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MEASUREMENT AND PREDICTION OF NONLINEAR ACOUSTIC LINERS IN

THE PRESENCE OF HIGH LEVEL MULTIPLE TONES

by Pablo G. Serrano

Aircraft noise is a problem near airports all around the world. As a result, aircraft cer-

ti�cation requirements are becoming more stringent over time. The engine fan is one

of the most prominent noise sources that produces high amplitude blade passing fre-

quency tones, their harmonics, and engine order buzz tones. Acoustic panels, consisting

of resistive layers backed by honeycomb cells and a re�ective hard wall, are used to line

the engine nacelle in order to attenuate both broadband and annoying tonal noise. The

acoustic impedance of single layer perforate liners (SDOF) show greater sensitivity to

high sound pressure levels and grazing �ow in comparison with wire mesh liners. The

focus of the work reported here is to understand the physical loss mechanisms of SDOF

perforate liners under high SPL multiple tones. This has been realised through meas-

urements, modelling, and semi-empirical prediction of perforate liner impedance. Two

harmonically related tones with varying combinations of amplitude and frequency were

used as excitation signals. Punched Aluminium perforates, along with rapid 3D print-

ing prototyped samples composed of ABS and Stainless Steel, were tested. A sample

holder was designed to allow simultaneous in situ and traditional TMM measurements.

A grazing �ow test rig developed and commissioned by the author and others at the

LVA/UFSC (Laboratory of Acoustics and Vibration at the Federal University of Santa

Catarina), in Brazil, used TPM, MMM, and SFM impedance eduction techniques and the

in situ method, which were cross validated. The semi-empirical 1D impedance models of

Rice, Cummings, Boden, and Maa, were implemented numerically using MATLAB, and

a proposed 1D impedance model with a frequency-dependent discharge coe�cient was

developed. Also, 2D Multiphysics numerical models in time domain, based on FEM, were

developed and validated using the MATLAB & COMSOLMultiphysics 5.2a livelink. The

COMSOL code reproduces high SPL experimental conditions, allowing direct comparis-

ons with measurements and published data. These studies have aided the development

of an improved semi-empirical 1D impedance model for pure tone excitation, and a res-

istance correction for multiple tone excitation.
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Chapter 1

Introduction

Aircraft noise is a problem all over the world, causing community annoyance and re-

stricting commercial �ight operations at many airports. As air travel is becoming more

popular, noise exposition near airports is increasing signi�cantly. All aircraft must be

certi�ed to meet international noise criteria. E�ective Perceived Noise Level (EPNL) is

the certi�cation parameter used to evaluate aircraft community noise, and to regulate

the use of airports. Other requirements may also be applied at individual airports, for

example the A-weighted level at a given �ight point [30]. Despite the technical aspects,

public pressure to avoid the construction of new runways is common these days, for

instance at Heathrow Airport in London.

The International Civil Aviation Organization (ICAO) published a report in 2014 [2]

describing the status of noise reduction technology. The report also established medium-

and long-term noise reduction goals. This report was written by specialists in the �eld,

who stated that a reduction in fuel burn and emissions is desirable as well as the reduction

of aircraft noise. To achieve the goals they summarized the status of technological

advances over the last 10 years and de�ned 20 year goals which must be supported

by current and future research. The report assessed the possibility of noise reduction

and recommends updated mid-term and long-term technology goals. There are three

primary approaches to reduce aviation noise exposure:

1. Reducing the noise at the source;

2. Noise abatement operational procedures;

3. Land use planning.

The �rst approach enumerated above is the driver of the current research. It is a pre-

vention procedure that requires technological e�ort and research in order to get results.

1
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1.1 Motivation

Aerospace, automotive and the building services industries are some of the sectors where

acoustic liners are heavily used to reduce noise levels. The possibility of having acoustic

absorption by using lightweight materials without using conventional �brous or porous

material, as commonly used in the automotive and building services industry, is partic-

ularly important to the aerospace industry. Fibrous materials are unsuitable as acoustic

material in turbofan engines because they retain water, unburned fuel, and other engine

�uids. The solution commonly found on nacelles of turbofan aircraft is a liner composed

of a perforated sheet over a honeycomb core, backed by a rigid sheet. The main concern

of this work is related to the aerospace industry. However, the technologies, techniques

and methods could be applied to other industry sectors that use this type of liner.

1.1.1 Aircraft inlet noise source

The turbofan engine is a well known propulsion technology used in most civil aircraft.

The bypass ratio is the proportion of the mass �ow through the bypass duct compared

to that through the core. An increased bypass ratio reduces jet noise due to increased

mixing of the slower colder bypass air with the core air. Bypass ratio is predicted to

increase in the mid-term and long-term, depending on the aircraft type, size and number

of engines. The e�ect of increasing the bypass ratio is to make fan noise as important as

the other noise sources in commercial turbofan engines. The fan noise contribution is,

therefore, a critical issue in large bypass ratio engines, and characterization of fan noise

and noise control techniques in the nacelles is required to face this challenge.

Fan noise is composed of tone and broadband components. The Blade Passing Frequency

(BPF) is de�ned by the number of blades times the rotation velocity of the fan in rotations

per minute (RPM) divided by 60, and it is given in Hertz. The BPF of an aircraft engine

is perceived as a tonal noise that causes annoyance in humans. Engine orders are integer

multiples of shaft rotational frequency [71]. Multiple tones occur due to non-linearities

caused by supersonic speed at the tip of the blades. These phenomena create shock

waves composed of several tonal frequency components that propagate non-linearly [35].

This noise source couples with the duct acoustic modes in the nacelle intake, where it

then propagates along the nacelle duct and radiates to the far �eld. As tone levels tend

to dominate, tonal noise attenuation, especially at the BPF and its harmonics, must be

maximized in order to minimise certi�cation EPNL levels. However, broadband noise

also contributes to the Overall Sound Pressure Level (OASPL) and must also be reduced,

particularly for modern engines where tone protrusion levels are lower.

Blade design parameters such as sweep, thickness, blade count, blade shape and fan

diameter in�uence the amplitude of fan noise [55]. The high amplitude multiple tones

generated have levels well above 130 dB, and propagate non-linearly through the duct. A
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simulation of the spectrum at engine order amplitudes close to the fan face [59] is shown

in Figure 1.1.(a) for a mean relative blade tip Mach number of M=1.2; it is possible to

identify the BPF peak at EO (Engine Order) 22 and subsequent harmonics with SPLs

(Sound Pressure Level) approximately 5 to 10 dB lower than the BPF. Also shown are

"Buzzsaw" tones at multiples of the shaft rotation frequency, which are multiple tones

that occur because of fan blade space, angle and size irregularities. Figure 1.1.(b) shows

the same simulation near the end of the inlet duct (front of the engine) for the same

condition, without a liner (white bars) and with a liner (gray bars) [59].

Figure 1.1: Fan noise example for a relative tip Mach number M=1.2 at the
fan face (a), and near the end of the inlet (b) with and without liner. From:
McAlpine, 2013 [59].

1.1.2 Liners

Acoustic materials are used to attenuate the noise sources described above. These mater-

ials partially line the inlet internal walls, along with the rest of the nacelle walls. They are

usually made of aluminium, composite, or titanium. They act as Helmholtz resonators,

and they are typically tuned to give maximum absorption for a given source spectrum

and for a speci�c �ight condition. Liners typically used have a single honeycomb layer,

Single degree of freedom (SDOF), or multiple layers, Double degree of freedom (2DOF)

or Multiple degrees of freedom (MDOF). Some liners are covered with a mesh. These

are called linear liners because the resistance is not so dependent on the incident SPL

and grazing �ow speed. Linear liners have �ber metal meshes and woven wire, usually
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overlaid on a perforate support plate [4]. A sketch of a typical SDOF liner section is

shown in Figure 1.2.

Figure 1.2: SDOF perforate liner. From: Rienstra, 2006[80].

Liner degrees of freedom are de�ned as the number of layers of resonators, each of which

is made up of a sandwich of resistive sheets and honeycomb[4]. A SDOF perforate liner

has one resistive layer composed of a perforated plate backed by a honeycomb structure

and a re�ective solid backing sheet. The SDOF liner typically attenuates sound over

one octave bandwidth. On the other hand, MDOF liners are used to target a broader

range of frequencies [66]. There are several conditions to be analysed in order to obtain

maximum fan noise sound attenuation, such as:

1. Spectrum of the incident sound on the liner surface;

2. Mean grazing �ow velocity near the liner surface;

3. Boundary layer at the liner surface;

4. Temperature of the �uid and equivalent sound speed;

5. Amplitude of the sound �eld impinging the liner.

The key acoustic parameter that combines all of the conditions above and characterizes

the liner performance is the acoustic impedance, the time averaged and frequency de-

pendent ratio of acoustic pressure and acoustic velocity at the sample surface. As the

latter quantities are not always in phase for a given frequency, the impedance is a com-

plex number. This parameter can be divided into a resistive part, which is responsible for

the attenuation, and a reactive part, which de�nes the frequency response (inductance +

capacitance). Liners are usually assumed to be locally reacting [38] because the resonator

honeycomb cells do not interact. The locally reacting assumption allows liner modelling

without requiring sound incident angle information. The cell widths are narrow enough
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to allow only plane wave propagation in the liner resonator cavity. Some liners have

drainage slots, that are small holes on the honeycomb structure used to drain water from

the cavities. Drainage slots may in�uence liner impedance but the slot dimensions and

orientation should be controlled to maximise attenuation [68]. If no drainage slots are

present, the liner is locally reacting. However, if drainage slots are present signi�cantly

large, the liners are non-locally reacting.

