦𝑏 − 4∫ 𝑟𝑦2𝑠𝑖𝑛𝜃𝑑𝜃
𝜋
0 . (3-40) 

Solving the integral in Eq. (3-40) yields 

𝑆ℎ = 2𝜋𝑟𝑦𝑏 − 8𝑟𝑦2. (3-41) 

The interior surface Sp of the pore is then 

𝑆𝑝 =
4𝑆ℎ

2
. (3-42) 

The thermal length can be obtained replacing Sp in S and Vp in V in Eq. (3-36) 

Λ′ =
𝑏2 − 𝑏𝜋𝑟𝑦 + (8 3)𝑟𝑦2⁄

𝜋𝑏 − 4𝑟𝑦
. (3-43) 

3.2.5.3. Adjustments of the MIU model 

In the hybrid model, the impedance of the plate, the mesh and the air layer 

are expressed by means of a matrix. Therefore, the input impedance of the 

system is obtained by the multiplication of the individual matrixes of each 

element as 

𝑇 = [𝑆][𝐹Mesh][𝐹Air] (3-44) 

where [S] is the matrix of the plate, [FMesh] the matrix of the mesh and [FAir] 

the matrix of the air layer. The input impedance of the system is calculated with 

Eq. (2-62). Only carrying plates with perforation sizes greater than 1 mm and 

perforation rates close to 10 % are considered. Therefore the viscous 

characteristic frequency is very low, so the thermo-viscous effect can be 

disregarded. However, the mass effect is very high. As a consequence the 
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impedance expression can be reduced in such a way that only the imaginary 

part is taken into account. The matrix for a plate will be as in Eq. (2-59) 

𝑆 = �1 𝑗(𝑖𝑚𝑎𝑔(𝑍1))
0 1

�, (3-45) 

where Z1 could be given by either Eq. (3-29) or Eq. (3-30). The matrixes for 

the mesh and the air layer are given by Eq. (2-58). The global transfer matrix of 

the hybrid model yields 

𝑇 = �1 𝑗(𝑖𝑚𝑎𝑔(𝑍1))
0 1

� × 

⎣
⎢
⎢
⎢
⎡ cos�𝑘(𝑚𝑒𝑠ℎ)𝑡(𝑚𝑒𝑠ℎ)�

𝑗𝑍𝑎(𝑚𝑒𝑠ℎ) sin�𝑘(𝑚𝑒𝑠ℎ)𝑡(𝑚𝑒𝑠ℎ)�
𝜙(𝑚𝑒𝑠ℎ)

𝑗𝜙(𝑚𝑒𝑠ℎ) sin�𝑘(𝑚𝑒𝑠ℎ)𝑡(𝑚𝑒𝑠ℎ)�
𝑍𝑎(𝑚𝑒𝑠ℎ)

cos�𝑘(𝑚𝑒𝑠ℎ)𝑡(𝑚𝑒𝑠ℎ)� ⎦
⎥
⎥
⎥
⎤

× 

�
cos(𝑘0𝐷𝐴𝑖𝑟) 𝑗𝑍0 sin(𝑘0𝐷𝐴𝑖𝑟)
𝑗𝑠𝑖𝑛(𝑘0𝐷𝐴𝑖𝑟)

𝑍0
cos(𝑘0𝐷𝐴𝑖𝑟) �. 

(3-46) 

When a mesh is placed behind a perforated panel, a diaphragm effect occurs 

as in Figure 3-8. The flow is squeezed inside the plate macro perforations and 

the velocity of the flow at the entrance of the mesh pores is increased. The 

relationship between the pressure gradient ∆P and the particle velocity 𝜗 is 

described by Darcy’s law as 

∆𝑃 = −𝜙𝑚𝑒𝑠ℎ𝜗𝑚𝑒𝑠ℎ𝜎𝑚𝑒𝑠ℎ. (3-47) 

A correction factor in the flow resistivity of the mesh should be used. Since 

the part of the mesh that is affected from the diaphragm effect is only the part 

that covers each perforation of the portable plate, the correction factor is 

precisely the plate porosity  

Therefore the modified Darcy’s law yields,   

𝜎𝑒𝑓𝑓 =
𝜎𝑚𝑒𝑠ℎ
𝜙𝑃𝑙𝑎𝑡𝑒

, (3-48) 

∆𝑃 = −𝜙𝑚𝑒𝑠ℎ𝜗𝑚𝑒𝑠ℎ
𝜎𝑚𝑒𝑠ℎ
𝜙𝑃𝑙𝑎𝑡𝑒

, (3-49) 
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To take into account the pore geometry and flow resistivity, Eq.(3-48) should 

be  used instead of Eq.(3-33). The effect of using the effective resistivity instead 

of the mesh resistivity is equivalent to multiplying the porosity of the mesh by 

the porosity of the plate in the work by Pfretzschner et. al.  

Figure 3-20 shows the absorption curve of a single layer MIU using the 

hybrid model presented in [Ruiz et al. 2012b] for a system with the same 

parameters as in Figure 3-17. It can be seen that at low and high frequencies, 

the absorption curve of the hybrid model is very similar to that of the MIU with 

Maa equations corrected for overperforation. In the mid frequency range, the 

hybrid model approaches the curve of an MIU with equations of Atalla and 

Sgard. However, the peak of the curve is slightly higher than the rest of the 

curves. The advantages of using the hybrid model with the transfer matrix 

approach is on one hand that the layers can be interchanged in a straight 

forward manner easing the calculation (for instance see Eq. (2-60)) and in the 

other hand, the flow resistivity of the micro pore geometry is taken into account.   

 
Figure 3-20. Absorption curve of a single layer MIU with (d1,t1,φ1,d2,t2,φ2,D)=(6 

mm,1 mm,23 %,35 µm,39 µm,14 %,5 cm) using transfer matrix approach in the 
hybrid model (Maa-JCA) compared with Maa MIU, Maa+Fok, AS, and Maa+Fok 

with correction for tube radiation 

3.3. Summary 

In this chapter, the configuration of an MPP/MSP upstream a porous layer or 

a mesh has been reviewed. It was demonstrated that filling an air cavity with a 
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porous material, enhances the absorption curve. Besides, this system can be 

used in situations of grazing flow since the panel serves as a protective screen 

for the porous material. Additionally, the microperforated insertion unit concept 

was reviewed. It was seen that some improvements can be done regarding the 

correct estimation of the perforation geometry. Evaluating the pores of the mesh 

as slits or squares gives a more accurate description of the mesh geometry. 

Additionally, the concepts MSPP and DMSP where proposed. The first one 

consists of a system composed by a panel with circular perforations bonded to 

a mesh with rectangular perforations. The second one relates to a panel with 

rectangular perforations bonded to a mesh with rectangular perforations.  

Also, the calculation of the mesh resistivity using the particular pore geometry 

was shown. This was done by using the model given by Stinson.  Moreover, the 

deduction of the thermal characteristic length of a woven screen was carried 

out. Finally, it was suggested to model the MIU under the transfer matrix 

context. This was proposed under the concept of a hybrid model for panels with 

macro perforations combined with micrometric woven meshes. By means of the 

Darcy law, it was shown how to calculate an effective resistivity to take into 

account the effect of the flow as it squeezes from the macro perforations to the 

microperforated woven mesh.  For a single layer case, the absorption curve 

gives very similar results compared to the absorption provided by an MIU using 

the impedance transfer approach. However, the hybrid model allows to consider 

the over perforation effects, the mass correction of the plate due to the mesh 

backing and the particular geometries of the plate and the mesh. Furthermore, 

by using the transfer matrix approach, an advantage is presented when multiple 

layer MIUs are used.   
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4. OPTIMIZATION OF MULTIPLE LAYER SOUND 
ABSORBING SYSTEMS BY SIMULATED 
ANNEALING 

In Chapters 2 and 3 a description on how to obtain the absorption of single 

and multiple layer MPPs, MSPs and MIUs was made. Direct problems were 

identified in a straightforward way. However, in engineering applications, the 

design of microperforated panels is not that simple. Generally, it is required to 

control the noise in places that are already constructed.  

Usually, the noise problem is focused in a frequency range and the mitigation 

of that sound is needed. This is an inverse problem where the space 

constrictions and the frequency of noise determine the type of panel required. 

Therefore, some constraints must be considered in terms of panel’s 

dimensions, manufacturing limitations, required materials and budget. The goal 

is to provide an absorbing system with the maximum mean absorption in a 

prescribed frequency band. 

The inverse problem can be solved in two different ways: by means of 

employing an exhaustive search, i.e. calculating the absorption curves of all the 

possible combination of parameters and accepting the one that is closer to the 

desired performance or, using optimization techniques.  The exhaustive search 

can be applied when the number of possible configurations is not so big. For 

instance, the optimization of a double layer MPP with 240 million of 

configurations can take up to 100 hours to provide the best configuration of 

parameters. This implies a lot of computing time for only eight parameters and 

considering that sometimes a triple layer MPP or an MIU could be required, the 

exhaustive search is not a good option. This is why the use of an optimization 

technique is necessary.  

Optimization techniques introduce a more efficient solution for such search 

and reduce significantly the cost of computation. The optimization can be 

achieved by gradient or evolutionary methods. While the first ones operate on a 
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single potential solution and look for improvements in its neighbourhood, the 

second ones maintain large sets of potential solutions (populations) and apply 

recombination and selection operators on them [Hrstka et al. 2003]. 

Evolutionary methods are especially effective in problems with many local 

optima. As the number of possible configurations rises in a combinatorial way, 

these methods are also known as combinatory optimization techniques [Press 

et al. 1986]. In this chapter, an evolutionary method known as Simulated 

Annealing (SA) is used to optimize sound absorbing systems based on 

microperforated panels. It is a straightforward optimization technique that has 

been applied to a large variety of problems. 

The optimization of a single layer system is not so difficult or demanding, and 

even the exhaustive search technique can be taken as a possible solution to 

obtain the desirable results. Therefore no discussions about the exhaustive 

search for multilayer systems will be developed in this chapter. Nevertheless, a 

multi parameter system such as an MIU or a double or triple layer 

microperforated panel is more challenging and the Simulated Annealing 

technique is appropriate to confront it. In section 4.1, the principle of the 

Simulated Annealing algorithm is described. Section 4.2 describes specifically 

the algorithm developed for this thesis. Some examples of the optimization of 

multilayer systems are presented in section 4.3.  

4.1. The Simulated Annealing algorithm 

The Simulated Annealing (SA) is a common technique used in large scale 

optimization problems, especially when there is a global maximum and many 

local extreme. A classical example is the travelling salesman problem in which a 

salesman has to travel a number of N cities, passing through each city once, 

calculating the cost of travelling between any two cities and return to the 

departing point. The problem is how to find the shortest route through all the 

cities in order to achieve the minimal possible total distance and minimize the 

total cost [Kirkpatrick et al. 1983, Cerny 1985, Bertsimas and Tsitsiklis 1993, 

Ram et al. 1996]. Other applications of this algorithm include the design of an 
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electrical circuit with thousands of elements in such a way that the interaction 

between them is minimal, the calculation of the global minimum of two variable 

functions [Bohachevsky et al. 1986, Brooks and Morgan 1995], the minimization 

of a quadratic pseudo-Boolean problem [Alkhamis et al. 1998], the optimization 

of loudspeaker positions in a multichannel active noise control system inside 

vehicles [Bravo 2001] and the optimization and localization of objects in a space 

craft hold [Xu et al. 2008]. 

Simulated Annealing is based on the analogy with the behavior of many 

particle systems at a finite temperature. The minimum of a function with many 

independent variables is to be found by defining a cost function that depends on 

the configuration of the system. As the number of configurations grows, the 

average operation of the algorithm goes to the statistical mechanics domain. 

Therefore, the performance of these systems is governed by statistical 

mechanics [Kirkpatrick et al. 1983].  

Statistical mechanics are used to analyze the properties of solids or liquids 

with a great number of atoms. The most probable behavior in condensed 

matter, can be characterized by its average and the small fluctuations around it. 

In this ensemble, each configuration defined by a series of atomic positions {ri}, 

is weighted by its Boltzmann probability factor 

𝑝(𝐸) = 𝑒−𝐸({𝑖})/𝑘𝐵𝑇 , (4-1) 

where 𝐸({𝑖}) is the mean energy of the configuration, kB is the Boltzmann 

constant and T is the temperature. The Boltzmann constant relates temperature 

to energy. According to this law, a system can evolve to a higher or lower 

energy state but the probability of evolving to higher energy states decreases as 

the temperature drops. The singularity of these systems relies on the low 

temperature limit behavior. The cooling must be sufficiently slow, especially 

near the freezing point of the system. If the cooling time is not correct or only 

low energy states are accepted, a low energy state will be rapidly reached after 

the initial state and therefore the system may reach a local minima or 

metastable state.  
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Even though extremely rare, the minimum energy state dominates the 

macroscopic properties of the system at low temperature limit. For instance, if 

the purpose is to grow a crystal from a melt, the fact that the temperature is low 

is necessary but not sufficient for reaching a pure crystalline state. 

The analogy of the Simulated Annealing with the behaviour of many particle 

systems, consists basically in the iterative improvement of a cost function. This 

cost function plays the role of the energy of a system that decreases from a 

maximum to a minimum, passing through a set of possible configurations that 

are regulated by a temperature. This iterative improvement resembles to the 

microscopic rearrangement processes modeled by statistical mechanics 

[Kirkpatrick et al. 1983]. Table 4-1 shows the analogy of the annealing process 

and the simulated annealing algorithm.  

Table 4-1. Analogy of the Simulated Annealing algorithm with the Annealing. 

Annealing 
of a solid 

States of the 
solid 

Energy of 
the solid 

Temperature of 
the solid 

Transition 
between 
states 

Simulated 
Annealing 

Number of 
configurations 

Cost 
function 

Control 
Parameter 

Change 
generator 

 

According to Dowsland and Adenjo [Dowsland and Díaz 2003] in order to 

implement the SA algorithm, generic and specific decisions must be taken. Both 

decisions have to be done carefully as they strongly influence the quality of the 

results.  

 

The generic decisions are: 

• Initial temperature Tini, which should be chosen in a way that the 

optimal solution does not depend on it.   

• Cooling schedule, which is given by the number of iterations Niter and 

the cooling speed (decrement rule). 

• Final temperature Tfin, which finishes the optimization after a large 

number of unsuccessful iterations has been reached. 
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The specific decisions include  

• Definition of the solution space. 

• Neighborhood structure: Every new solution must be reached from 

another one by a succession of valid moves. 

• Initial solution: It must be randomly generated. 

The Simulated Annealing can be easily understood but is hard to apply [Triki 

et al. 2005]. Many parameters have to be tuned and there is not a clear rule on 

how to reduce the temperature or present new configurations. A description on 

how to change from one configuration to another and regulate the temperature 

decrement is presented in the following sections.  