1.1.3 Technological challenges

Tonal sources, such as BPF harmonics and buzz tones at departure, are important be-

cause they can lead to tone protrusion penalties in EPNL. Consequently, liners are used

to attenuate tonal noise. The liner tuning frequency depends on the noise signature

of the fan which varies with power setting and from engine to engine. Fan noise and

airframe noise are the main sources of aircraft noise when compared to other sources at

approach (arrival) condition, as shown in Figure 1.3. Fan noise is also a dominant source

during take-o�, together with jet noise. These noise distributions (e.g. Figure 1.3) vary

depending on the aircraft and the technologies used to attenuate noise. It is expected

that high bypass ratios will probably increase the importance of acoustic treatment for

fan noise.

Figure 1.3: Sources contribution to aircraft total noise under departure (take-o�)
and arrival (approach) conditions. From: Fahy & Walker, 2004 [31].

Existing experimental techniques use pure tone and broadband signals to extract or

educe liner impedance (see 2.7). These techniques are called impedance eduction meth-

ods and provide reasonable results for subsonic grazing �ow and low SPLs using pure tone

excitation. However, results for broadband excitation can show dramatically di�erent
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impedance values when compared to pure tone excitation. The e�ect of di�erent excita-

tion is evident at high SPL where the interaction of frequency components is intensi�ed.

Consequently, the interaction of frequency components [78][20][7] as well as the design

of e�cient broadband liners [37][73] are important current technological challenges.

To summarise, aircraft noise is a global issue of growing importance due to the increase in

air travel and population growth in communities surrounding airports. These communit-

ies are a�ected by higher exposure to aircraft noise pollution. This can cause annoyance

and health problems, such as stress and sleeping disorders. The ICAO established me-

dium and long term noise reduction goals to deal with this problem [2]. Consequently,

the aerospace industry has been working on technologies to reduce aircraft noise directly

at the source. Liner technologies are also crucial in order to reduce fan noise and meet

noise reduction goals. More acoustic material usually means more weight and drag. The

trend towards increasing bypass ratio to reduce fuel burn will increase the nacelle duct

area and weight. To o�set this, ducts are being shortened, reducing the available area

in which liners can be installed. So, more e�ective liner technologies are needed in order

meet the requirements in the available area of the nacelle.

1.2 Objectives

The main objective of this research is to develop a robust liner model to predict im-

pedance in the presence of high SPL multiple tone excitations, when grazing �ow is not

present. It is proposed to explore the impact of high amplitude multiple tones on liner

impedance, realised through numerical modelling and experiments. The main outcome is

an improved understanding of the physical phenomena underlying the acoustic response

of typical liners to multi tone excitation, in order to create design tools and �exible

models that address these issues. The main objective is to be achieved via the following

steps:

1. Review relevant literature including: time and frequency domain liner impedance

models, experimental techniques to educe the impedance or measure it in situ, for

single and multiple tone excitations, at high SPLs;

2. Implement Rice and Cummings impedance models and use them as the starting

point for future development of a new model;

3. Plan and run experimental campaigns using a portable impedance meter and a

grazing �ow test rig to measure low porosity typical liners and 3D printed samples;

4. Develop a numerical Finite Element Method (FEM) model using COMSOL Mul-

tiphysics & MATLAB in order to visualise and quantify the behaviour of nonlinear

regimes in the facing sheet holes of a perforated liner.
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5. Understand, describe and model the physical phenomena caused by pure tone and

multiple tone excitation on liners;

6. Investigate the best acoustic velocity description for the liner, according to the type

of excitation, in order to predict liner impedance;

7. Propose an improved semi-empirical correction for multiple tone excitation based

on the observations from the experimental and numerical studies.

1.3 Methodology

The research methodology is divided into three main phases.

• Firstly, a literature review is undertaken, which includes the physical fundamentals

and provides a description of liner models validated by analytical and numerical

methods. There are several liner impedance models and eduction techniques in

the literature [78][20][26][48][100][43][98], however the assumptions made usually

underestimate the physical complexity of the problem and the models often do not

include all the parameters necessary to characterize the liner at all �ight conditions.

So a comparison between di�erent approaches is necessary, guided by experimental

results.

• Secondly, measure the impedance of liner samples by using di�erent experimental

techniques. A measured database obtained by using the Portable Impedance Meter

(PIM) and the grazing �ow test rig will be analysed, in order to develop hypotheses

regarding the physical mechanisms that describe the acoustical behaviour of the

liner samples. The PIM was used to investigate 3D printed samples and a typical

SDOF perforate liner by using the Two Microphone Method (TMM) and in situ

technique [24]. Concurrently, a grazing �ow test rig was used to measure acoustic

data of the punched aluminium perforate liner only. All the no �ow and grazing

�ow data was post-processed using computer codes, written in MATLAB, to educe

the impedance and to directly extract it using the in situ technique, Two Port

Matrix (TPM), Mode Matching Method (MMM), and Straightforward Method

(SFM). Di�erent relative amplitudes of two harmonically-related tones with the

same initial phase were chosen, in order to generate signals and compare the liner

impedance results using these multiple tone signals against broadband and pure

tone excitations. The experimental conditions range from no �ow to 0.26 Mach

grazing �ow conditions, at high OASPLs (130-150 dB), using signals in a frequency

range from 500 to 6400 Hz, which encompasses the typical Approach environment

conditions and BPFs of large and small engines.



8 Chapter 1 Introduction

• Thirdly, develop a numerical axi-symmetric FEM model for one resonator. A com-

mercial FEM tool called COMSOL, that allows di�erent physical descriptions in

the same transient model, is used to create a simpli�ed and high-�delity description

of a slit liner and an axi-symmetric liner with one cylindrical aperture. Straight,

chamfered and conical edges on the facing sheet hole will be modelled, along with

a convergent-divergent hole shape, evaluated and discussed in order to fully un-

derstand the e�ect of high SPL on the velocity and vorticity pro�les near the hole

edges. Furthermore, changes in the excitation signals used on the numerical model

mimic the experimental conditions and also are discussed in terms of validation to

explore how it changes the liner impedance.

• Fourthly, develop a semi-empirical 1D model for multiple tones. This model will be

based on previous models with experimental semi-empirical �tting of coe�cients

and further observations based on 2D FEM high-�delity models.



Chapter 2

Literature Review

This chapter introduces the concepts and techniques used in this research and already

covered by other authors. The main topics include: the impedance de�nition, the e�ect of

various factors on liner impedance, such as high-level excitation, multiple tone excitation,

geometric design of features, and grazing �ow. Subsequently, a section about di�erent

experimental techniques cover the normal impedance tube Two Microphone Method

(TMM) [42], in situ Dean's method [24], and three eduction techniques used in test

benches: the Two Port Matrix (TPM) [83], the Mode Matching Method (MMM) [28],

and the Straightforward Method (SFM) [43]. A basic description of the fundamental

equations for compressible �ow is presented in order to introduce the concepts used on

the two dimensional models. And, �nally, semi-empirical one dimensional impedance

models as well as two dimensional models are introduced [5][54][78][20][8].

2.1 Circular ori�ce impedance

The ultimate goal of the study is to obtain a generalized impedance value over the surface

of liners used in the aerospace industry, rather than for a single resonator in an array.

However, it is possible to address this problem by studying the response of a single

resonator and calculating the impedance of the whole liner surface. Lord Rayleigh [77]

was the pioneer of ori�ce impedance modelling. Rayleigh elaborated a general theory

for acoustical Helmholtz resonators. He simpli�ed the problem, using the hypothesis of

an in�nite plane and uniform velocity distribution across the ori�ce. In practice these

conditions are not fully satis�ed because the ori�ces may interact and the velocity pro�le

at the ori�ce entrance is not uniform [92].

Several authors, for instance Bolt [12], performed experiments in order to determine the

impedance of ori�ces. The steel plate of his samples had holes with diameters above 10

mm and no more than a few millimetres thick. His predictions included an analytical

9
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description of the resonator, though unfortunately the geometry is outside the liners

range of values, for aeronautical liners.

Discrepancies between theory and experiments have been reported by Ingard [41]. He

showed that, for low acoustic velocities, the pressure and velocity had a linear relation in

the ori�ce [38][40][39]. Nonetheless, the relation becomes quadratic for higher acoustic

velocities as a consequence of high level excitations. Ingard used an impedance tube,

stroboscopic illumination and a smoke generator to observe the behaviour of the air

near the ori�ce opening [41]. Air displacement near the ori�ce showed di�erent regimes

depending on the ratio between the ori�ce plate thickness and the particle velocity, l/v0,

due to acoustic excitation.

The �rst region identi�ed by Ingard, in Figure 2.1.(a) for low Reynolds number, showed

that air entered in the ori�ce on the edges and exited the cavity in the middle zone

of the ori�ce, which is shown by a vertical white line. The second region identi�ed in

Figure 2.1.(b), shows vortex structures causing recirculation on the edges of the ori�ce.