4.1.1. The Metropolis algorithm 

The principle of mechanical statistics was applied to numerical calculations 

by Metropolis et.al. [Metropolis et al. 1953, Press et al. 1986]. In this method, 

instead of choosing randomly the configurations and weighting them with the 

function 𝑒−𝐸/𝑘𝐵𝑇, the configurations are chosen with a probability 𝑒−𝐸/𝑘𝐵𝑇 and 

are weighted uniformly. This is done in the following way: Starting from an initial 

configuration with energy Ei, a subsequent configuration Ei+1is achieved. The 

change in energy due to movement is ∆E= Ei+1- Ei. If ∆E<0, i.e. if the system 

passes to a lower energy state, the change is accepted. If ∆E>0, the change is 

accepted with a probability 𝑒−𝐸/𝑘𝐵𝑇. A number  0 ≤ 𝜉 ≤ 1 is taken and if 

𝜉 < 𝑒−𝐸/𝑘𝐵𝑇, the particle displaces to the next position. If on the contrary,𝜉 >

𝑒−𝐸/𝑘𝐵𝑇the particle returns to the previous position. Therefore, even if the 

change is not accepted, each movement is considered as a new configuration. 

This scheme of following a downwards direction and sometimes going up is the 

Metropolis algorithm. For one variable case, the Metropolis algorithm is shown 

in  Figure 4-1. 
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Figure 4-1. The Metropolis algorithm for a one variable function 

Four essential elements are required in order to use the Metropolis algorithm:  

1. A description of the  possible system configurations 

2. A change generator 

3. An objective function to be minimized (this is analog to the energy of 

the system)  

4. A control parameter, which is analog to the temperature.  

The annealing (cooling) schedule is implicit in the control parameter. The 

Metropolis algorithm depends on the use of the cooling schedule and the 

parameters involved in it, such as the initial temperature, the number of steps 

for each temperature and a cooling factor. A very fast cooling increases the 

probability to converge to a local minimum, while a very slow cooling increases 

the computational cost. The balance is achieved by adjusting the initial 

temperature, the cooling schedule and the maximum number of iterations for 

each temperature. Not only a certain number of iterations is needed but also a 

number of successful trials for each iteration in order to control each 

temperature loop. If the number of successful trials is reached before 

completing the loop, it is interrupted and the algorithm passes to the next 

temperature.  

The implementation of the Metropolis algorithm is straightforward. However, 

a challenging step is the selection of the configuration generation function.  

F(x) 

x 

Local 

minimum 

Global 

minimum 

Actual 

solution 

Solution accepted 

if ∆E<0 

Solution accepted if 

 ∆E>0 and 𝜉>e(-∆E/T) 
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4.1.2. The neighbourhood structure 

This concept deals with the way new configurations are computed. The initial 

configuration for the SA is chosen randomly. To change from one configuration 

to the next, different strategies are possible. According to Cerny [Cerny 1985], 

the proximity concept between configurations should be specified for each 

particular problem. This, for instance is a very important aspect that differences 

the Simulated Annealing from others such as the Monte Carlo algorithm. In a 

Monte Carlo process, the change from one configuration to the next one is 

random. Allowing proximity between configurations, the optimal solution can be 

reached very fast. However, this is not really advantageous and could be a 

drawback, since an excessive proximity could converge to a local minimum.   

Brooks and Morgan [Brooks and Morgan 1995] proposed a simple way of 

implementing the proximity concept to find the global minimum of a function 

f(x1,x2,…,xp)  of p variables where 1<n<p. Starting from a function in an initial 

configuration i given by ),...,,( 21
i
p

ii xxxf , one of the variables is chosen randomly, 

for instance i
nx  , and a random change is performed to obtain j

nx , so therefore 

a new configuration ),...,,...,,( 21
i
p

j
n

ii xxxxf is obtained. In this way, the new 

configuration has the same values for all the variables except for one. 

4.1.3. The cooling schedule 

The cooling schedule includes the initial temperature and the function 

regulating the decrease of temperature (cooling speed). The initial temperature 

must be very high in order to avoid conditioning the final result of the algorithm. 

The most common cooling schedule that guarantees the convergence of the 

Simulated Annealing towards the optimal solution is 

𝑇(𝑡) =
𝑞

log 𝑡
, (4-2) 

where q is a positive constant. The Simulated Annealing converges if q≥q*, 

where q* is a measure of the difficulty for the function to escape from a local 
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minimum [Bertsimas and Tsitsiklis 1993]. For example q* can be defined as the 

difference between the local maximum and the local minimum in the 

neighborhood of the cost function at each step. This cooling schedule 

guarantees the convergence towards an optimal solution. However, it is not 

easy to implement since the value of q* cannot be easily known for each step. 

On the other hand, it slows the algorithm. Therefore, other cooling schedules 

have been developed. 

Triki  et. al. [Triki et al. 2005] studied different standard adaptive cooling 

schedules and showed that the parameters of the adaptive decrement rules can 

always be tuned in order to give the same practical temperatures. Moreover, 

they showed that a rule known as the geometric schedule converged to the 

same results as other rules using logarithmic functions. The geometric rule is 

given by  

𝑇𝑘+1 = 𝛽𝑇𝑘, (4-3) 

where 0<β<1 is the cooling factor. It is a very simple rule and is therefore one 

of the most used decrement rules in the Simulated Annealing algorithm. The 

geometric rule is a stair-cased approximation of a continuously decreasing 

function. At each new temperature, the algorithm performs a certain number of 

iterations before passing to the next temperature, Figure 4-2. 

 
Figure 4-2. Cooling schedule 

Tinicial 

Tfinal 
t 

Niter 

Nsucc 

 

T=function(time) 
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4.1.4. The stop condition 

There are two ways of finalizing the SA: 1) reaching the minimum 

temperature or 2) performing a determined number of iterations without solution 

improvements.  In theory, the final temperature should be zero. However, in 

practice, the global minimum is achieved before this temperature is reached.  

Therefore, if the final temperature is very low, a lot of computing time (that could 

be spend at high temperatures) will be spend in the final steps. On the contrary, 

if the final temperature is high, the search of the optimal solution can finalize in 

a local optima.  

4.2. Application of the SA to optimize the absorption of 
microperforated panels. 

The first step towards the optimization of a microperforated panel system is 

to describe the system’s possibilities concerning manufacturing and location. 

This is, the possible configurations of the constitutive parameters of the 

absorber within a variation range: the diameter of perforations (dmin, dmax), the 

thickness of the plate (tmin, tmax) and the air cavity depth (Dmin, Dmax). The 

porosity (φmin, φmax) is also important but is not determined by the manufacturing 

possibilities. It is related to the constraints of the diameter of perforations and 

the thickness of the plate. The number and type of layers (microperforated 

plate, fibrous material, air layer) should also be specified. 

Second, the criteria which characterizes the optimal response of the system 

must be defined, i.e. the cost function. The algorithm developed for this thesis 

defines the cost function as the mean value of the absorption coefficient (Eq. 

(2-8)) for a determined frequency range (f1,f2). Since the SA algorithm finds the 

minimum of a function, the condition of the Metropolis algorithm (section 4.1.1) 

must be changed in order to find the maximum mean absorption. This is done 

by defining ∆E=Ei-Ei+1.The new energy state should be greater than the 

previous one in order to accept the change.  
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Next, the initial configuration and the transition from one configuration to 

another should be declared. This is done by means of the proximity concept 

[Brooks and Morgan 1995]. Following, the cooling schedule is defined by the 

initial (Tini) and final (Tfin) temperatures, and the decreasing function (𝑇𝑘+1 =

𝛽𝑇𝑘, ).  For each temperature, a number of iterations (Niter) will be performed 

before transitioning to the new one. Each new iteration is achieved after a 

number of successful trials (Nsucc) is reached.  Finally, the algorithm stops 

according to the stopping criteria. Figure 4-3 shows a flow chart of the algorithm 

[Ruiz et al. 2009]. 

 
Figure 4-3. Flow chart of the Simulated Annealing algorithm 
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4.3. Multiparameter Systems 

In this section, multi parameter systems composed of microperforated panels 

are optimized. Simulations of the absorption curves are shown. Experimental 

results of some optimizations are shown in Chapter 5. For the ease of design, a 

graphical user interface GUI for the optimization of MPP multilayer systems is 

presented in Appendix B.  

4.3.1. Double layer MPP 

As seen in Section 2.2, a double layer absorber depends on 8 parameters 

(d1,t1,φ1,D1,d2,t2, φ 2,D2). These variables are continuous but can be converted to 

discrete. For instance let 

𝑑1 = linspace(𝑑1,𝑚𝑖𝑛,𝑑1,𝑚𝑎𝑥,𝑁𝑑1) 

𝑑2 = linspace(𝑑2,𝑚𝑖𝑛,𝑑2,𝑚𝑎𝑥,𝑁𝑑2) 

𝑡1 = linspace(𝑡1,𝑚𝑖𝑛, 𝑡1,𝑚𝑎𝑥,𝑁𝑡1) 

𝑡2 = linspace(𝑡2,𝑚𝑖𝑛, 𝑡2,𝑚𝑎𝑥,𝑁𝑡2) 

𝜙1 = linspace(𝜙1,𝑚𝑖𝑛,𝜙1,𝑚𝑎𝑥,𝑁𝜙1), 

𝜙2 = linspace(𝜙2,𝑚𝑖𝑛,𝜙2,𝑚𝑎𝑥,𝑁𝜙2) 

𝐷1 = linspace(𝐷1,𝑚𝑖𝑛,𝐷1,𝑚𝑎𝑥,𝑁𝐷1) 

𝐷2 = linspace�𝐷2,𝑚𝑖𝑛,𝐷2,𝑚𝑎𝑥,𝑁𝐷2� 

(4-4) 

where linespace(a,b,c) is a Matlab function that creates a discrete variable 

between a and b, in c points. The possible number of configurations is therefore 

𝑁𝑐𝑜𝑛𝑓 = 𝑁𝑑1𝑁𝑑2𝑁𝑡1𝑁𝑡2𝑁𝜙1𝑁𝜙2𝑁𝐷1𝑁𝐷2.  

For example, if the number of points is 10 for the panel and air cavity 

thickness, and 20 for the diameter and the porosity as in Eq. (4-5), the number 

of possible configurations will be 𝑁𝑐𝑜𝑛𝑓 = 1.6 × 109, i.e. 1600 millions, which is 

rather high. This is very large for a normal operating system and it will possibly 

run out of memory before converging. Therefore, a strategy for the efficient use 

of memory is needed.  
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𝑑1 = linspace(0.00025,0.001,20) 

𝑑2 = linspace(0.00025,0.001,20) 

𝑡1 = linspace(0.001,0.005,10) 

𝑡2 = linspace(0.0001,0.005,10) 

𝜙1 = linspace(0.005,0.25,20). 

𝜙2 = linspace(0.005,0.25,20) 

𝐷1 = linspace(0.005,0.05,10) 

𝐷2 = linspace(0.005,0.05,10) 

(4-5) 

A good alternative is to define a random value between the minimum and 

maximum boundary limits as a+rand*(b-a). Note that continuous variables are 

used instead of discrete. When this procedure is performed for each of the 8 

variables in Eq. (4-5), a random combination of the variables is obtained. For 

example d1=0.0003, d2=0.0007, t1=0.0012, t2=0.0031, φ1=0.0797, φ2=0.2192, 

D1=0.0051 and D2=0.0085. Once the initial configuration is set, the pass to 

another configuration is done by randomly changing one of the initial variables. 

The Matlab function ceil(rand*8) is implemented to select randomly one of the 

eight variables. Once it is chosen, the function a+rand*(b-a)is used again to 

obtain the new configuration. The parameters of the algorithm are set as input 

variables. Then, the decrement rule is applied. The value of β is usually 

between 0.5 and 0.99 [Triki et al. 2005]. The system cools slowly reaching a 

thermal equilibrium for each new temperature. The algorithm finalizes when the 

minimum temperature is reached or no better solution is achieved,  

The algorithm designed was compared to the exhaustive search technique in 

order to prove its efficiency. Figure 4-4 shows the process of tuning the 

parameters for a double layer optimization case. An initial random parameter 

configuration with concrete values was set to Tini=1, Tfin=0.0001, Niter=300 and 

Nsucc=50. First, the cooling factor β was varied from 0.80 to 0.99 and the optimal 

solution was obtained. With an optimal result for β=0.95, the number of 

repetitions was varied. Having Niter=200 as the best solution, the number of 
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successful trials was set as variable. Finally, the optimal algorithm was obtained 

for Nsucc=50.  

 

   

   

Figure 4-4. Left side, optimal absorption curves obtained by exhaustive search 
and Simulated Annealing for (f1,f2)=(500,10000) Hz, Tini=1,Tfin=0.0001,(a) 

Niter=300, Nsucc=50 and β variable,(b) β=0.95, Nsucc=50 and  Nrepvariable,(c) 
β=0.95, Nrep=200 and Nsucc variable. Right side, variation of the parameter in 

time 

Table 4-2 to Table 4-4 show the optimal parameters obtained for the different 

cooling factors. The best mean absorption is achieved for β=0.95, Niter=200 and 
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Nsucc=50 (Table 4-4). It is seen that optimal results are accomplished in 2794.3 

seconds. This is 10 times smaller than with the exhaustive search procedure.  

Table 4-2. Optimal configuration obtained by exhaustive search and simulated 
annealing for a double layer MPP. 

 

Parameters of the 

algorithm 

Parameters of the plate 

d1 t1 φ1 D1 d2 t2 φ 2 D2 time α mean 

optimal (mm) (mm) (%) (cm) (mm) (mm) (%) (cm) (s) 

Exhaustive search 0.25 2.3 25 0.5 0.25 4.1 15.2 0.5 27969 0.6539 

S
im

ul
at

ed
 

an
ne

al
in

g 

β=0.80 0.25 2.27 23.37 0.53 0.25 4.77 16.94 0.51 842.39 0.6508 

β=0.85 0.25 1.80 19.83 0.55 0.25 4.97 18.10 0.56 1134.0 0.6512 

β=0.90 0.25 2.33 24.80 0.56 0.25 4.90 18.42 0.52 1773.7 0.6535 

β=0.95 0.25 2.30 24.96 0.56 0.25 4.87 18.02 0.52 3685.7 0.6540 

β=0.99 0.25 2.30 24.93 0.57 0.25 4.60 17.43 0.56 23609 0.6537 

 

Table 4-3. Optimal configuration for a double layer MPP obtained with simulated 
annealing with β=0.95 and Niter variable. 

Parameters of the 
Simulated Annealing 

algorithm 

Parameters of the plate 

d1 t1 φ1 D1 d2 t2 φ 2 D2 time α mean 
optimal (mm) (mm) (%) (cm) (mm) (mm) (%) (cm) (s) 

β=0.95, Niter=200 0.25 2.31 24.76 0.57 0.25 4.94 18.23 0.55 2794.3 0.6543 

β=0.95, Niter=250 0.25 2.39 24.86 0.58 0.25 4.89 19.27 0.60 3167.4 0.6534 

β=0.95, Niter=300 0.25 2.30 24.96 0.56 0.25 4.87 18.02 0.52 3685.7 0.6540 

β=0.95, Niter=350 0.25 2.05 23.33 0.58 0.25 4.82 18.35 0.51 5058.3 0.6530 

β=0.95, Niter=400 0.25 2.20 23.93 0.56 0.25 4.99 18.82 0.57 5658.7 0.6539 

 

Table 4-4. Optimal configuration for a double layer MPP obtained with 
Simulated Annealing with β=0.95, Niter=200 and Nsucc variable. 

Parameters of the 
Simulated Annealing 

algorithm 

Parameters of the plate 

d1 t1 φ1 D1 d2 t2 φ 2 D2 time α mean 
optimal 

(mm) (mm) (%) (cm) (mm) (mm) (%) (cm) (s) 
β=0.95, Niter=200, 

Nsucc=25 0.25 2.30 24.62 0.55 0.25 4.98 18.79 0.55 2186.6 0.6538 

β=0.95, Niter=200 
Nsucc=35 0.25 2.06 23.15 0.58 0.25 4.95 19.17 0.55 2419.6 0.6535 

β=0.95, Niter=200 
Nsucc=50 0.25 2.31 24.76 0.57 0.25 4.94 18.23 0.55 2794.3 0.6543 

β=0.95, Niter=200 
Nsucc=75 0.25 2.32 24.92 0.55 0.25 4.89 17.59 0.50 3082.80 0.6528 
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In this way, the optimal parameters of a double layer MPP 

(d1,t1,φ1,D1,d2,t2,φ2,D2)=(0.25mm, 2.31mm, 24.76%, 0.57cm, 0.25mm, 4.94mm, 

18.23%, 0.55cm)  have been obtained with the following cooling schedule:  

Initial temperature:                            

Final temperature: 

Cooling factor:           

Number of iterations:                      

Number of successful trials:  

1 

0.0001 

0.95 

200 

50 

 
These results for a double layer MPP are only an example. For different 

tuning of the algorithm parameters, see the Matlab graphical user interface in 

Appendix B.  

Figure 4-5a shows a comparison of the absorption curves obtained by the 

exhaustive search and the designed Simulated Annealing algorithm. Figure 

4-5b shows the exhaustive search compared to the Simulated Annealing 

results.  

 
Figure 4-5. a) Absorption curves obtained by exhaustive search and Simulated 

Annealing for (f1,f2)=(500,10000) Hz, Tini=1,Tfin=0.0001,β=0.95,Niter=200 y 
Nsucc=50. b) Mean values of the absorption curves for the range 

(f1,f2)=(500,10000) Hz (cost function), obtained by exhaustive search and 
Simulated Annealing for, Tini=1,Tfin=0.0001,Nrep=300 y Nsucc=50 

In order to design a faster algorithm, the number of points in the frequency 

line can be reduced. For the previous examples 100000 points where chosen. 

Reducing this to 1000, leads to 7 times shorter computation time (from 2794.3s 

to 401.98s) see Table 4-5. However, the optimal absorption is not improved and 
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the resulting parameters vary considerably, Figure 4-6. With a 10000 points 

algorithm, the computing time is acceptable, therefore there is no need to 

reduce the number of points.  

Table 4-5. Optimal configuration for a double layer MPP using the Simulated 
Annealing algorithm and different number of points. 

Number of 

point of points 

used in the SA 

algorithm 

Parameters of the plate 

d1 t1 φ1 D1 d2 t2 φ 2 D2 time α mean 

optimal 
(mm) (mm) (%) (cm) (mm) (mm) (%) (cm) (s) 

10000 points 0.25 2.31 24.76 0.57 0.25 4.94 18.23 0.55 2794.3 0.6543 

1000 points 0.25 2.31 24.78 0.56 0.25 4.46 16.60 0.56 401.98 0.6525 

 

 
Figure 4-6. Optimal absorption curves obtained with Simulated Annealing for 

(f1,f2)=(500,10000) Hz, Tini=1,Tfin=0.0001, β=0.95,Niter=200 y Nsucc=50 

For experimental purposes, an optimal double layer MPP was designed 

using the Matlab GUI for (f1,f2)= (800,5000)Tini=1,Tfin=0.001,β=0.9,Niter=300 y 

Nsucc=50 and the following boundary limits  
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The optimal results were achieved when parameters (d1,t1,φ1,D1,d2,t2,φ2,D2) 

were (0.25mm, 1mm, 8.3 %, 1.25 cm, 0.25mm, 1 mm, 3.39 %, 1.03 cm) 

respectively. Usually, the normal sound incidence measurements for medium 

and high frequencies are done inside an impedance tube of 29 mm internal 

diameter (see Section 5). Therefore considering that the diameter of the panel 

should be equal or smaller than the internal diameter of the tube, the number of 

perforations for each panel is obtained with Eq. (2-1) giving 1118 holes for 

MPP1 and 456 holes for MPP2. This is very difficult to manufacture, but 

alternatively if the holes are replaced by slits the number will be 9.77 slits of 

22.5 mm length for MSP1 and 4.97slits of 18 mm length for MSP2 (see Table 

4-6). This is why the Double layer MSP was chosen for experimental test. 

Table 4-6. Design parameters of a double layer MPP and MSP. 

Diameter of 

the panel 

(m) 

Number of circular holes Number of Slits 
Length of slits 

(m) 

MPP1 MPP2 MSP1 MSP2 MSP1 MSP2 

0.029 1118 456.04 9.77 4.97 0.0225 0.018 

4.3.2. Double layer MSP 

An optimal double layer MSP was found for an algorithm with input 

parameters (f1,f2)= (800,5000), Tini=1,Tfin=0.0001,β=0.95,Nrep=250 and Nsucc=25 

and plate boundary limits equal to 

0.25 mm ≤ d1,2 ≤ 0.75 mm 

0.00095 mm ≤ t1,2 ≤ 1.05 mm 

3.39 % ≤ φ1,2 ≤ 8.3 % 

0.01 mm ≤ D1,2 ≤ 0.5 mm 

The parameters obtained were: (d1,t1,φ1,D1,d2,t2,φ2,D2)=(0.25mm,1mm,7.8 

%,1.32 cm,0.25mm,1 mm,3.4 %,1.14 cm).The evolution of the cost function 

compared to the temperature is shown in Figure 4-7. Initially, at a high 

temperature, there is a high probability of accepting a configuration with less 
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average absorption. As the temperature decreases, the probability of accepting 

configurations with less average absorption reduces significantly, until it finally 

converges to the optimum solution with an average absorption close to the 

maximum. 

 
Figure 4-7. a) Evolution of temperature and objective function of SA, b) 

absorption curve of a double layer MSP 

Table 4-7 compares the results of the DLMPP and DLMSP optimization. It is 

observed that the optimal parameters of a DLMSP are equivalent to those of the 

DLMPP except for the perforation ratio and the air cavity thickness. However, 

these differences are not bigger than 0.5 % so the parameters of the MPPs can 

be used to construct the MSPs.  

Table 4-7. Results of the optimization of a DLMPP and a DLMSP. 
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The algorithm allowed to obtain the results in 73 seconds for the DLMPP and 

8.3 seconds for the DLMSP. The mean absorption was 0.68 in the first case and 

0.70 for the second one. The DLMSPs are shown in Figure 4-8. The design 

characteristics are presented in Table 4-8. 

 

 
Figure 4-8. a) MSP 1 with d1=0.25 mm, S1=1.7mm, L1=22.5mm, a1=6.2mm, 
b1=7mm and c1=3.3mm, b) MSP 2 with d2=0.25 mm,S2=3.9 mm, L2=18 mm, 

a2=6.3 mm, b2=7mm,c2=5.5 mm 

 

Table 4-8. Design parameters of an optimal DLMSP 

Characteristics MSP1 MSP2 

Diameter of the panel (mm) 29 29 

Panel thickness (mm) 1 1 

Slit length (mm) L1=22.5 L2=18 

Slit diameter(mm) d1=0.25 d2=0.25 

Number of slits 10 5 

Distance between slits (mm) S1=1.7 S2=3.9 

Distance from left edge to first slit (mm) a1=6.2 a2=6.3 

Distance from right edge to last slit (mm) b1=7 b2=7 

Distance from upper and lower edges to slits 

(mm) c1=3.3 c2=5.5 

 

The optimization algorithm converged in less than one minute, which is 5% of 

the time required by the exhaustive search technique. The experiments carried 

out for these panels are described in Section 5.1.2 
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4.3.3. Single layer MIU 

Following the recommendation of Pfretzschner et. al. about using commercial 

woven meshes for the MIU, a first attempt of optimization was made using 

precision woven open mesh fabrics by Sefar ® [Sefarb]. The Sefar meshes are 

monofilament fabric characterized by repeatable, precisely and controlled 

material properties such as pore thickness, size, cleanliness and tensile 

strength, see Figure 4-9. They are used for different industrial filtering 

applications. In this optimization, the meshes of the type Nitex, Petex, Propiltex 

and Fluortex were used. 

 
Figure 4-9. A sefar mesh 

The optimization of an MIU is very similar to that of a double layer 

MPP(MSP) except that in this case, the values of the micrometric meshes 

cannot vary randomly but should restrict to one of the values given by the 

manufacturer. This means that the variation of the MIU parameters will be  

𝑑1 = rand ∈ [𝑑1min,𝑑1max], 

𝑡1 = rand ∈ [𝑡1min, 𝑡1max], 

𝜙1 = rand ∈ [𝜙1min,𝜙1max], 

𝐷1 = rand ∈ [𝐷1min,𝐷1max], 

and 

(𝑑2, 𝑡2𝜙2) = rand [rows(A)], 

where A is one of the matrices Nitex, Petex, Propiltex or Fluortex. 

Simulations where made to obtain the best MIU for each mesh with 

(f1,f2)=(500,3000) Hz, Tini=1,Tfin=0.0001, β=0.95 ,Niter=500, Nsucc=25 and a 

parameter range given by 
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𝑑1 = rand ∈ [0.001,0.01], 

𝑡1 = rand ∈ [0.0005,0.005], 

𝜙1 = rand ∈ [0.01,0.25], 

𝐷1 = rand ∈ [0.005,0.1]. 

The results of the optimization using the four types of meshes are shown in 

Table 4-9. The absorption curves are plotted in Figure 4-10. Figure 4-11 shows 

the evolution of the cost function and temperature for the simulated annealing 

and the absorption curves for each of the MIUs. We can observe that the 

frequency range of absorption exceeds two octaves and the maximum peak is 

centered around 1600 and 1800 Hz. 

Table 4-9. Optimal parameters of a single layer MIU combined with meshes 
Nitex, Petex, Propiltex and Fluortex 

Panel Mesh 
D 

(cm) 
α  

Time 

(s) 
d1 

(mm) 

t1 

(mm) 

φ1 

(%) 
Type 

d2 

(µm) 

t2 

(µm) 

φ2 

(%) 

1 0.5 24.86 Nitex 38 70 22 4.02 0.87 218.62 

1 0.5 24.88 Petex 38 70 20 3.97 0.87 226.82 

1 0.5 24.99 Propiltex 110 360 16 3.44 0.83 213.8 

1 0.5 18.30 Fluortex 70 158 22 3.71 0.85 126.22 

 
Figure 4-10.  Absorption curves for the optimal combination of parameters for 

each of the SEFAR meshes 
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Figure 4-11. Left side. Evolution of the cost function and the temperature for the 

mesh (a) Nitex, (b) Petex, (c) Propiltex, (d) Fluortex. Rigth side, optimal 
absorption curve for an MIU with (f1,f2)=(500,3000) Hz, 

Tini=1,Tfin=0.0001,beta=0.95,Nrep=500,Nsucc=25 

(a) 

(b) 

(c) 

(d) 
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For experimental purposes, only the Nitex mesh was used. More realistic 

boundary limits for the parameters of the portable panel were established in 

order to facilitate the manufacturing. The search ranges of the constitutive 

parameters of the millimetric panel were 𝑑1 ∈ [3,10]mm, 𝑡1 ∈ [1,5]mm, 𝜙1 ∈

[1,10]% and 𝐷1 ∈ [1,10] cm for the air cavity. Figure 4-12a illustrates the 

evolution of the temperature and objective function (the average absorption) of 

the algorithm. Figure 4-12b shows the absorption curve of the corresponding 

SL-MIU achieved by SA, as compared to the global optimum found by ES. 

Table 1 summarizes the optimum parameters found by ES and SA. As can be 

seen, the small difference between the global optimum SL-MIU obtained by ES, 

and the one achieved by SA, is the slightly larger air cavity, which shifts the 

absorption curve somewhat towards lower frequencies. Experimental results 

are presented in section 5.1.3. 

 

Figure 4-12. (a) Evolution of temperature and objective function of SA, and (b) 
absorption curves obtained by SA and ES, for the case of a SL-MIU, with Tini=1, 

Tfin=0.0001, β=0.95, Niter=300, Nsuccess=50 

Table 4-10. Constitutive parameters of a SL-MIU found out by ES and SA 

 

Algorithm 

Millimetric panel Micrometric mesh D 

(cm) d1(mm) t1(mm) φ1(%) d2(µm) t2(µm) φ2(%) 

ES 3 1 10 41 50 31 3 

SA 3 1 9.99 41 50 31 3.1 
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4.3.4.  Double layer MIU 

The algorithm for optimizing a double layer MIU is much more expensive 

computationally speaking because the number of parameters involved is high 

(i.e. 14). For the four Sefar meshes used in section 4.3.3, 14 different 

possibilities were found. Table 4-11 shows the results of the optimization for an 

algorithm with (f1,f2)=(100,5000) Hz, Tini=1, Tfin=0.0001, β=0.95, Niter=300, 

Nsucc=50. Figure 4-13 shows the results of the simulations. It is seen that a 

double layer MIU with Sefar meshes provides an absorption band of at least 3 

octaves.  