A third region, illustrated in Figure 2.1.(c), was characterized by a superimposed steady

circulations and pulsations. Finally, the fourth region shown in Figure 2.1.(d), was

characterized only by a jet. The jet pulsations over the excitation period creates vortex

rings travelling out from the ori�ce, as can be seen in Figure 2.1.(e). Ingard concluded

that the non-linear losses at all levels could be explained by the energy required to drive

the circulation currents and the vortex rings. Later on, Tam [92] used Direct Numerical

Simulation (DNS) to study the same problem by observing the �ow behaviour in a

computer model. Tam stated that total energy losses are divided into basically two

main mechanisms: viscous losses, at the boundary layer and at the shear layers near the

resonator aperture; and vortex shedding that transforms the acoustical energy in kinetic

energy, to be dissipated into heat.

Impedance is de�ned for a time harmonic sound �eld as the ratio of complex acoustic

pressure amplitude, p̃(ω), and complex acoustic velocity amplitude in a speci�c direction,

ũ(ω), at a certain point in space. The symbol Z̃ over the quantity Z means that it is

complex. The general expression for the acoustic impedance is given by,

Z̃(ω) = Re(Z̃) + Im(Z̃) = R+ iX =
p̃(ω)

ũ(ω)
, (2.1)

The liner impedance is the value of this parameter calculated in the liner surface, where

the velocity, ũ, is in the normal direction in respect to the surface and it is the spatially

averaged normal velocity at the liner surface. The resistance, R, is related to the acoustic

losses of the liner, and the reactance, X, is related to the sti�ness, which is non dissipat-

ive. When the reactance is zero, the liner is in resonance and the maximum absorption

is experienced in the absence of grazing �ow for the normal incidence impedance tube.

Usually, the absolute values of impedance are normalized by the characteristic impedance

of the air, Z0 = ρc, where the density, ρ, and the sound speed, c, are calculated for a
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(a) Region 1 (b) Region 2 (c) Region 3

(d) Region 4 (e) Region 4 - Vortex rings

Figure 2.1: Air displacement using stroboscopic illumination in an ori�ce dia-
meter of 5 mm excited by a pure tone at 234 Hz. From: Ingard, 1950 [41].

reference temperature and atmospheric pressure. The normalized impedance is described

as,

ζ =
Z̃(ω)

Z0
= θ + iχ =

R

Z0
+ i

X

Z0
, (2.2)

where θ is the real part of the normalized impedance, called speci�c resistance, and χ

is the imaginary part, called speci�c reactance [67]. The resistance R can be divided

into di�erent components, and may be interpreted as the summation of linear resistance

terms Rol and the non-linear resistance terms Ron. Similarly, we can interpret the liner

reactance as a summation of the mass reactance, and the cavity reactance. The mass

reactance is caused by the mass of air in the holes of a perforated sheet, and the cavity

reactance is caused by the �uid inside the liner resonator cavity.

The �rst linear term of resistance is due to the e�ect of viscosity on the side walls of the

ori�ce neck [36]. A second linear term is related to heat conductivity, however, it has

been shown by Ingard [38] that these losses are smaller than the e�ect of viscosity and

can usually be neglected. In addition, the surface resistance, Rs, can be de�ned if the

boundary layer thickness of the acoustic perturbation through the ori�ce is smaller than

the ori�ce radius, which is typically the case for aeroengine applications. It is given by,

Rs =
1

2

√
2µρω, (2.3)



12 Chapter 2 Literature Review

where µ is the dynamic viscosity [38]. The total ori�ce resistance R, in the absence of

grazing �ow, is expressed by

R =
Rs
d

(l + ∆l + ∆nl), (2.4)

where l is the plate thickness, d is the ori�ce diameter, ∆l is the linear resistance end

correction found experimentally as ∆l ' d and ∆nl is the non-linear resistance term, due

to the high level excitation, that will be explained in the Section 2.2. When the particle

displacement in the ori�ce, x0, is smaller than the plate thickness (x0/l << 1) the linear

resistance term is dominant. The non-linear resistance term becomes important when

x0/l ' 1, so the linear and non-linear components have approximately the same order of

magnitude ∆l ' ∆nl. The critical thickness of the plate was de�ned by Ingard as,

lc =
Vc
ω
, (2.5)

where Vc is the critical velocity, when non-linear and linear contributions have the same

order magnitude. When the air displacement is lower than the critical thickness of the

plate x0 < lc, non-linear resistance is dependent on x0/l. For air displacement greater

than the critical thickness of the plate, where x0 > lc, the non-linear resistance becomes

dominant and the other terms may be neglected [38].

Hersh [36] studied the problem in more detail and elaborated a frequency domain model

for liner impedance. The normalized liner resistance was composed of semi-empirical

parameters strongly dependent on the ratio of plate thickness and ori�ce diameter, l/d.

Hersh expressed the resistance as,

R =
ν

dσc

l

d

[
Kss +

√
(ωd2/ν)Kac

]
, (2.6)

where σ is the liner porosity, that is related to the Percentage of Open Area (POA),

which is the ratio between the area of the perforated sheet holes by the area of the

backing sheet of the resonator cavity. The steady �ow coe�cient is de�ned by Hersh

as Kss = 13 + 10.23(l/d)−1.44 and the viscosity coe�cient as Kac = 3 + 2.32(l/d)−1.

Usually, a typical liner shows the ratio 0.5 < l/d < 1, and frequently the values of

these parameters are simpli�ed to Kss = 32 and Kac = 6.6 in order to obtain simple

semi-empiric models.

Motsinger [66] modelled the reactance of a single degree of freedom Helmholtz resonator,

as

χ =
k(l + εd)

σ
− cot(kh) (2.7)
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where k is the wave number and ε is the end correction which for a �anged condition is

ε = 0.85. The �rst term is the face sheet mass reactance and the second is known as the

cavity reactance, which corresponds to a quarter wavelength resonator.

Some 1D semi-empirical liner impedance models are discussed in Section 2.6. There are

several liner impedance models described in time and frequency domain. They all show

limitations to fully describe the physical mechanisms of dissipation analytically. The

main assumptions of these models normally include the linear regime of excitation, single

tone excitation, and uniform grazing �ow. 1D models are fast and produce reasonable

liner impedance predictions. However, precise prediction models are needed in order to

optimize sound attenuation in combustion engines.

2.2 High-level excitation

Sound Pressure Level (SPL) is de�ned as

SPL = 10log(
p2
rms

p2
ref

), (2.8)

where pref = 2.10−5 Pa is the reference threshold of hearing and prms is the root mean

squared pressure at a given point in space calculated as

prms =

√
1

T

∫ T

0
p(t)2dt, (2.9)

for a time period T that is su�ciently greater than the pressure �uctuation period of

the lowest frequency component of interest. Depending on the sound signature, the

integration time can be changed in order to obtain a representative and meaningful

SPL. If the pressure wave is composed from several frequency components, the SPL is

frequently called Overall Sound Pressure Level (OASPL). The SPL will be treated in

the text as the level at a speci�c frequency component. For a pure tone excitation,

the OASPL and the SPL are the same, however, for a multiple tone signal the values

diverge depending on the amplitude and phase of the tones. Low SPLs cause linear

response of liners, where the pressure and velocity ratio is easily predictable at the liner

surface. However, the non-linear responses of liners to high excitation levels are important

because they can occur during normal operational conditions of aeronautical turbofan

applications close to the fan. Kurze [52] de�ned two di�erent types of non-linearity. The

non-linearity of the medium (air) creates distorted waves, such as sawtooth and buzzsaw

noise. Also there is the non-linearity of the liner response, where the relation between

pressure and velocity is no longer linear. Above around 140 dB SPL non-linearity of

the propagating wave is observed, causing distorted sound waves in the medium. On

the other hand, liners can produce non-linear responses when excited by sound waves at
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levels lower than that required to create non-linearities in the medium [39]. Only the

non-linear response of the liner will be discussed in this thesis as we are evaluating the

material response to high SPLs and not sound propagation in the medium.

If a liner behaves linearly, it means that the sound attenuation per unit of length is

constant, irrespective of the sound �eld magnitude. In the case of a non-linear liner,

the liner behaviour changes in a way which is complicated to predict. Pressure on the

surface is proportional to the square of the particle velocity, p ' ρv2
0 [41]. An increase

of resistance and a decrease in mass reactance (facing sheet reactance) are consequences

of liner non-linearities when Region 2 is reached - see Figure 2.1.(c). The transfer of

acoustic energy, of the oscillating mass around the ori�ce, into kinetic energy to the

vortex rings is irreversible due to the elongation of the moving mass on the resonator

neck and consequent separation. This energy is later dissipated by viscosity, explaining

the increase in liner resistance [40].

Rice [78] and Cummings [20] formulated 1D impedance models describing this high SPL

behaviour by considering a lumped parameter system. Unidirectional velocity v0 is ob-

tained by an Ordinary Di�erential Equation (ODE) in the opening of the liner resonator.

The e�ect of the high-level excitation is strongly related to a v0 times |v0| contribution in
the damping resistance term into their equations. Tam suggests that kinetic energy and

vortex shedding are strongly related as v0 times |v0| creates high velocity and vorticity

near the hole [96]. The numerical implementations and validations of the Rice model

and the Cummings model are detailed in sections 4.1 and 4.2 respectively.