 Table 4-11.Combinations of optimal parameters obtained with simulated 
annealing for (f1,f2)=(100,5000) Hz Tini=1, Tfin=0.0001, β=0.95, Nrep=300, 

Nsucc=50 

A1/A2 
1st MIU 2nd MIU 

<α> 
Time 

 (s) 
Label 

(d1,t1,φ1,D1) (d2,t2,φ2) (d3,t3,φ3,D2) (d4,t4,φ4) 

Nytex / 

Nytex 

(1 mm, 0.5 mm, 

25 %, 2 cm) 

(41 µm, 50 µm, 

31 %) 

(1 mm, 0.55 mm, 

23 %, 2.8 cm) 

(31 µm, 55 µm, 

24 %) 
0.88 9818 a 

Nytex / 

Petex 

(1 mm, 0.5 mm, 

25 %, 2 cm) 

(41 µm, 50 µm, 

31 %) 

(1 mm, 0.53 mm, 

25 %, 2.9 cm) 

(30 µm, 50 µm, 

21 %) 
0.88 10620 b 

Nytex / 

Propiltex 

(1 mm, 0.5 mm, 

25 %, 2.3 cm) 

(36 µm, 50 µm, 

28 %) 

(1 mm, 0.51 mm, 

21 %, 5.8 cm) 

(110 µm, 36 µm, 

16 %) 
0.87 10526 c 

Nytex / 

Fluortex 

(1 mm, 0.5 mm, 

23.4 %, 2.1 cm) 

(41 µm, 50 µm, 

31 %) 

(1 mm, 0.5 mm, 

15.5 %, 5.8 cm) 

(70 µm, 158 µm, 

22 %) 
0.87 10726 d 

Petex / 

Nytex 

(1 mm, 0.5 mm,  

22.13 %, 

1.90cm) 

(51 µm, 60 µm, 

33 %) 

(1 mm, 0.5mm, 23 

%, 2.90cm) 

(31µm, 55 µm, 

24%) 
0.87 7751 e 

Petex / 

Petex 

(1 mm, 0.5 mm, 

21 %, 1.87 cm) 

(51 µm, 60 µm, 

33 %) 

(1.04 mm, 0.5 mm, 

24 %, 2.89 cm) 

(30 µm, 50 µm, 

21 %) 
0.87 7193 f 

Petex / 

Propiltex 

(1 mm,0.5 

mm,24 %,2.29 

cm) 

(40 µm, 60 µm, 

25  %) 

(1 mm, 0.5 mm,19 

%, 5.90 cm) 

(110 µm, 360 

µm ,16 %) 
0.86 7743.2 g 

Petex / 

Fluortex 

(1 mm,0.5 mm, 

24 %, 2.27 cm) 

(440 µm, 70 µm,  

25 %) 

(1 mm, 0.5  mm, 

14.24 %, 6.01 cm) 

(70 µm, 0.158 

µm, 22%) 
0.86 7637.7 h 

Propiltex 

/ 

Nytex 

(1 mm, 0.5 mm 

,22.56 

%,1.42cm) 

(125 µm, 200 

µm, 30 %) 

(1 mm, 0.5 mm, 

21.52 %, 2.86 cm) 

(31µm, 55µm, 

24%) 
0.86 8193 i 

Propiltex 

/ 

Petex 

(1 mm,0.5 mm, 

24.79 %,1.54 

cm) 

(105µm, 230 

µm, 25 %) 

(1 mm, 0.5 mm, 

23.37 %, 3cm) 

(30 µm, 50 µm, 

21 %) 
0.87 8559.6 j 
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Table 4-11. Continued 
Propilte

x / 

Propilte

x 

(1 mm, 0.5 mm, 

24.82 %, 1.70 

cm) 

(105 µm, 230 

µm, 25%) 

(1mm, 0.5 mm, 

19.93 %, 2.44 

cm) 

(110 µm, 360 

µm, 16 %) 
0.84 10650 k 

Propilte

x / 

Fluorte

x 

(1 mm,0.5 mm, 

24.99 

%,1.65cm) 

(105 µm, 230 

µm, 25 %) 

(1mm,0.5mm,15.

11%,2.71cm) 

(70 µm, 158 

µm, 22 %) 
0.85 

8095.

8 
l 

Fluorte

x / 

Nytex 

(1 mm,0.5 mm, 

24.96 %,1.69 

cm) 

(85 µm, 175 

µm, 27 %) 

(1 mm,0.5 mm, 

21.34 %,2.95 cm) 

(31 µm, 55 µm, 

24 %) 
0.87 

7764.

5 
m 

Fluorte

x / 

Petex 

(1 mm,0.5 mm, 

24.94 %,1.73 

cm) 

(85 µm, 175 

µm, 27 %) 

(1 mm,0.5 mm, 

23.36 %,3.05 cm) 

(30 µm, 50 µm, 

21 %) 
0.87 

7472.

2 
n 

Fluorte

x / 

Propilte

x 

(1 mm,0.5 mm, 

24.95 %,2.01 

cm) 

(70 µm, 158 

µm, 22 %) 

(1 mm,0.5 mm, 

20.37 %,2.86 cm) 

(110 µm, 360 

µm, 16 %) 
0.85 

7429.

9 
o 

Fluorte

x / 

Fluorte

x 

(1 mm,0.5 mm, 

24.65 %,1.80 

cm) 

(85 µm, 175 

µm, 27 %) 

(1 mm,0.5 mm, 

15.14 %,2.74 cm) 

(70 µm, 158 

µm, 22 %) 
0.86 

7359.

6 
p 

 

 

 

 
Figure 4-13. Left side, evolution of the cost function and the temperature. Right 

side, optimal absorption curve for an MIU with (f1,f2)=(100,5000) Hz, Tini=1, 
Tfin=0.0001,β=0.95,Nrep=300,Nsucc=50. Labels correspond to Table 4-11 

 

(a) 



4. OPTIMIZATION OF MULTIPLE LAYER SOUND ABSORBING SYSTEMS 
BY SIMULATED ANNEALING 

    
 

  

130 

 

 
 

 
 

 
Figure 4-13. Continued 

(b) 

(c) 

(d) 

(e) 
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Figure 4-13. Continued 

(f) 

(g) 

(h) 

(i) 
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Figure 4-13. Continued 

(j) 

(k) 

(l) 

(m) 
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Figure 4-13. Continued 

4.3.5. Double layer MPP porous DL-MPP/P 

In an attempt of reducing manufacturing costs, the use of commercial 

perforated panels was considered. The Swedish industry Sontech [Sontech] 

produces the ACUSTIMET panels which are made of aluminum, stainless steel 

or metal sheet. The boundary limits are given by 𝑑1,2 ∈ [0.1,5] mm, 𝑡1,2 ∈ [0.5,3] 

mm and 𝜙1,2 ∈ [0.7,10] %. Other technical characteristics can be found in the 

website [Sontech]. Besides two panels, the DLMPP/P has a layer of absorber 

(n) 

(o) 

(p) 
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and two air cavities (see section3.1). Common absorbers have resistivities 

between 10k rayls and 50k rayls. For experimental purposes, air cavity 

thicknesses where set as 𝐷1,2 ∈ [0.5,5] cm (see sections 5.1.4 and 5.2.1). An 

optimization process to find the optimal combination of these 9 parameters was 

carried out.  

The tuning of the Simulated Annealing algorithm consisted in setting four out 

of five parameters as fixed (i.e.Tini, Tfin, Niter, Nsucc, β ) while varying the 

remaining one. The initial configuration was Tini=1, Tfin=0.0001, Niter=200 and 

Nsucc=50, and β was varied between 0.80 and 0.95 with increments of 0.5. The 

optimal mean absorption was obtained for β=0.95. Next, the number of 

iterations Niter was varied between 200 and 400 with steps size of 100. The best 

mean absorption was obtained with Niter=200. Finally, the number of successful 

trials was varied between 25 and 75 with steps size of 25 and a maximum mean 

absorption was obtained for Nsucc=50. The parameters of the algorithm where 

therefore (f1,f2)=(500,14000) Hz, Tini=1,Tfin=0.0001, β=0.95, Niter=200 y Nsucc=50. 

Figure 4-14 to Figure 4-16 show the results of the tuning of the algorithm 

parameters. Finally, an optimal mean absorption was obtained in 400 seconds 

with (d1,t1,φ1,D1,d2,t2, φ2,D2,R1)= (0.17 mm, 0.50 mm, 9.99 %, 0.5 cm, 0.17 mm, 

0.50 mm, 9.99 %, 4.02 cm, 40237 rayls/m). 

 
Figure 4-14. Optimal absorption curve obtained with simulated annealing for a 
DL-MPP/P with (f1,f2)=(500,14000) Hz, Tini=1,Tfin=0.0001, Niter=200 y Nsucc=50 
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Figure 4-15. Optimal absorption curve obtained with simulated annealing for a 
DL-MPP/P with (f1,f2)=(500,14000) Hz, Tini=1,Tfin=0.0001, β=0.95 y Nsucc=50 

 

 
Figure 4-16. Optimal absorption curve obtained with simulated annealing for a 
DL-MPP/P with (f1,f2)=(500,14000) Hz, Tini=1,Tfin=0.0001, β=0.95 y Niter=200 

As means of comparison, a simulation of a double layer MPP compared to 

the DLMPP/P is presented in Figure 4-17. The results observed, confirm that 

the porous absorber enhances the absorption of the double layer system. The 

results of both optimizations are shown in Table 4-12.  
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Figure 4-17. Optimal absorption curves obtained with simulated annealing for 
(f1,f2)=(500,14000) Hz, Tini=1,Tfin=0.0001,β=0.95  Niter=200 y Nsucc=50, with the 

constitutive parameters of the MPPs made by Sontech 

Table 4-12. Optimal configuration obtained with simulated annealing for a 
double layer MPP with and without porous layer. 
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4.3.6. Triple layer MPP(TL MPP) 

The first attempt to optimize a TLMPP was by implementing the exhaustive 

search technique. The purpose was to obtain valid results that could be 

compared to the ones provided by the SA. However, the program had to be 

interrupted after 14 days of non-successful compilation. Thus, it was confirmed 

that the exhaustive search is limited to functions of very few variables. 
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Using the SA algorithm, the optimization of a triple layer MPP was carried out 

for 1000 points in the frequency range (f1,f2)=(100,15000). The adjustment of 

the generic decisions leads to the following schedule 

 

Initial temperature: 1 

Final temperature: 0.0001 

Cooling factor: 0.95 

Number of iterations: 400 

Number of successful trials: 50 

 

Figure 4-18  shows the results of the optimization. A mean absorption of 

<α>=0.72 was obtained in 678.54 seconds. The resulting parameters were  

(d1,t1,φ1,D1,d2,t2, φ2,D2,d3,t3, φ3,D3)=(0.25 mm, 1.18 mm, 24.84 %,0.50 cm, 0.25 

mm, 2.79 mm, 24.79%,0.50 cm, 0.25 mm, 4.87 mm, 19.58 %,0.58 cm). It is 

seen that for the triple layer case, the first peak of absorption is below 3000 Hz, 

the second around 6000 Hz and the third one around 11000 Hz. In addition, the 

fact of increasing the number of panels, allows raising as well the frequency 

range of absorption. 

 
Figure 4-18. Optimal absorption curve of a triple layer MPP for 

(f1,f2)=(500,14000) Hz, Tini=1,Tfin=0.0001,β=0.95,Niter=400 and Nsucc=50 
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4.4. Summary 

The Simulated Annealing algorithm was used to optimize microperforated 

panels in multiple layer configurations. It was first compared to the exhaustive 

search technique to test its effectiveness and accuracy. The variation of the 

generic decisions such as cooling schedule, number of iterations and number of 

successful trials, allowed reducing computing time considerably compared to 

the exhaustive search technique. The mean absorption was used as cost 

function but other cost functions can be used instead. Optimal combinations of 

parameters were obtained for a prescribed frequency range. The algorithm was 

tested in systems of more than 9 parameters, and up to 14, converging in very 

short time.  

The implementation of the algorithm was found to be reliable and fast for all 

of the systems used. The complexity of each system was found to be in direct 

relation with the number of iterations needed before converging. The algorithm 

had to be executed several times before deciding the best value of β, Niter and 

Nsucc. The execution time depended on the cooling schedule but generally, good 

results were achieved for less than 300 iterations and 25 to 50 successful trials. 

The examples showed in this chapter are considered to provide very good 

results. However, in practice, it is recommended to try the algorithm for different 

generic decisions before choosing the more suitable schedule.  
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5. EXPERIMENTAL VALIDATION 

In this chapter, measurements of microperforated panels at single and 

double layer configurations are presented. The sound absorption coefficient is 

measured by two methods: The transfer function method [Chung and Blaser 

1980] and the reflection method [Garai 1993]. The former is commonly used to 

obtain the absorption coefficient at normal incidence in the frequency domain. A 

plane wave propagating in an inviscid fluid with static flow is assumed. The 

later, the reflection method allows making in situ measurements. For instance, 

samples subjected to grazing flow can be tested at oblique incidence. The 

absorption coefficient is deduced from the measurement of the complex 

pressure factor by detecting the incident and reflected signals [Garai 1993]. In 

this study, the transfer function method is accomplished by measurements in an 

impedance tube while the reflection method is used to test the samples inside a 

wind tunnel with grazing flow. 

5.1. The transfer function method 

The transfer function method proposed by Chung and Blaser [Chung and 

Blaser 1980] has been normalized and constitutes the basis of the international 

norm ISO 10532-2 [ISO1998]. Let dT be the diameter of a tube as in Figure 5-1.  

 

 

Figure 5-1. Impedance tube 

At one side of the tube, a loudspeaker is placed. At the opposite side, a 

sample of the material is located. Two identical microphones separated a 

distance sM are inserted in the walls of the tube. Let xsM be the smallest 

Mic 1 sM xsM 

d T
 

Loudspeaker Mic 2 Sample 



5. EXPERIMENTAL VALIDATION 
    

  

140 

distance from the sample to the closest microphone. The reflection coefficient in 

the sample can be obtained from the transfer function H12 between 

microphones 1 and 2 as  

𝑅 = |𝑅|𝑒𝑗𝜑𝑟 = 𝑅𝑟 + 𝑗𝑅𝑖 = 𝐻12−𝐻𝑖
𝐻𝑟−𝐻12

𝑒2𝑗𝑘0(𝑥𝑠𝑀+𝑠𝑀),  (5-1) 

where R is the reflection coefficient, k0=2πf/c0 is the wave number and 

𝐻𝑖 = 𝑒−𝑗𝑘0𝑥𝑀 , 

𝐻𝑟 = 𝑒𝑗𝑘0𝑥𝑀 , 
(5-2) 

are the transfer functions corresponding to the impulsive responses of the 

incident and reflected waves respectively [Chung and Blaser 1980]. The 

normalized acoustic impedance is obtained from the refection coefficient as 

𝑧 =
𝑍
𝑍0

=
1 + 𝑅
1 − 𝑅

. (5-3) 

The absorption coefficient can be obtained replacing Eq. (5-1) in Eq.(2-8). 

For a tube with circular cross section, the valid range of the measurement is 

determined by 

0.05
𝑐0
𝑠

< 𝑓 < 0.45
𝑐0
𝑑𝑇

, (5-4) 

where c0 is the speed of sound in meters per second [ISO1998]. Since the 

measurement requires plane wave propagation, the maximum valid frequency 

is determined by the firs transversal mode of the tube 

𝑓𝑢 < 0.58
𝑐0
𝑑𝑇

, (5-5) 

The transfer function method requires identical microphones. To compensate 

for differences in the sensitivities, the system must be calibrated. Details about 

the sensor switching technique for system calibration are described in Appendix 

C. 

5.1.1. Measurement of single layer systems 

The aim of these measurements was to compare the theory of Maa and the 

equivalent fluid approach to experimental measurements for single layer panels. 
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Two kinds of samples were tested. The first one consisted of an aluminum plate 

with a diameter of 9.94 cm and constitutive parameters (d,t,φ) = (0.4 mm, 0.5 

mm, 1.16 %) Figure 5-2a. This plate had already been designed for a previous 

project at the CAEND [Cuesta and Cobo 2008].  The perforations had been 

performed by laser. The panel had a total number of 719 holes (see 

Eq.(2-1)).The smallest center to center distance of the perforations was 2.46 

mm.  

The second sample was a commercial micrometric mesh Sefar Nitex 36/28 

with (d, t,φ,Yd) = (36µm, 50µm, 28 %, 33µm). It was purchased from Sefar ®. 

The impedance was obtained using the transfer matrix approach described in 

section 2.2.2 for both the MPP and the mesh.  

5.1.1.1. Measurement of an MPP 

The measurements were carried out in an impedance tube Bruel & Kjaer 

(B&K from now on) type 4206, with internal diameter of 99 mm. Two 

microphones B&K type 2670 and a microphone power supply B&K 5936L were 

used, Figure 5-2b.  

    
Figure 5-2. a) MPP with (d,t,φ) = (0.1 mm, 0.5 mm, 1.16 %), b) Equipment used 

for impedance measurements 

The microphones where separated 5 cm from each other. The smallest 

distance between the sample and microphone 2 was x=10 cm. The sample was 

attached with glue to a hollow rubber ring of 99 mm diameter. The thickness of 

the ring was 5 mm. It was assumed that the air flow was not being blocked by 

the ring. The ring, together with the sample were placed at the tube opening 

parallel to the piston that allowed to displace the cavity between the sample and 

the end of the tube. The air cavity depth used was D=2.1 cm. Since the 

(a) (b) 
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distance between the two microphones was s=5 cm, the valid frequency range 

of the measurement was 343 Hz <f< 2009 Hz (Eq. (5-4) and (5-5)). The 

loudspeaker was driven with an MLS signal of sequence order 16. The signal 

was generated by the virtual instrument IMPETU developed at the CAEND 

laboratory (see Appendix C). A card DAQ NI PCI-MIO-16E was used for 

acquisition. The sample rate was set to 120 kHz and the number of averages 

was 10. Figure 5-3 shows the setup of the measurement. The transfer function 

was measured following the ISO 10532-2 [ISO1998] standard and the 

procedure described in section 5.1 and Appendix C. 

 

 
Figure 5-3. Setup for the measurements in a 10 cm diameter impedance tube 

 

 
Figure 5-4. Absorption curve of a single layer MPP with (d,t,φ,D)=( 0.4 mm,0.5 

mm,1.16 %,2.1 cm)using the equations of Maa, Atalla and Sgard exact and JCA 
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Figure 5-4 shows the experimental results compared with absorption curves 

given by Maa (Eq. (2-48)), Atalla and Sgard (Eq.(2-21)) and JCA (Eqs.(2-22) 

and (3-31) replaced in Eq. (3-2)). The correction length given in Eq. (2-26) was 

used for the three models. The maximum absorption is reached around 1200 

Hz. A good agreement between experimental and theoretical curves is seen 

between 800 and 1600 Hz. In the lower and upper range, deviations are seen 

possibly due to the attachment of the sample to the rubber ring. Also, although 

the ring thickness did not obstruct the flow through the perforations, it reduced 

the volume of the air cavity. Therefore, in the following measurements of 

perforated plates, the ring was used only to measure the internal distance 

between the samples but removed for the measurement. The mean absorption 

of the single layer MPP with (d, t, φ, D) = (0.1 mm, 0.5 mm, 1.16 %, 2.1 cm) in 

the frequency range (800:1800) Hz was72 %.  

5.1.1.2. Measurement of a micrometric mesh 

The measurements were performed in a transmission tube B&K type UA 

1630. The option for type 4206 for impedance measurements was used. The 

tube had internal diameter of 29 mm, Figure 5-5a. The signals where generated 

and analyzed in LMS Test.Lab Spectral Testing Rev 8A. The loudspeaker was 

driven with an MLS signal.   A power amplifier QSC Audio RMX2450 was used 

to amplify the signal. A NEXUS conditioning amplifier type 2690 was used to 

power the transducers. The distance between the two microphones was s=2 

cm, therefore the valid frequency range of the measurement was 857 Hz <f< 

6860 Hz (Eqs. (5-4) and (5-5)). Since the micrometric mesh was not rigid, a 

plastic ring was used as a frame, Figure 5-5b.  

   
Figure 5-5. a) Measurement setup, b) Micrometric mesh in a plastic frame 

(a) (b) 
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The sample was placed inside the tube at 3.5 cm from microphone 2. The 

transfer function was measured following the procedure described in section 5.1 

and Appendix C. The yarn and perforation diameter of the mesh where 

measured in a Euromex Holland microscope. The digital images where 

acquired with a camera TCA 30 and the Optika vision lite software (see 

Appendix A). For the rigid frame porous models, the resistivity σ and the 

thermal Λ’ where calculated with Eqs. (3-44) and (3-39) respectively. The 

viscous characteristic length Λ was taken as the hydraulic radius of the 

perforation  𝛬 = ℎ𝑟 = d 2 ⁄  [Allard and Atalla 2009, Atalla and Sgard 2007, 

Chevillote 2012] and [Jaouen and Bécot 2011]. For a more precise value, the 

viscous characteristic length can be calculated with Eq.(3-40), (see also [Ruiz et 

al. 2012b]). The measured values of the micrometric mesh where  (d, t, φ, Yd, D) 

= (36.38 µm, 50 µm, 27.2 %, 33.44 µm, 5 cm). Results of this work where 

published in [Ruiz et al. 2012a] and [Ruiz et al. 2012b].  

Figure 5-6 shows the results of the absorption curve compared to the theory 

of Maa for an MPP (Eq. (2-48)), Maa for MSP (Eq. (2-49)), JCA (Eqs.(2-22) and 

(3-31) replaced in Eq. (3-2)) and Atalla and Sgard (Eq.(2-21)).  

 
Figure 5-6. Normal incidence sound absorption coefficient of a mesh with 
parameters (d, t, φ, Yd, D) = (36.38 µm, 50 µm, 27.2 %, 33.44 µm, 5 cm) 

It is seen that while the equation of Maa for panels perforated with slits 

underestimates the absorption curve, the equation of Maa for panel perforated 

with circular holes over estimates the results. Let’s recall that the geometry of 
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the micrometric perforations is squared shaped. Therefore it is not strange to 

observe that the equations by Maa which end corrections are for a circular or 

slit shaped perforations present erroneous results. On the other hand, the 

equations for the equivalent fluid approach present good agreement with the 

experimental curve.  

The use of the effective resistivity for a square pore shape given by [Stinson 

and Champoux 1992] and the exact calculation of the thermal and viscous 

characteristic lengths [Ruiz et al. 2012b] make a very good approach to the 

particular geometry of a micrometric woven mesh.  

5.1.2. Measurement of a double layer MSP 

The double layer MSP designed in section 4.3.2 was constructed for 

experimental purposes. Results of this study where published in [Ruiz et al. 

2011]. The samples were measured using the transfer function method [Chung 

and Blaser 1980] following the ISO 1053-2 standard [ISO1998]. The B&K 

impedance tube described in section 5.1.1.1 was used. This time, in order to 

increase the frequency range of absorption, the 29 mm diameter tube was 

employed. The data was acquired with PULSE 2827 and analyzed in MatLab 

2010 (Figure 5-7a). To reduce the possible air leakage, the joint between the 10 

cm and 3 cm diameter tubes was reinforced by means of a rubber band around 

the tube (Figure 5-7b).  

 
Figure 5-7. a) Measurement equipment, b) Detail of the tube adjustment 

The samples were made in stainless steel and the slits where perforated with 

laser (Figure 5-8).  

 

(a) (b) Rubber band 
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Figure 5-8. (a) MSP 1, (b) MSP 2 

Sample 1 was placed at the end opening of the tube next to the 

microphones, Figure 5-9a. Sample 2 was introduced inside the tube displaced a 

distance of 1.25 cm (D1) from the tube opening (Figure 5-9b). The distance D1 

was achieved by means of a brass ring which was removed after fixing the 

sample inside the tube. Once the tube was closed, the piston at the end of the 

tube was displaced 1.03 cm which was the value of the second air cavity D2.   

   
Figure 5-9. (a) Positioning of panel 1, (b) Positioning of panel 2 

Figure 5-10 shows a comparison between the experimental and simulated 

curves for the absorption as a function of the frequency following the models of 

Maa for an MSP, Randeberg and Atalla and Sgard (see Table 2-3). The 

impedance was calculated using the impedance transfer [Cobo et al. 2009]. It is 

seen that the model that approaches better the experimental curve is that of 

Atalla and Sgard.  

The differences between the theoretical and the experimental curve can be 

due to the positioning of the samples inside the tube, the manufacturing 

imperfections of the panels or, possible air leakage at the panel edges. The 

models of Maa for MSP and Randeberg under estimate the results. The 

(a) (b) 

(a) (b) 
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average absorption provided by the DLMSP is 66% for a frequency range up to 

6400 Hz. 

 
Figure 5-10. Absorption curve of a double layer MSP with 

(d1,t1,φ1,D1,L1,d2,t2,φ2,D2,L2)=(0.25 mm, 1 mm,7.8 %,1.32 cm,22.5 mm,0.25 
mm,1 mm,3.4 %,1.14 cm,18 mm) 

5.1.3. Measurement of microperforated insertion 
units MIU 

Among the different experiments carried out over the course of this thesis for 

microperforated panels combined with micrometric meshes, three are of main 

interest. The first one consists on a single layer MIU optimized for a prescribed 

frequency range using a commercial woven mesh. The second one consists on 

the study of a single layer MIU with different distributions of the perforations 

over the portable plate surface. It includes portable panels with circular and slits 

perforations. The third study consists on combining different low cost meshes 

(tissues, foils) to one portable panel in order to observe the consequences and 

variations on the absorption curve. If good results are achieved for a low cost 

mesh, the cost of an MIU can be considerably reduced. For all cases, the 

impedance was obtained using the hybrid model and the transfer matrix 

approach (see sections 2.2.2 and 3.2.5). For the experiments carried out in this 

section, all the millimetric panels where made of stainless steel and the 

perforations where drilled or punched with laser.  The meshes where purchased 

or provided by Sefar [Sefarb], local curtain dealers or simply rescued from 
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samples that we had on hand at the laboratory. The constitutive parameters of 

the meshes where analysed by different means i.e. microscope, 

spectrophotometer. Details about the meshes constitutive parameter 

measurements are described in Appendix A.  

5.1.3.1. Study of a single layer MIU at normal 
sound incidence. 

The single layer MIU optimized in section 4.3.3 was tested. Measurements 

were carried out in an impedance tube with a circular cross section as in Figure 

5-7a. The sample was placed at one end of the tube with the loudspeaker 

installed on the opposite side. The absorption coefficient was measured with the 

transfer function method [Chung and Blaser 1980]. The distance between 

microphones was 2cm; this should be less than half a wavelength and 

therefore, the valid frequency range for the measurement was 857 Hz <f< 6860 

Hz (Eq. (5-4) and (5-5)). An MLS signal of sequence order 16 was generated by 

the virtual instrument IMPETU developed at the CAEND laboratory, see 

Appendix C. A B&K PULSE analyzer system type 2827 was used for the data 

acquisition. The two pressure microphones where B&K type 2670. The 

experiment setup is shown in Figure 5-11.   

 

 
Figure 5-11. Experiment setup 
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The samples had been designed to provide optimal absorption for a 

frequency range between 500 Hz and 3500 Hz. The Simulated Annealing (SA) 

algorithm was implemented for this purpose [Kirkpatrick et al. 1983, Brooks and 

Morgan 1995] and [Ruiz et al. 2011]. Taking into account the possibility of 

constructing the portable panel and using prefabricated precision woven 

micrometric meshes, the constitutive parameters of the panel have been 

restricted to the following factors: Available drill bit size, existing stainless steel 

sheet thicknesses and obtainable commercial microperforated meshes. 

Therefore, the space of configurations was d1∈[0.5,3] mm, t1∈[0.5,2] mm, 

φ1∈[1,10] %, d2,t2,φ2∈[Sefar Nitex Meshes] from Sefar® [Sefarb] and D1∈[1,5] 

cm. The carrying plate of the optimal MIU obtained was (d1,t1,φ1)=(3 mm, 1 mm, 

9.9 %) Figure 5-12a. With the optimization, the membrane Sefar Nitex 41/31 

was chosen as the more appropriate to provide optimal results.  

The air cavity found with the optimization was 3 cm. This distance is 

supposed to be achieved by displacing the piston inside the tube. However, 

previous measurements showed that the numbering outside the piston did not 

corresponded to the desired value inside the tube. Therefore, in order to have a 

reliable air cavity thickness, an available brass ring 2.4 cm long and 0.3 mm 

thick was introduced inside the tube, Figure 5-12 b. Once this distance was 

achieved, the piston inside the tube was fixed and the brass ring was removed. 

The consequences of changing the value of D from 3 cm to 2.4 cm, is the 

displacement of the maximum peak of absorption and the decrease of the wide 

band absorption. This was taken into account in the theoretical model.  

 

Figure 5-12. a) Portable panel of the MIU, b) brass ring used to measure the air 
cavity thickness 

(a) (b) 
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The millimetric panel was 1mm thick and had 9 holes of 3 mm diameter. This 

gives rise to a 9.9 % of perforated surface. The fiber and perforation diameter of 

the micrometric mesh were measured in a digital microscope (see Appendix A). 

The MIU with measured values for the mesh and correction for the air cavity 

consisted of (d1,t1,φ1,d2,t2,φ2,D1)=(3 mm, 1 mm, 9.9 %, 45.7 µm, 45.87µm, 36.34 

%, 2.4 cm). The impedance of the MIU was obtained with Eq. (3-20) using the 

theory from [Pfretzschner et al. 2006] and compared with Eq. (3-46) replaced in 

Eq.(2-62) using the hybrid model [Ruiz et al. 2012b]. Figure 5-13 shows a 

comparison between simulations and the experimental model for the normal 

incidence sound absorption as a function of the frequency. 

The experiments showed a good agreement with the theoretical model 

particularly with the hybrid model. This is due to the exact calculation of the 

thermal and viscous characteristic lengths and the appropriate use of the end 

corrections for the plate and the membrane. Since the theory used by 

Pfretzschner et. al. assumes circular perforations in the portable panel and the 

micrometric mesh, it over estimates the resistivity which consequently produces 

an increase in the absorption curve. 