Recently, Zhang and Bodony discussed several aspects of high-level excitations in the

presence of grazing �ow [102][103] and for di�erent turbulent boundary layers over the

liner surface by using a DNS model [104]. Acoustic pressure waves at 130 dB have the

same order of magnitude as hydrodynamic pressure oscillations caused by the grazing

or bias �ow, but at higher SPLs the acoustic pressure is the main component of the

pressure �uctuations. By bias �ow it can be understand as the �uid motion through the

perforated plate of the resonator caused by a steady �ow or by a large sound pressure

di�erence between each side of the perforate. DNS results were compared with analytical

expressions showing that the instantaneous pressure �uctuations, p, for high SPLs above

140 dB are closely approximated by

p = 10(SPL/20−9.701)eiωt. (2.10)

Forner et al. [34] also studied high level acoustic excitations over a symmetric Helmholtz

resonator (straight edge on the facing sheet holes), asymmetric Helmholtz resonator (hole

with a chamfer on one side), and a quarter wave length resonator. The scattering of the

single tone acoustic waves to higher harmonics was around 2%. It was observed that

the odd harmonics only (OHO) pattern was present at low SPLs but vanished for high

SPLs where all the harmonics showed the same order of magnitude in the scattered wave.
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The asymmetric resonator showed vortex shedding patterns at lower SPLs in comparison

with symmetric resonators at the same excitation level, as also evidenced by Tam [92].

As stated earlier, vortex shedding is an e�ective acoustical dissipation mechanism, which

corroborates to the use of beveled liners in aircraft engines. Both, Forner et al. [50] and

Tam, used three dimensional DNS simulations to observe the micro�uid dynamics near

the micrometric holes in detail.

Usually just one hole is simulated by DNS, and the impedance is calculated on the liner

surface for a given porosity. Near the hole the full Navier-Stokes equations are solved

for compressible �ow, however, away from the hole incompressible assumption can be

used to reduce the computational e�ort as will be covered in Section 5. A piston like

boundary condition is set at the inlet of the computational domain in all the literature

cases, away from the facing sheet hole. Also no-slip condition was also applied to facing

sheet ori�ce walls [96][34][102].

Tam et al. [95] elaborated benchmark models using DNS that were validated by exper-

imental results obtained at NASA Langley. It was observed that the direction of the

impinging sound wave had no impact on liner absorption, as already stated by other

authors, thereby con�rming the typical aeronautical liner as a locally reacting material.

Ferrari [33] validated his high �delity simulations using the results of this benchmark

model presented by Tam in order to �nd coe�cients to describe the discharge coe�cient.

The approach consists of comparing the ratio of shed vortex kinetic energy to the in-

cident energy over a period of time as also suggested by Tam [96]. Tam et al. [92] also

showed that is reasonable to use the complex re�ection coe�cient or complex impedance

as a parameter to compare DNS and experimental data.

2.3 Multiple tone liner response

In previous studies, each frequency component had been considered independent in liner

modelling, by assuming that non-linear e�ects due to frequency interactions are negli-

gible. In fact, the relative amplitude and phase of pressure of each tone changes the

overall root mean square pressure at the liner surface, and consequently the OASPL.

This also holds for the particle velocity. In other words, high-level acoustic excitation

at one frequency can change the impedance at other frequencies, thereby a�ecting the

boundary condition on the liner surface, as discussed by Bodén [7].

Liner impedance is determined by liner features, such as: ori�ce diameter, plate thick-

ness, porosity, and the resonator cavity depth. Also signal characteristics change liner

impedance, such as: multiple tones, positions of tones in the frequency domain (such

as near each other, harmonically related or not), phase of each tone component, SPL of

each tone, and acoustic velocity produced by each tone. Various authors have addressed

this topic by using semi-empirical curve �ts to model the liner impedance in the presence
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of pure tones, but the impact of all these parameters is not su�ciently well understood

in terms of the physics and the complex interaction of di�erent frequency components

at high-levels of acoustic excitation. Also, the e�ect of phase di�erences between tones

is not well understood [6]. No single parameter which controls the impedance for an

arbitrary combination of tones has been proposed to date[7].

Rice [78] was the �rst to observe this issue in the context of his pure tone impedance

model. However, Rice's impedance predictions for multiple tones did not satisfactorily

match his impedance measurements. His attempt to include a contribution to the steady

�ow resistance which included all the frequency components did not produced meaningful

results.

Cummings [20] proposed an improvement on Rice's equation by allowing the mass end

correction to vary with time through the wave cycle. He tested liner samples by measuring

the time response and compared this with a model that included a non-linear term based

on the discharge coe�cient and the instantaneous particle velocity. The results again

give only limited understanding of the physics underlying the e�ect of multiple tone

excitation at high level excitation. Cummings observed that di�erent impedance values

were measured at the same frequency for cases with and without the presence of a second

tone of similar amplitude. Luong [53] rewrote Cummings' equations and analysed the

problem of a perforated plate under bias �ow for varying amplitudes of the excitation.

He suggested the use of his model for noise control engineering, and for the estimation

of the acoustic losses in the vocal tract. However, multiple tone modelling was not part

of his work.

Bodén [6][10][7][8] performed experiments on four perforated sheet samples and predicted

their impedance using Cummings model with the Luong end correction. He de�ned some

semi-empirical constants, adjusted to �t the experimental data. Bodén's samples had

ori�ce diameters from 1.0-3.0 millimetres, face sheet thicknesses between 1.0-2.0 milli-

metres and porosities from 2.0-28.0%. The samples were excited by several combinations

of tones at di�erent relative levels and frequencies. A single tone was usually maintained

with its frequency and level �xed. There was no grazing �ow or bias �ow during the

experiments. The impedance results for two, three and four tone combination were com-

pared, while varying the level of each tone at a time. Both resistance and reactance were

evaluated as a function of total particle velocity (all frequency components summed) and

single frequency particle velocity.

The main conclusions of Bodén were:

1. The Cummings model, with semi-empirical constants adjusted, gives su�ciently

good simulation results compared to experimental data for single tone excitation;

2. Harmonically related tones (odd multiples) strongly interact, changing the imped-

ance results, compared to other combinations of tones not harmonically related;
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3. Tones at neighbouring frequencies, e.g. 110 Hz and 120 Hz, have a strong interac-

tion causing a higher degree of non-linearity in the resistance;

4. A change in phase between tones produces signi�cant impedance changes at high

excitation levels;

5. Impedance results plotted against acoustic velocity for a given frequency compon-

ent collapse the data better, especially for the resistance.

Bodén [11] also proposed a scattering matrix determination in order to predict harmonic

interactions of tones. He assumed that non-linear energy transfer only occurs from lower

frequency components to higher frequency tones, and only to odd harmonics. These

assumptions will be investigated further in this thesis. However, higher energy transfer

between odd harmonics was studied by various authors [34][50][37]. In a more recent

study, also by Bodén [9] a pure tone excitation was included in a broadband signal. The

impedance spectra was evaluated for di�erent amplitude ratios between the pure tone

pressure level and the broadband overall pressure level. It was shown that a pure tone

of high amplitude generally causes a resistance increase and reactance decrease in all

the spectra in comparison with the impedance values of a broadband excitation without

the tone. However, if the tone analysed has a level within 0 to 10 dB higher than the

broadband level, the non-linearity was di�cult to assess. This data was unfortunately

also questionable, however, because the non-linearity evaluated might be caused by the

loudspeaker as it is di�cult to obtain a perfect sound source with non-linearity that

reproduces exactly the desired frequency content.

In conclusion, more experiments including a broader range of frequencies (from 600Hz

to 6kHz), combining broadband and multiple tones are needed in order to correctly

understand liner responses to multiple tone excitation.

2.4 Design of acoustic resonators

The basic acoustic liner designs used in the aerospace industry are SDOF or MDOF

liners. An SDOF liner is composed of a perforated plate over a honeycomb structure.

An intermediate porous sheet (or septum) is present in the case of multiple degrees of

freedom liners. A cylindrical hole or a slit can be used [96], however, new technologies are

emerging, such as beveled holes, narrow tubes with di�erent lengths and spiral cavities[2].

Ingard [38] proposed a theory to design acoustic resonators where the end correction is

a function of the liner's porosity. He used geometrical features of the liner to calculate

the resistance and the reactance in order to optimize the design and tune the liner for

maximum absorption. Figure 2.2 shows resonators with the same cavity volume and the

same ori�ce open area, however, each one has a di�erent resonant frequency and di�erent
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resonant wave length. The �rst four on the top of the Figure 2.2 are represented in a

free �eld and the ones on the bottom are con�ned in a tube.

Figure 2.2: Resonators with di�erent geometries but same cavity volume and
ori�ce open area, where λ0 and ν0 denote the characteristic wavelength and fun-
damental resonant frequency for each con�guration respectively. From: Ingard,
1953 [38].

The impedance of the resonator on the bottom right, which has two apertures, was

calculated analytically by considering the air in the neck of the resonator to act as a

piston in a cylindrical tube. The combined mass reactance when the ori�ces merge in

just one ori�ce is higher than when the ori�ces are separated. This increases further if

the single aperture is in the center of the tube. These observations suggest that using

only one perforation is more e�ective to obtain maximum acoustic reactance for the same

open area and volume [38]. This is attractive if a low frequency design is desired with a

limited liner depth. However, aero engine liners typically require mass reactance to be

minimised in order to maximise bandwidth.

Ingard showed that λ0/(2π)1/2 is approximately the limiting separation distance above

which the apertures can be treated independently of each other. However, usually these

separations (hole pitches) are not representative of the perforated facing sheets used in

liners, which will probably experience interactions between ori�ces depending on the

porosity and distance between them. Normally there is a �xed space in a nacelle in

which to insert a liner and this determines the maximum depth of the liner's cavity.

Consequently, the facing sheet porosity and the hole diameter are used to tune the liner

to a speci�c frequency and to target the installed resistance for a given engine operating

condition.

Another conclusion drawn by Ingard for resonators con�ned in a tube, as in the bottom of

Figure 2.2, is that the exterior end correction equals the interior end correction (without

grazing �ow), causing a higher resonance frequency than for the corresponding resonators
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in an in�nite wall. This must be taken into account when comparing impedance tube data

with test rig data, because the sample is positioned in the termination of the impedance

tube in the �rst instance and on a large rectangular duct wall when a grazing incidence

test rig is used. Furthermore, the addition of grazing �ow serves to reduce the exterior

end correction, and increase the resonance frequency, even further [66].

Jones [46] presented impedance data for ranges of geometrical values characteristic of

those used in liners for commercial aircraft. The POA of the face sheet was between 6.4

and 13.2%. The ori�ce diameters were between 1.0-2.4 mm. The face sheet thicknesses

were between 0.5-1.0 mm. Cavity depth, which is the honeycomb cell depth, varied

from 38.1 mm to 76.2 mm. Various liners were measured using an impedance tube with

normal incidence pure tone excitation set to 120 dB at one reference microphone. One

geometrical parameter was varied at time, using di�erent samples, to evaluate the e�ect

of each geometrical feature alone. The geometric features of eight liners used in Jones'

experiments are listed in Table 2.1. The impedance values measured by the Normal

Impedance Tube (NIT) used normal incidence sound waves at the National Aeronautics

and Space Administration (NASA), in Langley, USA, are shown on Table 2.2.

Table 2.1: Geometrical features of eight liner samples typically used on commer-
cial aircraft. From: Jones, 2002 [46].

Liner resistance was found to be inversely proportional to the POA, showing little vari-

ation for values above 13.2 %. At the same time, reducing POA leads to a reduction

in the resonant frequency, as the mass reactance is increased. This e�ect was also ob-

served with grazing �ow, where resistance values increase with increasing grazing �ow

velocities (from 0.0 to 0.5 Mach) as well as for lower POA. Murray, Ferrante and Scofano

[70] found similar trends, however, e�ective POA was shown to vary considerably with

manufacturing process depending on whether the perforated plate is punched or drilled,

how much hole blockage there is after bonding to the honeycomb core.

In terms of facing sheet thickness, Murray et al [70] suggest that: "there is negligible

impact on resistance for large diameter holes. However, the facing sheet thickness must
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Table 2.2: Impedance values for eight samples under 120 dB, pure tone excita-
tions without �ow. From: Jones, 2002 [46].

be minimised in order to optimize the panel reactance"1. Lower ratios of plate thickness

to ori�ce diameter, l/d, increase resistance in �ow cases and for all tones evaluated

by Jones [46]. Simon [89] coupled narrow tubes made of PolyMethyl Methacrylate on

the facing sheet and septum holes and explored the e�ect of the resonator neck size.

He used SDOF and MDOF liners with variable tube lengths. In general, the presence

of a narrow tube on the resonator neck causes low frequency absorption changing the

resonant frequency of the resonator, which is dependent on the tube length. As the main

mechanism of dissipation is based on the boundary layer created in the narrow tubes, the

non-linearity due to high SPL is negligible. Narrow tube impedances were �rst modelled

by Zwikker and Kosten [3, p. 45]. Also, ceramic liners having POA=57% were also used

by Jones et al [45] to evaluate narrow tubes and potentially develop a broadband liner

[44].

The cavity depth has a strong in�uence on the resonant frequency with a cotangent

dependence. Deeper cores provide lower panel resonance frequencies and "j" shape cav-

ities have been studied by Sugimoto et al [91] in order to minimize the liner depth and

obtain low frequency absorption. In addition, Jones [46] observed a noticeable resist-

ance increase at the anti-resonant frequency for samples having higher cavity depths,

for both cases with and without grazing �ow. Parrot [74] studied multi-layer liners and

variable depth liners in order to obtain broadband attenuation. Recently, broadband

liners designed using software tools have been studied in order to maximize attenuation,

optimizing the available area of the liner using di�erent depth channels [37]. Examples of

novel designs proposed recently for broadband liners are shown in the Figure 2.3 where

di�erent depth channels are used to tune the liner to various frequencies.

Recent studies show the importance of facing sheet hole shape on the liner impedance.

1Private discussion with the author in 30/05/2018.
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Figure 2.3: Broadband liners, top view on the left, quarter wave length tubes
cross-section on the middle and complex shape tubes cross-section on the right.
From: Howerton, 2012 [37].

Caiero et al [17] developed an adjoint method to optimize the hole edge shape of a reson-

ator in order to promote higher acoustic attenuation at low SPL. Despite the practical-

ities of producing such precise geometric features, it was shown by Forner & Polifke that

asymmetric holes with chamfered edges produce slightly lower resistances than straight

and symmetric holes [34].

2.5 Grazing �ow e�ect

The presence of grazing �ow alters a liner impedance when compared with the case

without grazing �ow. Both resistive and reactive components are a�ected. A 2-D ap-

proach was used by several authors in order to isolate the grazing �ow e�ect from other

e�ects on the acoustical performance of the liner [52][21][56][69][47]. The mean Mach

number of the tangential �ow is a simple parameter that can be used, however the

boundary layer developed and, in particular, its skin friction velocity provides an im-

proved correlation for the grazing �ow e�ect [51] [70].

Munjal [67] described the dispersion relation for the no �ow case, assuming the continuity

of the particle displacement in a closed tube with a rectangular cross section. In the

absence of �ow Cartesian wave numbers are given by

k2
0 = k2

x + k2
y + k2

z , (2.11)

where k0 = 2πf
c0

is the wave number; kx, ky and kz are the wave numbers in each direction

of a Cartesian system and z is the axial direction of the duct. For the �ow case, we have

k2
x + k2

y + k2
z = (k0 ±Mkz)

2, (2.12)
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where M = vz/c is the average Mach velocity in the axial direction of the duct. The

wave number of a plane wave propagationg in the axial direction can be written as

k±z =
k0

1±M
, (2.13)

where kx and ky have been set to zero [1]. In this case, the cut-on frequency for higher

order modes of a rectangular duct, with h as the largest side of the cross section, can be

de�ned as

fc =
c0

2h

√
(1−M2). (2.14)

Kurze [52] has shown that increasing Mach number decreases the liner attenuation when

the sound waves are in the same direction as the �ow, but increases the attenuation

when the sound waves propagate against the �ow in a duct. The attenuation is also

a consequence of the optimum impedance in a duct, so in real engines the direction of

the �ow and the sound waves are important. Recent studies demonstrated the di�er-

ences between downstream and upstream impedance eduction results [11]. Murray[70]

observed that: "grazing �ow increased acoustic resistance and decreased reactance, with

the acoustic resistance under grazing �ow decreasing with increasing frequency"2. Mur-

ray also observed a signi�cant increase in resistance for high SPL, for highly non-linear

SDOF perforate panels [69].

Kooi & Sarin [51] considered skin friction velocity as the parameter that better represents

grazing �ow e�ects, because a resistance decrease was observed for lower values of skin

friction velocity at the same centerline Mach number. By using Mach number as the

grazing �ow correlating parameter, Murray [69], following on from the work of Kooi and

Sarin [51], suggests a semi-empirical resistance due to grazing �ow term to sum with the

linear viscous resistance and non-linear resistance terms, which is

Rgf =
k2M [5− l/d]

4σ
− k3df

σc0
, (2.15)

where k2 and k3 are empirical constants.

Cummings [21] developed a rectangular cross section test rig fed by a silenced air supply

that developed the boundary layer on a duct until the �ow reaches the liner sample

with just one ori�ce. The acoustic source was upstream the ori�ce, so the sound waves

travelled in the same direction of the �ow. The velocity pro�le inside the duct could be

measured using a Pitot tube. Cummings found that friction velocity partially masks the

true nature of mean �ow e�ects at the ori�ce. Rice [78] and Montsinger [66] modelled

grazing �ow e�ects based on the average Mach number of the grazing �ow pro�le. The

2Private discussion with the author in 30/05/2018.
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resistance, θ, and end correction, ε, were de�ned as

θ =
0.3M

σ
, (2.16)

ε =
0.85d (1− 0.7

√
σ)

1 + 305M3
. (2.17)

Murray suggests a small change to Equation 2.17, representing the end correction as

ε =
0.85d (1− 0.7

√
σ)

1 + 200M3
. (2.18)

Hersh, taking the discharge coe�cient, CD, as the ratio between the vena contracta

area and the perforated plate hole area [36]. The ratio can be obtained applying the

conservation of mass in a control volume. Hersh suggests that the discharge coe�cient

approaches CD = 0.64 at the resonance at high SPL and it is independent of the hole

diameter. However, Hersh suggested that CD −→ 1 above the resonance, where the

particle velocity magnitude is smaller.

Zhang & Bodony [104] used high-�delity DNS models to study the e�ect of di�erent

boundary layers on perforated liners in the presence of high SPL. The discharge coef-

�cient, CD, simulated using DNS, was found to be highly dependent on the ratio of

the acoustic velocity in the hole divided by grazing �ow mean Mach number over the

perforated sheet during the in�ow, vinM , and out�ow, voutM , regimes. The CD calculated

in both regimes and high SPL followed the equation,

CDin = 0.76 tanh

[
1.57

(vin
M

)0.47
]
, (2.19)

CDout = 0.76 tanh

[
6.32

(vout
M

)0.65
]
, (2.20)

where CDin and CDout are the discharge coe�cients during the in�ow and the out�ow

regimes respectively. The mean value of the discharge coe�cients during these two

regimes can be used to describe the e�ective discharge coe�cient for a complete cycle.