 

 

Figure 5-13. Normal incidence sound absorption of a single layer MIU with 
(d1,t1,φ1,d2,t2,φ2,D1)=(3 mm, 1 mm, 9.81 %, 45.7 µm, 45.87µm,36.34 %, 2.4 cm) 
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5.1.3.2. Study of the distribution of the 
perforations over the panel surface. 

In order to study the effect of the perforations over the panel surface, the nine 

panels designed in Section 2.1.3.3,  

Figure 2-23 where constructed. The manufacturing restrictions and frequency 

range of absorption were as in Section5.1.3.1. The space of configurations for 

the optimization was d1∈[0.5,3] mm, t1∈[0.5,2] mm, φ1∈[1,10] %, 

d2,t2,φ2∈[Acoustic HF meshes] from Sefar®  [Sefara] and D1∈[1,5] cm. The 

optimal parameters obtained by SA where: (d1,t1,φ1,d2,t2,φ2,D)=(3 mm, 1 mm, 

9.96 %,39 µm,49 µm,34.9 %, 3.13 cm).  

 The geometry of the portable panels with (d1,t1,φ1)=(3 mm, 1 mm, 9.96 %) is 

shown in Table 2-1. Figure 5-14 shows the panels constructed. The micrometric 

mesh attached to the back of each plate is also seen.  The details about the 

geometry and the distances between perforations were previously described in  

Figure 2-23. 

 
Figure 5-14. MPPs and MSPs; (a) front view, (b) rear view 

The samples were measured on a Bruel&Kjaer 4206 impedance tube with 

circular cross section diameter of 29 mm. Each of the panels was positioned at 

the entrance of the tube, separated 35 mm from the furthest microphone. A 

distance of 20 mm separated microphone 1 from microphone 2 (see Figure 

(a) (b) 
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5-1). The surface impedance of the plates was measured using the transfer 

function method [Chung and Blaser 1980]. The valid frequency range for the 

measurements was 856 Hz <f< 6860 Hz. The impulse responses of the 

microphones where measured using a Maximum Length Sequence (MLS) 

signal of order 16 with a sampling ratio of 120000 Hz and 10 averages per 

measurement. The transfer function between the microphones was calculated. 

The acquisition of the signals was performed with a National instruments DAQ 

NI PCI-MIO-16E card and the processing of the data was performed in a Matlab 

graphical user interface IMPETU (see Figure 5-15).  

 
Figure 5-15. Measurements setup 

The effects of the over perforation where already discussed in Section 

2.1.3.3. However, observing the measurements several conclusions can be 

drawn. The five samples perforated with holes provide a similar absorption 

curve. Nevertheless, from Figure 5-16a, it is noticed that the absorption curve of 

sample two is slightly shifted to the left. Observing  

Figure 2-23 it is seen that the minimum distance between centers of the 

perforations is achieved in sample two. Moreover, the mean absorption of this 

sample is greater than that of the other samples. This demonstrates that as the 

distance between center to center decreases, the distortion of the acoustic flow 

and the viscous boundary layer produce viscous effects that enhance the 

resistive part of the panel. The absorption curve of sample nine (Figure 5-16b) 

presents a small deviation from the other curves starting from the peak to the 

higher frequencies. As the length of the central slit of sample nine is 10.8 mm, 
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the attached mass of air participating to the motion is greater than that of a 5.4 

mm length slit. Therefore, the mass reactance is higher.  

Figure 5-17 shows the absorption curves of an MSP compared with that of a 

DMSPP. Slight discrepancies are noticed. The resistance of an MSA is smaller 

than that of an MPP and therefore the geometric design of portable panels 

influences the results of the absorption curve.   

 
Figure 5-16. a) Experimental results of samples one to five (MSPP), b) 

Experimental results of samples six to nine (DMSP) 

 
Figure 5-17. Comparison between the two models 

Figure 5-18a shows the mean absorption of the experimental curves of the 

MSPPs compared with the theory. As can be seen, the predicted curve provides 

more absorption. Possible explanations to this result are: the mounting 

conditions of the samples and the mesh allowances of +/-4 to +/-5 µm.  Finally, 
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Figure 5-18b shows that the mean absorption of samples 6 to 9 fits better with 

the theoretical curve of a DMSP.  

 
Figure 5-18. a) Experimental results of a MSPP compared with theory, b) 

Experimental results of a DMSP compared with theory 

5.1.3.3. Study of the use of different meshes for 
the same portable panel. 

The purpose of this study was to reduce the cost of the MIU by replacing the 

commercial woven meshes for low cost meshes such as foils. Six types of 

meshes where tested. Sample 7 in  

Figure 2-23 was used as the carrying plate. The experiments were carried 

out with the same equipment and procedure described in Section5.1.3.2. The 

absorption curve at normal sound incidence for a carrying plate with 

(d1,t1,φ1,l1)=(3 mm, 1 mm, 9.96 %, 5.4 mm), air cavity thickness D=2 cm and the 

six types of meshes is shown in Figure 5-19.  

Table 5-1 shows the types of meshes used and their constitutive parameters. 

The maximum mean absorption was obtained with the meshes c and d which 

coincidentally are the more expensive and the cheapest respectively.  

Unfortunately, it was not possible to characterize the parameters of meshes 

d, e and f since the micro geometry points out more towards a porous material 

than to a micrometric mesh. Nevertheless, the parameters of meshes a, b and c 

where measured and the values where replaced into the rigid frame porous 

approximation described in Section 3.2.5. More details about the measurement 

of the micrometric meshes are explained in Appendix A.  
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Figure 5-19. Absorption curves of an MSP as carrying plate for different types of 

meshes. 

Table 5-1. Characteristics of the meshes 

Mesh d2(µm) t2(µm) φ2(%) Yd(µm) Λ(µm) Λ′(µm) 
𝜎 

(Nsm-4) 

𝜎𝑒𝑓𝑓 

(Nsm-4) 

Costs 

per 

m2 € 

(a)Shower 

curtain 
59.18 110 5.29 198.21 29.59 29.84 2.82x106 2.83x107 

 

(b) Home 

curtain 
94.25 120 19.7 117.8 47.12 34.78 2.97x105 2.99x106 

5 

(c) Sefar 

acoustic BHY 
39 49 34.9 33 19.50 13.59 9.84x105 9.88106 

40-

50 

(d) Non 

woven filter 

(milk industry) 

Unknown 120 Unknown Unknown Unknown Unknown Unknown Unknown 

Less 

than 

1 

(e) Synthetic 

cloth 

(nylon) 

Unknown 390 Unknown Unknown Unknown Unknown Unknown Unknown 

10 

(f) Tissues Unknown 60 Unknown Unknown Unknown Unknown Unknown Unknown 

Less 

than 

1 

 

Figure 5-20 show the experimental curves of sample 7 (P7) combined with 

meshes a, b and c compared with the theoretical curves given by the hybrid 

model Maa-JCA. The experimental curves are in very good agreement with the 

predictions. 
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Figure 5-20. Normal incidence sound absorption coefficient of plate 7 combined 

with mesh a(+) , b(x) and c(o). Air cavity D=2cm 

5.1.4. System composed of microperforated panels 
and a porous layer DL-MPP/P 

The DLMPP/P described in Section 3.1.1 was tested. It consists of a double 

microperforated panel with constitutive parameters (t1=t2,d1=d2,p1=p2,D1,D2)= 

(0.5 mm, 0.23 mm, 20%,2 cm,4 cm) and a porous layer of 28000 rayl/m filling 

the second cavity between the MSP2 and the rigid ending. The MSPs where 

made of aluminium sheets (0.5 cm thick) with 20% of the surface perforated in 

horizontal slits. An absorbent material with a flow resistivity of 28000 rayls/m 

was used. This flow resistivity was chosen to be very close to the optimal value 

(20000rayls/m). Figure 5-21 shows the absorbent material and the two MSPs.  

The absorption coefficient at normal incidence in the frequency range below 

5000 Hz was measured in an aluminum impedance tube, 1 m long with 3 cm of 

diameter. A rigid end cap holding the DLMPP/porous absorber was placed at 

one end of the tube. At the opposite side, a tweeter was used to radiate the 

broadband signal (MLS). The absorption coefficient is measured according to 

the transfer function method between two microphones located in the tube 

[Chung and Blaser 1980]. The distance between the microphones was 3 cm. 

According to this distance and the inner diameter of the tube, the reliable 

frequency band for the measurement remains 572 < f (Hz) <5145.  
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Figure 5-21. Materials composing the absorber constructed for the 

measurements in the impedance tube: a 4 cm thick porous layer and the two 
MSPs, 0.5 mm thick 

 
Figure 5-22.  a) Impedance tube used to characterize the prototype up to 5 kHz, 

b) Measurement setup 

 
Figure 5-23.  Experimental (blue) and theoretical (red) absorption coefficient 
curves of the DL-MPP/P absorber at normal incidence, in the frequency band 

(0.5, 5) kHz 

Figure 5-22a shows the impedance tube used for the measurements and the 

measurement set-up. A TI acquisition device was used to radiate MLS signal 

and to acquire the microphone signals. The data acquisition and processing 

was done in Matlab, Figure 5-22b. Figure 5-23 shows the measured and 

predicted absorption coefficient curves at normal incidence, in the range (500, 

(a) (b) 
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5000) Hz. The acoustic impedance was calculated with the impedance transfer 

approach [Cobo et al. 2009]. The experimental absorption coefficient is in very 

good agreement with the theoretical curve. The average absorption for both 

curves is 95%. 

5.2. The reflection method 

The reflection method allows measuring the sound absorption coefficient at 

oblique incidence or in situ. The basis of this method is the measurement of the 

impulse response between a loudspeaker-microphone pair. The impulse 

response is measured using MLS or time-stretched signals and multiplied by 

properly designed windows to separate the direct and reflected measurements 

from unwanted diffractions and reflections. In this work, a method inspired in the 

CEN/TS 1793-5 [Cen] European standard to measure the intrinsic 

characteristics of noise reducing devices in situ is used. The method is applied 

inside a wind tunnel located at the INTA (Instituto Nacional de Técnica 

Aeroespacial). This allowed validating test samples under grazing flow. 

The impulse response of the source-receiver can be modelled as a sequence 

of impulses of decreasing amplitude, according with the average absorption 

coefficient in the walls of the wind tunnel. The reflection response is obtained by 

the convolution of this impulse response with the signal radiated by the 

loudspeaker. The two important coefficients for the measurement of the 

absorption coefficient are the first (direct arrival) and the second (first reflection 

at the wall). The reflection method will be successful if these two events can be 

recovered from the reflection trace by windowing. For this purpose the pulse 

radiated by the source should be as short as possible. To radiate the required 

short pulses, the electrical driving signal should be inverse filtered by the 

frequency response of the transducer, so that the emitted acoustical signal has 

a cosine-magnitude minimum-phase spectrum [Cobo et al. 2007]. 

The drawback of time windowing is that it removes low frequencies from the 

direct and reflected measurements. Therefore, the reflection method is limited in 

low frequency compared to the transfer function method. The lowest reliable 

frequency of this method is the first notch of the window magnitude spectrum 
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[Cobo 2008]. The sound absorption coefficient is obtained by transforming the 

signals measured in the time domain to the frequency domain. 

5.2.1. Measurements in a wind tunnel 

The application of the reflection method to the reduced dimensions of the 

wind tunnel requires: 

• A wideband high-frequency source so that the direct and reflected 

signals can be separated properly.  

• An acquisition board with sampling rate of at least two times the 

maximum possible source frequency. 

• Shaping the radiated pulse into a cosine-magnitude minimum-phase 

spectrum by inverse filtering. 

The frequency response of a 3/8 inches KEF tweeter was measured at an 

anechoic room at the CAEND. Figure 5-24a shows the reflection response of 

the source-receiver for a cosine-magnitude minimum-phase spectrum in the 

frequency range (0.5, 30) kHz. Also shown in the figure, are the direct and 

reflection windows superimposed to the direct and reflected events. Figure 

5-24b shows the magnitude spectrum of the direct and reflection windows. As it 

can be seen, the first notches are in 5250 Hz, for the direct window, and 4150 

Hz for the reflection window. Thus, this method should provide the absorption 

coefficient of the wall lining at frequencies above 5250 Hz. 

 
Figure 5-24. a) Source-receiver reflection response with the direct and reflection 

windows superimposed, b) Magnitude spectrum of the direct and reflection 
windows 

(a) (b) 
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The DL-MPP/P proposed in Section 5.1.4 was measured in a frequency 

range between 5000 and 15000 Hz. Figure 5-25shows the DL-MPP/P absorber 

designed for the measurements. It consisted of a steel squared duct of inner 

dimensions (20 x 20 x 20) cm3 with two internal walls made of two micro slit 

panels with parameters (t1,2,d1,2,φ1,2)=(0.5 mm,0.23 mm,20 %).  

The gap between the first and second MSP was filled with a honeycomb 

structure provided by AIRBUS. It was 2 cm thick. The gap between the second 

MSP and the walls of the duct was filled with 4 cm thick rock wool. The slits of 

the first and second MSPs are perpendicular to each other. The MSP in contact 

with air is aligned to the air flow direction. The exterior dimensions are (32 x 32 

x 20) cm. The prototype fits into the test area of the wind tunnel of the INTA so 

that the interior dimensions of both the prototype and the wind tunnel are equal 

to each other. Two 18 mm thick wood structures of interior dimensions (10 x 20 

x 20) cm and (20 x 20 x 20) cm are used to close the test area along the air flow 

direction. 

 
Figure 5-25. a) The DL-MPP/P absorber constructed for the wind tunnel before 

closing, b) after closing, c) horizontal slits of  the interior steel panel 

The tweeter and the ¼ inch microphone Larson-Davis 2520-1069, 

conditioned by a B&K 2807 Power Supply, are shown in Figure 5-26.To 

determine the impulse response in an ambient free of close reflectors, the 

microphone and tweeter were measured outside the wind tunnel. The echoes 

from further reflectors where filtered out of the measured response by 

windowing.  

Figure 5-27a shows the original impulse response of the electro acoustic 

system (in blue) with the corresponding inverse filtered response (in green). 

(a) (b) (c) 
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Figure 5-27b shows the spectra. Notice as the inverse filtered response exhibits 

the cosine-magnitude shape in the frequency band (500 Hz, 30 kHz). 

 

 
Figure 5-26. Tweeter and microphone pair 

 
Figure 5-27. Original and inverse-filtered tweeter-microphone impulse 

responses, b) Original and inverse-filtered spectra of the tweeter-microphone 
impulse responses 

Once the impulse response was verified for a free reflection condition, it was 

measured inside the wind tunnel placing the tweeter–microphone pair in front of 

the DL-MPP/P absorber and wood structures.The tweeter and the microphone 

had nose cones for reducing turbulence noise. 