The same authors also suggest exploring additional simulations and experiments which

target the near-liner interaction. This approach would be preferable to using impedance

eduction results, in order to design the liners more e�ciently [102].

To summarise the main hypotheses regarding grazing �ow:

• The grazing �ow e�ect is important for aero engine liner impedance predictions,

and it is dependent on skin friction velocity, Mach number, SPL, frequency and geo-

metric parameters such as POA, sheet thickness and hole diameter. Nevertheless,

physical explanations are required to improve the existing models [70][104];
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• The average Mach number can be used instead of friction velocity with minor

discrepancies for ducts with small pressure gradients. This simpli�es the impedance

modelling as skin friction velocity is not always available [51][70].

2.6 1D Impedance Models

Several semi-empirical, numerical and experimental models have been developed to pre-

dict liner impedance. Frequency domain semi-empirical methods include these of Kooi

& Sarin[51], Montsinger & Kraft[66], Maa[54], Hersh [36], Elnady[26] and Murray[69].

Rienstra & Singh[82] developed an analytical frequency domain impedance model for

the resistance of a Helmholtz resonator that shows good agreement with the Montsinger

& Kraft model. The Maa model is used to design micro perforated plates of typical

interest as liner manufacture processes are developing to allow manufacture of micro-

metric hole diameters, which may show broadband attenuation if they are well designed

and manufactured. However, it was studied to show the limitations of this approach

during the liner impedance modelling. Rice [78], Cummings [20], Richter [79] and Tam

[94] developed time domain models which are discussed in this section.

Most impedance models for perforate plates depend upon the same fundamental design

parameters. If a lumped-parameter model is used, the coe�cients may have physical in-

terpretation and the system may be derived as an ODE (Ordinary Di�erential Equation).

For most practical geometries, λa � 1, where λ is the characteristic wavelength and a

is a characteristic dimension of the perforate, typically the hole radius or diameter. The

wavelength is generally some orders of magnitude larger than the characteristic dimension

of the resonator. So, this problem can be treated essentially as being one dimensional,

by considering plane waves inside the resonator.

Although, micro �uid interaction is important for the case of sound incident upon a

perforated sheet, it is computationally expensive if a 3D numerical simulation is used to

solve the problem in time domain [102]. Engineering models for impedance use average

�uid dynamic values, which subsequently need to be described carefully [81]. Analytical

solutions are impractical for most cases because the time domain di�erential equations

have non-linear terms and the nature of the incident pressure is complex. So, numerical

solutions are needed to evaluate the in�uence of non-linear terms [20].

A convention of symbols, parameters, regions and geometry components based on a

Helmholtz resonator model is de�ned here and used for di�erent impedance models in

the following sections.

Figure 2.4 illustrates a generic Helmholtz resonator, where facing sheet thickness is rep-

resented by l, cavity depth is h, cavity backing plate area is Sb. The region between �A"

and �B" is the air cylinder, in case of a circular hole, represented as the resonator neck
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Figure 2.4: Helmholtz resonator simpli�ed model.

with diameter d and the properties in this region are represented using the subscript

zero. The e�ective thickness L is the sum of plate thickness, l, and the end correction,

ε, which is dependent on the mean acoustic velocity, v0, across the ori�ce area. The area

of this air cylinder can be obtained by S = πd2/4. The porosity of the liner is obtained

from σ = S/Sb and the POA is obtained from POA = 100σ. The cavity volume depends

on the geometry of the cavity and typically, a commercial aircraft liner has honeycomb

hexagonal structures dividing the cavities. But if POA is used as a parameter in a 1-D

model, the shape and width of the cavity is irrelevant.

It is important to understand the acoustic velocity pro�le inside the ori�ce region to

correctly predict the dissipation mechanism. Most engineering models use an assumption

of uniform �ow through the hole. If the plug of air contained in the hole oscillates at

small amplitudes, the jet will not fully develop and the main dissipation mechanism is

due to the interaction of the air with the walls of the hole [81]. A boundary layer is

developed on the hole walls, which causes a laminar velocity pro�le on the hole cross

section along the facing sheet thickness. This velocity pro�le contracts the mass of �uid

in a narrow channel, also called vena contracta, during each acoustic cycle that causes

pressure di�erence between inside and outside the liner cavity. The vena contracta is

the area where the stream lines are parallel in the hole. The vena contracta represents a

irrotational �ow that is the core of the jet. The discharge coe�cient can be calculated as

the ratio of cross section area of this jet core Svena by the area of the hole S, obtaining

CD = Svena/S.

The discharge coe�cient is one of the key parameters required to evaluate liner imped-

ance, because it is a function of the dimensional properties of the plate, frequency and
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�ow properties. Cummings [20] used �xed value of CD = 0.76 based on experimental

data. Some years later, Murray [69] showed the dependence of CD on frequency. Zhou

[105] studied the e�ect of bias �ow in perforated plates and considered the discharge coef-

�cient as a product of acoustic oscillating �ow and bias �ow coe�cients, that together

in�uence the vena contracta. Zhou also suggests that the jet is unsteady and symmetric

on both sides of the liner ori�ce for high SPL without �ow. Furthermore, Elnady [25]

proposed numerically simulated values of CD based on geometrical parameters of the

liner, as showed in Table 2.3.

Table 2.3: Numerical values proposed for the discharge coe�cient. From: [25].

Elnady also de�ned the e�ective discharge coe�cient in the case of grazing �ow, presented

by an empirical equation,

CD =
1

2.1− 0.332/η + 0.0566/η2
, (2.21)

where η = v0/M is the ratio of bias �ow through the hole, v0, and grazing �ow Mach

number outside the liner, M .

For high SPLs near the resonant frequency of the liner, vortex rings are shed as shown in

Figure 2.1.(e). The vorticity is random in both space and time, and exhibits a wide and

continuous distribution of length and time scales that are related to the sound excitation

[22]. The acoustic energy is transformed into kinetic energy of the vortex structures as

the sound wave reaches the liner facing sheet. It is redistributed from large length scales

to small length scales until it is dissipated in the form of viscosity. This mechanism of

dissipation, or destruction, of kinetic energy is known as the energy cascade [22].

In conclusion, the interaction between the zero grazing and bias �ow discharge coe�-

cient, grazing �ow Mach number, and bias �ow velocity pro�le are key to modelling and

predicting liner impedance. The selection of the best liner for a given application de-

pends on the engine noise signature, the magnitude of the grazing �ow, and the optimum

wall impedance for the duct in question. So, numerical sound propagation models and

experiments are needed to �nd the optimum liner impedance values for a given duct and

consequently the liner geometry to best meet this requirement. The models described in
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the next sections consider such parameters and are partially accepted by the scienti�c

community to predict liner impedances.

2.6.1 Basic and Extended Helmholtz Resonator Model

The Helmholtz resonator model is known as a typical Lumped Parameter Model, because

it obeys four principles:

• Limited number of time-dependent aggregate variables;

• Described by an ODE;

• The coe�cients (lumped-parameter elements) have physical interpretation;

• Usually ka < 1, where a is a characteristic dimension, such as ori�ce diameter or

radius.

Morse [65] states that typical liners may be modelled as an array of Helmholtz resonators,

where the inertance of the system is the mass of air in the ori�ce, which is interpreted

as the neck of the resonator. On the other hand, the compliance of the system is the

volume of air inside the cavity, which is typically delimited by a honeycomb structure.

This volume of air is compressible so it is interpreted as a spring e�ect. The force exciting

the system is caused by the external pressure oscillation of a sound wave impinging upon

the system at the facing sheet. The resistance represents the damping from hole friction

and the creation of vortices at high SPLs.

A Helmholtz resonator model is straightforward and gives a good estimate of the resonant

frequency of a single cell of the liner without �ow. The impedance of the Helmholtz

resonator may be split in two parts: neck impedance and cavity impedance[5], where

ZHR = ZneckHR + ZcavityHR , (2.22)

or

ZHR = i
ωρL

S
+
ρck2

2π
+

ρc2

iωV
, (2.23)

where ω is the frequency in radians, L = l+ε is the e�ective neck length, S is the open area

of the ori�ce, k is the wave number and V is the cavity air volume. The end correction

ε for a �anged termination can be approximated using ε = 0.85d. The �rst two terms of

Equation 2.23 correspond to the neck impedance and the third is related to the cavity

impedance. When the system shows zero imaginary impedance, particle displacement

and velocity are 90◦out of phase, hence the system is at the resonant frequency; which

is given by,

f0 =
c

2π

√
S

LV
, (2.24)
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where f0 is the resonant frequency of a single Helmholtz resonator in Hz.

There are some issues which arise if the model complexity increases, depending on the

order of magnitude of some phenomena. For example:

• Flow pro�le inside the resonator neck;

• Reynolds number for the steady �ow (bias �ow) through the ori�ce;

• Wall heat exchange;

• Turbulence;

• Flow separation on sharp edges;

• Grazing �ow outside the liner.