 The sketch of the measurement setup is shown in Figure 5-28. The 

microphone is positioned near one of the interior walls, at the horizontal middle 

axis and the tweeter is located at the centre of the air vein at 10 cm from the 

walls. The microphone was placed perpendicular to one of the walls, at 2 cm 

distance.  

The impulse response measured at the microphone contains the direct arrival 

from the tweeter and a sum of reflections at the walls of the prototype. If the 

impulse response of the tweeter-microphone is short enough, the direct arrival 

(a) (b) 
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and the first reflection from the wall will be separated by windowing as in Figure 

5-24a. The reflection coefficient in such wall can be calculated from [Cobo 

2008] 

{ }
{ }yw
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Where y is the tweeter-microphone impulse response, lr and ld are the 

corrections for geometrical spreading of the direct and reflected events, 

respectively, wr(t) and wd(t)  are the time windows for the direct and reflected 

signals, respectively, and ℑ  denotes Fourier transform. In this case, the 

spreading factor correction is lr/ld=1.2/0.8=1.5.The absorption is obtained 

replacing Eq. (5-6) in Eq.(2-8). 

 
Figure 5-28. Sketch of the measurement of the tweeter-microphone impulse-

response inside the DL-MPP/P prototype 

The measurements were carried out at four velocities of the flow, 0, 20.9, 

29.9, and 35.2 m/s. In order to have a measurement for comparison, a wood 

Direct 

Tweeter 

1st reflection 

2nd 

 

3st reflection 
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structure was placed instead of the DL-MPP absorbent. Figure 5-29a shows  

the impulse response of the tweeter-microphone system in front of the DL-

MPP/P absorber and superimposed, the impulse response of the same electro 

acoustic system in front of the wood wall at V=0. It is seen that the peaks that 

correspond to the echoes from the walls are mostly absent in the impulse 

response within the DL-MPP/ prototype (blue line), therefore the DL-MPP/P is 

absorbing most of the energy impinging its boundaries.  Figure 5-29b shows the 

impulse response of the electro acoustic system in front of the wood wall at 

V=0. The direct and reflection windows are shown superimposed. The direct 

and reflected sound waves are obtained by multiplying the impulse response by 

these windows. 

 
Figure 5-29. a) Impulse-response of the tweeter-microphone in front of the DL-
MPP/P absorber (blue) and the wood wall (green) at V=0, b) Impulse response 

of the tweeter-microphone system in front of the wood wall with the direct 
(green) and reflection (red) windows superimposed 

Figure 5-30 shows the time window applied to pick up the direct and reflected 

events from the measured impulse responses, as well as its magnitude 

spectrum. As it can be seen, the lower reliable frequency of this method inside 

the wind tunnel is 7500 Hz. 

Figure 5-31 shows the absorption coefficient of the DL-MPP/P prototype, in 

the frequency range from 7500 to 15000 Hz, measured at the wind tunnel at two 

velocities and compared with theoretical values using Eq. (3-16) for the 

impedance. The impedance transfer approach was used [Cobo et al. 2009].  

The theoretical absorption curve of the prototype, and the experimental curve 

measured in the impedance tube are also shown. The average absorptions in 

the frequency range (7500, 15000) Hz are 

(a) (b) 
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〈𝛼〉𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 0.84 

〈𝛼〉𝑉=30𝑚/𝑠 = 0.9 

〈𝛼〉𝑉=35𝑚/𝑠 = 0.88 

It was seen that for a velocity of 30m/s, the absorption dropped considerably 

above 13kHz, therefore this results are disregarded.  

 
Figure 5-30. Time window (a) and its magnitude spectrum (b) 

 
Figure 5-31. Absorption coefficient of the DL-MPP/P prototype 

5.3. Summary 

The experimental study of the absorption provided by microperforated panels in 

single or multiple layer configurations has been performed. The laboratory 
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facilities allowed carrying out measurements at normal sound incidence without 

grazing flow. The facilities of the INTA were used to perform measurements at 

oblique incidence and with grazing flow. For a single layer MPP, the equations 

by Maa showed to predict accurately the impedance and the absorption. On the 

other hand, for the micro geometries of the meshes, the theory that provided 

best results was the JCA rigid frame porous model. This was proved by 

measuring a woven mesh alone and later measuring the meshes downstream 

of a microperforated panel. In the case of a double layer MSP, experimental 

measurements showed a very good agreement with the general model for 

microperforated plates proposed by Atalla and Sgard.  

Also, it was demonstrated experimentally that the distribution of the perforations 

in a surface does not affects the acoustic performance of a microperforated 

absorber if the correction length used is only a factor of the porosity of the 

panel. However, when a more precise correction factor that takes into account 

the distance between perforations is used, the absorption curve provided by 

similar plates with different distribution of perforations provide dissimilar results. 

Including the interaction effects between perforations to predict the input 

impedance of a microperforated absorber, one can calculate the absorption 

curve of a panel with an attached air mass. By comparing perforated panels 

with the same diameter and perforation ratio but different distribution of 

perforation it was seen that as the center to center distance of the perforations 

decreases, the viscous effects occurring at the perforations increases, raising 

as well the resistance of the panel. On the other hand, slitted panels with the 

same perforation ratio and diameter but different slit lengths, present dissimilar 

acoustic responses as the effective area of the each slit determines the 

attached mass participating to the motion which affects the reactance of the 

absorber i.e. the inertial part rises as the length of the slits increases. Moreover, 

it has been found that the resistance of a DMSP is smaller than that of an MIU 

which makes a perfect agreement with the relationship of resistance between 

an MSP and an MPP. 

The study of the performance of the absorbers (MPP or MSP) conditioned by 

their parameters showed a strong dependence mainly on the diameter of the 

holes and the porosity of the plate. This explains why the absorption of a panel 
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with slits and a panel with circular perforations with exactly the same perforation 

diameter and porosity is very similar. Therefore, a panel designed with circular 

perforations can be perforated with slits as long as the diameter size and the 

perforation ratio are maintained. This can be very advantageous since the 

drilling of slits using laser techniques is easier and cheaper than drilling circular 

holes. 

It was demonstrated that the original MIU theory does not predicts accurately 

the absorption curve of such a system since it considers panels and meshes 

with circular perforations. If the parameters of the micrometric mesh are 

calculated for a squared shaped orifice with cylindrical rods, the absorption 

curve presents very good agreement with the experimental results. Therefore, 

the hybrid model combining the theory of Maa for a macro perforated plate with 

the JCA model for the micrometric mesh is proposed to predict the impedance 

and absorption of a system as the MIU.  

 A DL-MPP/P prototype has been built with high absorption in the frequency 

range (500, 15000) Hz. The absorber has been validated both without 

(impedance tube) and with (wind tunnel) air flow. The measurement of the 

absorption curve in the impedance tube has been carried out by the transfer 

function method (ISO 10534-2). The frequency range of the transfer function 

method has been (500, 5000) Hz. The measurement in the wind tunnel have 

been done by the reflection method (CEN/TS 1793-5). Since this method 

involves applying time windowing to separate the direct and the reflected 

events, it has a lower reliable frequency which depends on the window length. 

In this case, the loudspeaker (tweeter) and the microphone are close to each 

other, so that the window is rather short, and the lower reliable frequency is 

7500 Hz. Therefore, the frequency range of this method has been (7500, 

15000) Hz. The results appeared to be in good agreement with the predicted 

curves of the absorption using the impedance transfer approach and the theory 

of Maa for microslit absorbers. 

 



6. CONCLUSIONS AND FUTURE WORK 
    

  

167 

 

6. CONCLUSIONS AND FUTURE WORK 

6.1. Summary 

The use of microperforated panels as an alternative to porous materials has 

gained importance in the past decades. It provides a light and clean solution for 

noise control applications in health and sanitary controlled places. In this work, 

different analytical approaches to obtain the impedance of a microperforated 

panel were reviewed. It was seen that the impedance of a panel can be divided 

in two components: the impedance of the perforations and the border 

impedance. For cylindrical perforations, the impedance can be obtained 

analytically following the model of Maa. An alternative is to characterize the 

microperforated panel as an equivalent fluid with a tortuosity. The analytical 

model of Maa and the equivalent fluid approach can be expressed by exact and 

(high-low) frequency approximated equations. The exact equations of both 

models appear to be very similar. Nevertheless, the approximated equations of 

the Atalla and Sgard model showed to provide much smaller absorption curves.   

Perforated panels with micrometric circular perforations can be very complex. 

However, perforating slits instead of circles can reduce the manufacturing costs. 

Microslit Absorbers are panels perforated with micrometric slits.  The solution 

for a slit perforated panel was given by Maa after Rayleigh’s solution for an 

elliptic structure. A similar model was given by Randeberg and Vigran and 

Pettersen. The absorption curve of an MSA is inferior of that of an MPP. 

However the acoustic resistance of both systems is very similar. 

The Simulated Annealing algorithm designed for optimizing multilayer 

absorbing systems composed of microperforated panels was found to be very 

effective. With the appropriate tuning of the algorithm parameters, an optimal 

MPP can be achieved in a rather short time. The algorithm is implemented in a 

Matlab graphical user interface that allows calculating the optimal parameters of 

each of the panels by selecting the boundary conditions. It is provided as an 

easy tool for designers and technicians working in the acoustic field.  
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It has been shown that a micrometric mesh can be modelled as an equivalent 

fluid allowing a better description of the microscopic parameters : The viscous 

characteristic length Λ,  the thermal characteristic length Λ’,  the porosity φ,  the 

tortuosity 𝛼∞ and the flow resistivity σ. Moreover, with the calculation of the 

resistivity given by the model of Stinson, a very good approach to the particular 

geometries found in porous or fibrous materials is obtained. An exact 

calculation of the thermal length inside square shaped pores is provided. For 

this, the calculation of the volume and internal surface of a perforation with 

rounded edges is required. When the mesh is bonded to a portable panel, the 

absorption curve is very similar to that of an MPP. This system of a mesh 

bonded to a portable panel was proposed by Pfretzschner and co-workers as 

an MIU. The advantage of and MIU is that the manufacturing cost reduces since 

drilling millimetric perforations in a panel and purchasing a commercial mesh is 

much cheaper that manufacturing a micrometric panel.  

The validity of the nominal parameters of micrometric meshes was verified 

with microscopic measurements.  The diameter of perforations and fiber 

diameter was measured. It was seen that the values provided by the 

manufacturer can have allowances of ±4,5 µm. An erroneous estimation of the 

constitutive parameters of the mesh can lead to deviations on the evaluation of 

the absorption curve provided by the mesh. Therefore, it is suggested to use a 

microscope to quantify the measurable parameters of the mesh and use the 

measured values to calculate the other constitutive parameters.  

A hybrid model was proposed for panels with macro perforations upstream a 

micrometric mesh. It is proven to work in very good agreement with the 

experimental results. The use of the effective resistivity in the Darcy law helps 

understanding the effect of the squeezing of air that passes from the macro 

perforations of a portable panel to the micro perforations of a woven mesh. It 

was shown that for a single layer MIU, the absorption calculated with the 

impedance transfer approach and with the hybrid model present very similar 

results. Nevertheless, the hybrid model is suggested especially when the 

portable plate has macro perforations. Also, it is recommended to use this 

model if the interchange of layers is planned.  
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For situations where the noise to be controlled has a wide frequency range, it 

was shown that multiple layer absorbing systems can be used. The absorption 

curve of a single layer MPP/MSA or MIU usually ranges from one to two 

octaves. A triple layer system can widen the absorption curve up to five 

octaves. 

The experimental practice was performed in a very cautious way. The 

accurate calibration of the system and sample mounting was carried out with 

different equipments. Several impedance tubes and acquisition systems were 

used. It was seen that a small error in the system calibration or sample 

positioning can influence the absorption results. To avoid this, several 

measurements were carried out before obtaining an accurate result.  

Finally, the DLMPP/P prototype was proposed as an anechoic closing for 

wind tunnels. The DLMPP/P consisted of two MSP parallel to each other 

separated by a honey comb structure. The second MSP was backed by a 

porous layer. The model of Maa modified for grazing flow was used to calculate 

the absorption of the system. 

6.2. Thesis contributions 

The contributions of this thesis are mentioned as follows: 

 

• Design of a Simulated Annealing algorithm for the optimization of 

multilayer microperforated panels. The optimization allows selecting 

the generic decisions of the algorithm, tuning the absorption curve in a 

prescribed frequency range, and choosing the boundaries of the 

constitutive parameters of each microperforated panel. 

• Presentation and experimental validation of multilayer micro slotted 

panels. The equivalent fluid approach is validated for a double layer 

MSP system at normal sound incidence. 

• Proposal of a DL-MPP/P for anechoic closing of wind tunnels. The use 

of a double layer microperforated panel system whose first and 

second air cavities are filled by a honey comb structure and a porous 
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material respectively, is proposed as an effective treatment for 

providing anechoic conditions inside wind tunnels.  

• Presentation of improvements to the microperforated insertion unit 

(MIU) theory. The combination of a panel perforated with circular holes 

and a mesh with rectangular perforations is denominated an MSPP. 

The combination of a portable panel and a mesh perforated with slits 

is denominated a DMSP.  

• Proposal of a hybrid system composed of macro perforated panels 

backed by micrometric meshes. The improvement of the hybrid 

system compared to the MIU consists on a detailed characterization of 

the mesh parameters following the rigid frame porous model and an 

exact evaluation of the flow resistivity for pores of different geometric 

shapes. 

• The calculation of the viscous length of square shaped perforated 

membranes with circular rod fibers.  The use of the calculated values 

of the viscous characteristic length, allows a better estimation of the 

absorption properties of a micrometric mesh. 

6.3. Publications 

During the course of this thesis, several papers were published and others 

were presented as proceedings in international congresses. Also, a patent was 

produced in Spain and is now pending of approval in the United States of 

America. The papers, conference proceedings and the patent description are 

shown below.  

 
Peer-reviewed journals 

1) Ruiz H., Cobo P., Dupont T., Martin B., Leclaire P.,(2012) “Acoustic 

properties of  plates with unevenly distributed macro perforations backed by 

woven meshes”. Submitted to J. Acoust.Soc.Am.  
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2) Ruiz H., Cobo P., Jacobsen F., (2011) “Optimization of multiple-layer 

microperforated panels by simulated annealing”. Applied Acoustics 72, 772–

776.  

3)  Ruiz H., Cobo P., (2010a). “Sound absorption of single and double-layer 

microperforated insertion units”. J. Acoust. Soc. Am. 128(4), 2286. 

4)  Cobo, P., Ruiz H., Alvarez J, (2010b). “Double-Layer Microperforated 

Panel/Porous Absorber as Liner for Anechoic Closing of the Test Section in 

Wind Tunnels”. Acta Acustica united with Acustica 96, 914 – 922. 
 