Usually the �ow is considered adiabatic for small pressure oscillations and without �ow

separation, which means only linear losses and low damping. Instead, non-linear losses

occur when the acoustic particle displacement has the same order of magnitude as the

hole diameter. The Strouhal number, St, provides a measure for this e�ect, where

St =
ωd

|v0|
. (2.25)

Forner [50] suggests a di�erent de�nition of Strouhal number based on the spatially

average particle velocity over the liner surface,

St =
ωdPOA

〈vs〉
. (2.26)

It was observed that non-linearity is observed at St < 1 for typical liners [50].

The impedance of the Helmholtz resonator can be also described as

Z(ω) = R+ iωm− i cot(kh), (2.27)

where ωm is the face plate mass reactance, and − cot(kh) is the cavity reactance, with

h being the cavity depth. This model is called EHR (Extended Helmholtz Resonator)

and it is used to represent the impedance of an array of Helmholtz resonators. This

basic liner model can be expressed in the time domain by using the z-transform [80],

considering that:

1. Damping is greater than zero, ϑ > 0, at the cavity;

2. Cavity reactance is positive, β > 0;
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3. Cavity depth is at multiples of the time step: 2h/c = ν∆t.

The EHR equation becomes,

Z(ω) = R+ iωm− iβ cot

(
1

2
ων∆t− i1

2
ϑ

)
. (2.28)

This model satis�es the reality condition, is causal and can be transformed to the time

domain, giving

ζ(t)

2π
= Rδ(t) +mδ′(t) + βδ(t) + 2β

∞∑
n=1

e−ϑnδ(t− nν∆t), (2.29)

where δ is the delta function. The complete derivation is given by Rienstra [80], who

suggests the use of this analytical solution as a test case for numerical implementations.

Subsequently, Richter [79] compared the EHR with another time domain model pro-

posed by Tam [94]. The model can be incorporated into computational aeroacoustic

codes using the Myers boundary condition [72], as well as for single frequency excitation,

producing fairly good predictions except when �ow instability occurs. Five parameters

of the model are obtained by a non-linear optimization procedure that neither deals with

non-linearities nor multiple tone excitations.

2.6.2 Maa Model

A simple analytic model for MPP (Micro Perforated Plates), proposed by Maa, is de-

scribed as the sum of resistance components due to friction loss and high SPL non-linear

components. Non-linearities are related to jet formation and end correction changes [54].

It is a frequency domain impedance model which provides good representation of sub-

millimetre ori�ces in a surface. The comparison of the Maa model with the Rice model,

Cummings model and experimental data is included in the scope of the current thesis,

despite the fact that there are several other time and frequency domain models.

The normalized impedance of the perforate plate can be described by the Maa model as,

ζ = θ + iχ. (2.30)

The resistance θ is given by

θ =
32µl

σρcd2

[√
1 +K2/32 +

√
2Kd

8l

]
+

v0

σ2c
. (2.31)
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where K is the perforate constant given by,

K =
d

2

√
ω/ν, (2.32)

where ν = µ/ρ is the dynamic viscosity. The velocity in the hole v0 can be calculated

using experimental data or using an asymptotic procedure.

Equation 2.31 shows two linear terms. The third term is the non-linear, because it

depends on the particle velocity, v0 which usually is modelled as the root-mean-square

(calculated from the velocity in the time domain), root-sum-square (used for broadband

noise, calculating an average of the velocity spectrum) or the peak value (calculated from

the velocity in the time domain). However, there is no agreement among researchers

regarding the best velocity description [10].

The reactance χ is described by Maa as

χ =
ωl

σc

[
1 +

(
1 +K2/2

)−1/2
+ 0.85

d

l

(
1 +

v0

σ2c

)−1
]
. (2.33)

Equation 2.30 is used either to design MPP absorbers, or to compare and validate other

models [10][18]. Unfortunately, the Maa model can be used to predict liner impedance

behaviour only in the presence of a single tone excitation. Bodén [10] compared the Maa

model, the Elnady Model [26] and experimental data using random, multiple or pure

tone excitations. Both models showed inconsistent results, and provide limited frequency

ranges. This observation reinforces the hypothesis that signal frequency content should

be included in the impedance models, to represent the linear and the non-linear velocity

regions. The experimental data collected in the current work aims to test this hypothesis.

Recently, Carbajo [18] compared the Maa model with numerical simulations. Visco-

thermal terms were taken into account and the tube had no �ow in order to perform

the FEM calculation using the Linearized Navier Stokes equation. The geometry of an

impedance tube with a perforated panel coupled with a backing cavity was analysed.

The results of the FEM simulation agreed better with experimental data than with the

Maa model for Carbajo's samples. Carbajo simulated all the holes of the perforated

plate, which was computationally costly so only low SPL was simulated.

2.6.3 Rice Model

Rice [78] suggested an one-dimensional model to describe the behaviour of a single res-

onator with one ori�ce. The impedance of one ori�ce can be used to calculate the im-

pedance of the surface of the liner by dividing by the POA. The model combines linear

and non-linear terms to describe the system response over a wide range of sound pressure

levels. It also considers the excitation as either a single pure tone or a combination of
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multiple tones, however the impedance results for multiple tone does not produce mean-

ingful values. This section includes the description of the Rice model. The numerical

implementation and validation will be covered in section 4.1.

The di�erential equation of the Rice model uses the absolute particle displacement in

the hole as the variable to be calculated for a given pressure signal. The e�ective thick-

ness (plate thickness + end correction) is not time dependent but varies with the hole

diameter, POA and grazing �ow Mach number. It is given by

L = l + ε, (2.34)

where

ε =
0.85d (1− 0.7

√
σ)

1 + 305M3
. (2.35)

The grazing �ow is given by M = v∞/c, where v∞ is the velocity of the �ow outside

the boundary layer. When the �ow is con�ned in a duct, v∞ could be represented as

the average value over the analysed cross section of a tube. The de�nition of the end

correction of Equation 2.35 has been used by other authors [66]. However, the end

correction varies with acoustic particle velocity and frequency. This dependency will

be further investigated during the analysis of the experimental results reported in this

thesis.

The total resistance of a single resonator, Ro, can be separated into a non-linear com-

ponent Ron, related to the acoustic velocity, and a linear component Rol. Moreover, the

non-linear term is described as highly dependent on the level of excitation. The linear

term is composed of the steady �ow resistance Ros and the frequency-dependent ori�ce

resistance, Rof , which arises from the viscous boundary layer.

Hence, the total resistance Ro is expressed by

Ro = Ron +Rol, (2.36)

where the linear resistance is composed of the ori�ce and steady �ow resistances, Rol =

Ros + Rof . The Rice model de�nes the ori�ce resistance, Rof , di�erently depending on

the frequency and on the excitation signal. For single tone excitation, Rof is de�ned as,

Rofpure = ρcθofpure = ρ
√

8νω (1 + l/d+ ∆NL/d) . (2.37)

where ∆NL/d is the non-linear resistive end correction.

Ingard [40] found good correlations of the non-linear resistive end correction with meas-

ured data for diameters varying from 7 to 90 mm. His experimental data was collected

in the presence of a steady bias �ow having the same magnitude as the particle velocity

caused by a sound wave. It was found that a quadratic relation between pressure and

velocity exists for high SPLs, where p w ρv2
0. In addition, Rice suggests that a loss of
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acoustic-radiation e�ciency is due to the rotational velocity �eld in the vicinity of the

ori�ce, which creates a jet and does not contribute to the sound �eld. Rice excludes the

term ∆NL/d for low excitation levels, which is sensible. The argument is that viscous

drag dominates the absorption mechanism for low SPL without grazing �ow.

For multiple tones, when k frequency components are present, the ori�ce resistance is

de�ned by Rice as

Rofmultiple = ρcθofmultiple = ρ
√

8ν

( ∑
k Pk∑

k Pk/
√
ωk

)
, (2.38)

where Pk is the pressure peak amplitude value of the kth frequency component. This

de�nition is considered unsatisfactory by Rice, and require further studies [78]. Rice

states that non-linear resistance terms are larger than linear terms for high SPL. Con-

sequently, the term in the Equation 2.38 would be considerably smaller than the Ron
term. For this reason no attention was given by Rice to the e�ect of the multiple tone

responses, especially when grazing �ow was considered.

The steady �ow resistance, Ros, presented by Rice is based on a derivation by Nelsen

[78, p.7]. Alternatively, Motsinger [66] de�nes the linear steady �ow resistance by,

Ros =
32µl

CDd2
, (2.39)

by considering just the bias �ow generated by the acoustic �eld and assuming the �ow

is incompressible inside the ori�ce. Bias �ow is de�ned as the �ow through the liner

perforated plate hole, di�erently from the grazing �ow caused by a steady or an unsteady

�ow outside the liner sample. The non-linear resistance is de�ned as,

Ron = ρ|v0|, (2.40)

and when normalized by the characteristic impedance of air this gives,

θon =
Ron
ρc

=
|v0|
c

= M0, (2.41)

where M0 is the acoustic Mach number of the air particle in the neck of the resonator.

At high SPL, the relationship of pressure and particle velocity is quadratic, with a sub-

sequently linear resistance-particle velocity relationship above certain values of velocity

[40].