Conference papers 
 

5) 2012: 11th Congrès Français d’Acoustique and 2012 Annual IOA Meeting. 

Ruiz H., Cobo P., Dupont T. and Leclaire P.,(2012) “Acoustic properties of 

perforated  plates and screens”. 

6) 2011: Journées Jeunes Chercheurs en VibroAcoustique et Bruit. Ruiz H., 

Cobo P., (2011a).  “Design and optimization of microperforated panels”. 

7) 2011: 40th International Congress and Exposition on Noise Control 

Engineering (INTER-NOISE 2011). Ruiz H., Cobo P., (2011b).  “Proposal of 

alternative designs for microperforated panels”. 

8) 2010: 2nd Pan-American/Iberian Meeting on Acoustics FIA. Ruiz H., Cobo 

P., (2010a). “Sound absorption of single and double-layer microperforated 

insertion units”. 

9) 2010: 2o Congreso Internacional de Acústica UNTREF. Ruiz H., Cobo P., 

(2010b). “Optimización de absorbentes microperforados  múltiples”.  

10)  2009: 38th International Congress and Exposition on Noise Control 

Engineering (INTER-NOISE 2009). Ruiz H., Cobo P., Siguero, M., (2009).  

“Optimization of a multiple-layer microperforated panel by simulated 

annealing”.  

11)  2008: IV Congreso iberoamericano de Acústica – FIA 2008.  Ruiz H., Cobo 

P., (2008). “Interfaz gráfica de usuario para el diseño de absorbentes 

microperforados múltiples”.   
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Patents  

12)  AIRBUS OPERATIONS, S.L  “Absorbente híbrido  de doble capa de banda 

ancha para el cerramiento anecoico de la sección de   medida en túneles de  

viento”). Inventor: Cobo P., Ruiz H., Alvarez J. Spanish patent: ES 2349518 

B1. 18.10. 2011. Available at http://patentados.com/patente/tunel-viento-

seccion-cerradamedicionesaeroacusticascon- revestimiento/ 

6.4. Future work 

A couple of extra measurements were performed for the microperforated 

insertion units. One of them consisted on measuring the transmission loss in an 

impedance tube using a four microphone technique. Also, the resistivity of the 

mesh was measured in a resistivimeter and the tortuosity was measured with 

ultrasound piezo electric transducers. These measurements were not included 

in this thesis but can constitute a first step for a future work.  

It could also be interesting to study theoretically and experimentally the use 

of microperforated insertion units under grazing flow or high pressure levels. 

This could broaden the application of microperforated insertion units to the 

airplane and vehicle industries. 

Additionally, experimental measurements of a double layer MIU where not 

perform. A theory for a 14 parameter system such as a DLMIU has to be 

validated. Therefore it is also suggested to go further into this topic in order to 

widen the absorption curve of a system based on microperforated panels.  

http://patentados.com/patente/tunel-viento-seccion-cerradamedicionesaeroacusticascon-%20revestimiento/�
http://patentados.com/patente/tunel-viento-seccion-cerradamedicionesaeroacusticascon-%20revestimiento/�


APPENDIX 
 

  

173 

APPENDIX 

A. THE MICROSCOPIC MESH 

For the majority of the meshes used during the development of this thesis, 

the constitutive parameters could have been obtained from the product 

brochure. However, it is known that the given values have allowances of ± 4 or 

5 µm. Furthermore, some of the meshes used where non precision woven 

fabrics and the determination of their fiber diameter and porosity was essential. 

Several techniques and equipments i.e. spectrophotometer, luminometer and 

microscope where used for this purpose. Among them, the most complete and 

reliable one was provided by the microscope since two parameters can be 

measured i.e. the yarn diameter Yd and perforation opening d. From these 

values, the perforation φ ratio is calculated as 𝜙 = (𝑑 (𝑌𝑑 + 𝑑)⁄ )2. The mesh 

thickness t was measured with a digital caliper. A Euromex Holland microscope 

was used to visualize the meshes. The images were captured with a camera 

TCA 30 and analysed in Optika vision lite. Figure A-1 shows the measurement 

setup. To determine the thickness of the yarn and the perforation opening, a 

scale with known values in micrometers was used.  

 
Figure A-1. Measurement setup. Euromex Holland microphone, TCA 30 camera 

and optika vision lite software. 

Ten types of meshes where considered. Table A-1 shows the measured 

values of d, t and Yd and φ calculated . The microscopic image is also shown. 
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Meshes d, e, f have not been included since their fibers where not woven and 

therefore the parameters could not have been measured. However their 

thicknesses can be seen in Table 5-1. 

For each mesh in Table A-1, the thermal and viscous characteristic lengths 

and the flow resistivity can be calculated from the parameters d, t,φ  and Yd. 

Table A-1. Measured values of the meshes and microscopic view. 
Mesh d(µm) t(µm) φ(%) Yd(µm) Microscopic image 

(a)Shower 

curtain 
59.18 110 5.29 198.21 

 

(b) Home 

curtain 
94.25 120 19.7 117.8 

 

(c) Sefar 

acoustic 

BHY 

39 49 34.9 33 

 

(g) Sefar 

acoustic 

HF 

39 45.37 34.90 30.29 

 

(h)Sefar 

Nitex 64/45 
66.62 50 45.65 31.99 

 

(i)Sefar 

Nitex 36/28 
36.38 50 27.15 33.44 

 

(j)Sefar 

Nitex 41/31 
45.7 45.87 36.35 30.1 

 



APPENDIX 
 

  

175 

B. GRAPHICAL USER INTERFACE FOR THE DESIGN 

OF MICROPERFORATED PANELS 

An easy-to-use graphic user interface (GUI) was designed in order to provide 

a tool for optimizing microperforated panels for a specific frequency band. The 

interface was programmed in GUIDE, the MATLAB® graphical user interface 

development environment. Matlab 7.10.0 (R2010a) was used. In this GUI, it is 

possible to obtain the optimal parameters of microperforated panels with 

circular perforations in multilayer configurations. Figure B-1 shows the GUI. It is 

composed of one tool bar and six steps. The toolbar buttons allow to create a 

new GUI, close the existing GUI, zoom in or out the graphics, move the graphic 

vertically or horizontally and place the mouse cursor in the figure to obtain the x 

and y values.  

 
Figure B-1. MatLab GUI for microperforated panels optimization 

The first step towards the optimization is to choose the type of system 

desired. Eight types of configurations are possible. All of them make use of the 

equations by Maa for MPP in order to calculate the impedance of the system 

and the consequent absorption. As an example, a triple layer system has been 

chosen (Figure B-2a). Next, the parameters of the algorithm must be defined. 

The GUI makes use of the simulated annealing algorithm for the optimization. 
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The definition of the algorithm parameters is done in step 2 where the frequency 

band of absorption is determined as well as the initial and final time, the cooling 

factor, the number of repetitions and the number of successful trials (Figure 

B-2b). For this example an algorithm for (f1,f2)=(500,10000) Hz, with 

Tini=1,Tfin=0.001,Nrep=200, Nsucc=25  β=0.95 has been chosen.  In step three, 

the boundaries of the constitutive parameters of each panel are defined. This 

can be done by using predetermined values or by introducing the adequate or 

suitable values for the noise control application and panel manufacturing 

(Figure B-2c). It is seen that since a triple layer has been chosen, only the edit 

boxes of d1,2,3, t1,2,3, p1,2,3, D1,2,3 can be modified.  Note that the perforation ratio 

φ is denoted with the letter p. Once the values have been specified, the 

calculation of the optimal absorption is done by selecting the pushbutton in step 

4 (Figure B-2d). 

 
Figure B-2. a) step 1, b) step 2, c) step 3, d) step 4 

As soon as the “Excecute” button in step 4 is pressed, the optimization 

beggins. A waitbar appears displaying the temperature value, Figure B-3.  

 
Figure B-3. Optimization time in terms of the temperature and the cooling factor 
a) initial temperature, b) temperature during the optimization, c) value near the 

final temperature 

(a) (b) (c) 

(a) (b) (c) (d) 
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The absorption curve of the system is automatically displayed, Figure B-4a. 

To visualize the cost function, the radio button of step 5 can be selected, Figure 

B-4b. Finally, the results are displayed when pressing the “obtain results” button 

in step 6, Figure B-4c. The optimal absorption as well as the total time of 

computing are also displayed.  

 
Figure B-4. a) absorption curve of a triple layer MPP, b) cost function, c) optimal 

absorption obtained, total time and optimal parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 



APPENDIX 
 

  

178 

C. IMPETU. MATLAB GUI FOR THE MEASUREMENT 

OF THE ABSORPTION IN A IMPEDANCE TUBE 

A Matlab graphical user interface GUI was designed in order to acquire and 

analyze the transfer functions between two microphones installed in an 

impedance tube. The system is calibrated by means of the sensor switching 

technique. The GUI IMPETU (after Impedance Tube), uses a DAQ NI PCI-MIO-

16E acquisition card with a maximum sample rate of 250 kHz (Figure C-1). It 

allows using two output signals and eight input signals. A wide frequency range 

signal can be generated. For each signal acquired, the transfer function, 

impedance, absorption and reflection coefficients can calculated and plotted.  

 
Figure C-1. Screen of the IMPETU GUI, laptop and acquisition card. 

C.1. Measurement setup 

The GUI main window is displayed in Figure C-2. In order to perform the first 

measurement, the microphones should be connected to the NI card as in Figure 

C-3, setup A. For high frequency measurements, the diameter of the tube (dT), 

the distance between microphones (sM) and the distance from the sample and 

the closest microphone (xMS) are set to 29 mm, 20 mm and 35 mm respectively. 

Once these values are set, the filter is automatically adjusted (Figure C-2 red). 

The sample rate, type and order of the output signal, output level and number of 

averages can be adjusted according to the requirements of each measurement 

(Figure C-2 blue). The signal is generated selecting the first box at the right 

column (Figure C-2 Yellow).  
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D.1.  
Figure C-2.Configuration of the measurement in the IMPETU GUI 

 
Figure C-3. The two microphone technique of measuring the absorption 

coefficient in a tube 

C.2. Implemetation of the sensor switching technique in 
IMPETU 

The sensor switching technique for system calibration is implemented in the 

following way. Two microphones are mounted in a tube with an initial 

configuration 1-2 as in Figure C-3 setup A. The transfer function H12
I is acquired 

by selecting the “Adquirir H12” button (Figure C-4a green). The GUI calculates 

the transfer function as 

where S1(t) and S2(t) are the signals measured at microphone position 1 and 

2 respectively, S11(f) and S22(f) are the auto spectra of  microphones position 1 

and 2 respectively and S12(f) and S21(f) the corresponding cross spectra.   

12 22 12 22
12

11 21 11 21

,I S S S SH
S S S S

= = =  
(C-1) 
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Figure C-4. Signal generation and acquisition in IMPETU 

Note that the curve visualized is the absorption provided by the sample 

mounted on the tube, but other types of plots can be displayed by selecting the 

buttons at the lower left part of the GUI (Figure C-4, blue). The data is saved as 

H12 by selecting the button “Guardar”, (Figure C-3a and b, red squares). The 

microphone sensing locations are switched  as in Figure C-3 setup B and the 

measurement of the transfer function H21
II is done by selecting the button 

“Adquirir H21” (Figure C-4c green). The transfer function H21 is saved (Figure 

C-3c and d, red squares). The calculation of H21
II is done as in Eq. (C-1). 

The transfer function H12 required in Eq.(5-1)  is the geometric mean of the 

original and switched results  

·
12 12 21 12· ·c I II c jH H H H e ϕ= =  (C-2) 

The calculation of the corrected transfer function is automatically performed 

in IMPETU by selecting the button “corrección” and choosing the saved transfer 

functions to be corrected. The absorption curve is displayed in Figure C-5.  

 

(a) (b) 

(c) (d) 
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Figure C-5. Corrected absorption coefficient 

The following measurements are performed placing the microphones as in 

Figure C-3 setup A based on the correction term 

12 12 12/new cH H H=  (C-3) 



APPENDIX 
 

  

182 

D. INTRODUCTION OF ERRORS 

Bias errors can occur in measurements due to deviations. The influence of 

these errors can be analyzed in different ways taking into account that in 

realistic measurements microphones are not perfectly calibrated or coordinate 

axis could have been measured erroneously. Adding disturbances to the input 

data, the resulting errors in the absorption, reflection coefficient and impedance 

could be determined. The uncertainty of a measurement has been simulated 

assuming that the measurements where done a little bit wrong. Two types of 

disturbances where introduced: wrong coordinates of z1 and z2 equivalent to 

variation of lengths x (distance from microphone 2 to sample) and s (distance 

between microphones), and magnitude and phase shifts (see s and x in Figure 

(5-1)). 

 

D.1.  Wrong coordinates Z1 and Z2 

Let Pz be the pressure at position z in a sound field. 

A measuring accuracy of +0.5mm was chosen for the coordinates z1 and z2. 

It is expected that the reflection factor will tend to one for distances between 

microphones corresponding to a multiple of half a wavelength s=nλ/2. As λ=c/f, 

then 

Results for s = 34cm and z2 = 10.05 cm are shown in Figure D-2. As 

described in Eq.(D-2), the first three frequencies where the reflection factor will 

tend to one are f1 = 504Hz, f2 = 1008Hz and f3 = 1512Hz. It is therefore 

demonstrated by means of simulations that for a measurement with wrong 

coordinates, bias errors occur. 

 

𝑃𝑧 = 𝑃𝑖(𝑒𝑗(𝑤𝑡−𝑘𝑧) + 𝑅𝑒𝑗(𝑤𝑡+𝑘𝑧) 
(D-1) 

𝑓𝑐 =
𝑐𝑛
2𝑠

 (D-2) 
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Figure D-5. Absorption and reflection coefficient for simulated data with wrong 

coordinates 

D.2.  Implementation of amplitude and phase errors 

The errors of amplitude and phase of the transfer function H12 where chosen 

to be 1º(0.0175 rad) and1.1 in the magnitude Figure D-6 and Figure D-7 not 

only show the influence of the microphone spacing at coincidence frequencies 

but also show that for a small phase shift, low frequencies present disturbances.  

 
Figure D-6. Absorption and reflection coefficient for simulated data with phase 

error of 1º 

According to Bodén and Åbom [Boden and Abom 1986], the two microphone 

method will have its lowest sensitivity to errors in input data in a region around 

ks = π/2. Besides, to avoid a very large sensitivity to errors in the input data, the 

two microphone method should only be used when 0.1π< ks <0.8 π. Applying 

this relationships to our case, we get ks = π/2 around 253 and 254Hz, and 
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0.1π< ks <0.8π 

0.31 < ks <2.51 

52 Hz < f <404 Hz 

 
Figure D-7. Absorption and reflection coefficient for simulated data with modulus 

error of 1.1 
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