In order to validate this method by using impedance tube measurements, no grazing �ow

terms were included in the formulation. The particle velocity v0 caused by the sound

excitation might interact with the grazing �ow velocity, v∞, to form the jet, depending on

the magnitude and direction of both velocities. The non-linear resistance in the presence
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of grazing �ow is de�ned by Rice as

θon = Q, for Q >
|v0|
c
, (2.42)

θon =
|v0|
c
, for Q <

|v0|
c
. (2.43)

where Q describes the grazing �ow in�uence, de�ned as,

Q = 0.3M

(
3.15× 10−2

σ
+ 1.77σ + 0.3

)
. (2.44)

When the acoustic jet is outward from the cavity, Equation 2.42 is used as the grazing

�ow contribution dominates, or Equation 2.43 is used when acoustic particle velocity in

the ori�ce dominates.

When the jet is acting into the cavity, both non-linear and grazing �ow components

are important, depending on the relative magnitudes of SPL and M, so the following

equation is used,

θon =
|v0|
c

+Q. (2.45)

The facing sheet non-linear resistance, θon, is usually much bigger than the linear com-

ponent, θol, for perforated plate liners in the presence of high SPL. Therefore, Rice

suggests linear terms may be discarded if the objective is to describe the perforate liner

impedance at high SPLs. Observe that it is di�cult to establish a �xed value for the

grazing �ow Mach number contribution because the event is cyclic and the jet occurs in

both directions.

The di�erential equations of the Rice model are given by,

ρL
d2x0

dt2
+R

dx0

dt
+
ρc2σ

h
x0 = P (t), (2.46)

v0 =
dx0

dt
. (2.47)

where P (t) is the incident pressure in Pascal on the liner surface [78]. The porosity,

σ, can be replaced by the E�ective Percentage of Open Area (POAeff ) if experimental

data is available.

Following manipulation of Equation 2.46, by isolating the acceleration term, and dividing

the whole equation by ρL to transform it into a �rst order ODE, the Rice model for pure

tones can be expressed using Equation 2.41, Equation 2.39 and Equation 2.37 as,

d2x0

dt2
=
P (t)

ρL
−

[
|v0|
L

+
32µl

CDd2ρL
+

√
8νω

L
(1 + l/d)

]
dx0

dt
− c2σ

hL
x0. (2.48)
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For multiple tone excitation, Rice model is given by,

d2x0

dt2
=
P (t)

ρL
−

[
|v0|
L

+
32µl

CDd2ρL
+

√
8ν

L

( ∑k=∞
k=1 Pk∑k=∞

k=1 Pk/
√
ωk

)]
dx0

dt
− c2σ

hL
x0. (2.49)

2.6.4 Cummings Model

Cummings proposed a model [20] to deal with both high SPL and multiple tone ex-

citations in 1984. It is essentially the same equation as the Rice model with some

improvements on the time variable end correction and the introduction of the discharge

coe�cient in the non-linear damping term. First, the e�ective ori�ce thickness L of a

perforated plate is de�ned as the sum of the physical thickness l and the end correction

ε de�ned in Cummings model as,

ε = εrεm, (2.50)

where

εr = εa/εm, (2.51)

which is the ratio of the actual end correction εa divided by the maximum possible end

correction εm. This parameter essentially depends on the shape of the ori�ce and the

�ow velocity through it. For low SPL, the velocity in the ori�ce is also low and the

end correction can be assumed to be equal on both sides of the perforated plate, if the

attached mass of both adjacent ori�ces do not interact [64].

Lord Rayleigh [77] found that for �anged ori�ces in in�nite walls the end correction at

each side is l0 = 4d/3π ≈ 0.425d, which was proved later by Ingard [38]. Consequently,

Cummings proposed the e�ective thickness for low SPL (linear region) as

L = l + ε = l + 2l0. (2.52)

The ratio εr applies when there is a non-linear response, which occurs, as de�ned em-

pirically by Cummings [20], as a function of the jet length Lj , formed outwards from

the ori�ce. The e�ective thickness of the perforated plate decreases as the jet length

increases because the inertia of the potential �ow through the ori�ce is progressively

replaced by that of the jet. The ratio εr is de�ned by Cummings as,

εr =

(
1 +

L1.585
1

3

)−1

, (2.53)

where,

L1 =
Lj
d

=

τ∫
0

|v0|dt

d
, (2.54)
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and the period of time from t = 0 to t = τ comprises a half cycle in which the �ow

ejection process occurs. This means that the period between the beginning and the end

of �ow ejection on one side of the plate is used to calculate the integral of Equation 2.54

[53].

The transient velocity response, represented in the �rst milliseconds of the excitation

process, occurs at the beginning of the physical process, when the pressure wave hits the

perforate plate. The velocity response can be represented as a sum of sine and cosine

waves, where just a half cycle is extracted to calculate L1 and the end correction ratio

εr, after considering enough time to obtain a permanent regime solution. The e�ective

thickness of the facing sheet, considering the end correction in the non-linear regime

without �ow was represented by Luong[53] as,

L = l0 + (l + l0)εr. (2.55)

Bodén [10] also implemented the Cummings model by using di�erent values of the end

correction ratio, where

εr =

(
1 +

L1.2
1

24

)−1

, (2.56)

for perforate plates with porosities, σ, from 2.0 % to 28 %. The constants used to

calculate L1 were obtained by comparing the numerical implementation of Cummings

model with his experimental data [7][8].

Having de�ned the end correction, the di�erential equation that models the problem of

a perforate plate with a cavity attached for high sound pressure levels is given by

ρL
d2x0

dt2
+

[
ρ|v0|
2C2

D

]
dx0

dt
+
ρc2S

V
x0 = P (t). (2.57)

It can be observed that Equation 2.57 has non-linear damping only in the second term,

because it is assumed that the linear terms are negligible for high level acoustic excitations

and the equation will be used only for high SPL. However, the linear terms de�ned in

Equation 2.37 and Equation 2.39 can also be included to represent the behaviour of the

liner in all the SPL range.

2.6.5 Model Comparisons

Although same similarities exist, both the Rice and Cummings time domain impedance

models use distinct approaches to calculate the end correction and use di�erent non-linear

terms to describe damping of the system.
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The Rice model gives,

ρL
d2x0

dt2
+

[
ρ|v0|+Q+

32µl

CDd2
+ ρ
√

8νω (1 + l/d)

]
dx0

dt
+
ρc2σ

h
x0 = P (t). (2.58)

where

L = l +
0.85d (1− 0.7

√
σ)

1 + 305M3
. (2.59)

The Cummings model is given by

ρL
d2x0

dt2
+

[
ρ|v0|
2C2

D

]
dx0

dt
+
ρc2S

V
x0 = P (t). (2.60)

where

L = l0 + (l + l0)

1 +


τ∫
0

|v0|dt

d


1.585

/3


−1

. (2.61)

The Bodén model, based on Cummings is given by

ρL
d2x0

dt2
+

[
ρ|v0|
2C2

D

+
32µl

CDd2
+ ρ
√

8νω (1 + l/d)

]
dx0

dt
+
ρc2S

V
x0 = P (t). (2.62)

where

L = l0 + (l + l0)

1 +


τ∫
0

|v0|dt

d


1.2

/24


−1

. (2.63)

Recently, another time-domain model was proposed by Zhang [103], given by

ρL
d2x0

dt2
+

[
ρ

1− CD|v0|
CD

]
dx0

dt
+
ρc2S

V
x0 = PSeiωt +

∑
j

Tj (ωj)Se
i(ωjt+φj), (2.64)

where Tj in the last term represents the amplitude of the turbulent boundary layer �uc-

tuation at frequency ωj , S is the ori�ce area and φj is a random phase. This expression

was used to predict the discharge coe�cient, CD, using di�erent grazing �ow boundary

layers. This model won't be implemented and compared with the others, but it shows the

importance of �ow e�ects on liner modelling. Another description of the non-linearity

shown in the second term on the left hand side of the Equation 2.64 can be tested in the

evaluated models in order to evaluate the e�ect of the discharge coe�cient.

The �rst terms of both the Rice and the Cummings models are di�erent because Cum-

mings considers L varying with time. On the other hand, Rice includes the grazing

�ow e�ect that is not described by Cummings. The second terms consider di�erently the

non-linearities and Cummings does not consider the linear terms at high SPL. The linear

terms were included in the Bodén model. The ratio S/V , which is the neck resonator
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area divided by the cavity volume, can be written as the POA divided by the cavity

depth,
S

V
=
σ

h
, (2.65)

so essentially the sti�ness is the same in both models and is represented on the third term

of the equations. The Rice, Cummings and Bodén models represent one single ori�ce

of the liner, so it is necessary to divide the impedance by POA to have representative

values on the liner surface.

The Maa frequency domain model is given by

ζ = 32µl
σρcd2

[√
1 +K2/32 +

√
2Kd
8l

]
+ v0

σ2c
+ (2.66)

iωlσc

[
1 +

(
1 +K2/2

)−1/2
+ 0.85dl

(
1 + v0

σ2c

)−1
]
, (2.67)

where

K =
d

2

√
ω/ν. (2.68)

Table 2.4 compares some of the key features between the cited models. It can be seen

that Cummings model is the only one which does not consider the linear terms as damp-

ing components. Bodén used the Cummings model, including the linear terms, and

experimental data to obtain better correspondence with measured data.

Table 2.4: Comparison of Maa, Rice, Cummings and Bodén model's character-
istics

Comparison Rice Cummings/Bodén Maa

Solving Domain Time Time Frequency
End correction Constant Variable Do not consider
Grazing Flow Include Do not include Do not include

CD On linear term On linear and non-linear Do not consider

2.7 Experimental techniques

There are several experimental techniques to measure the liner's impedance. Some com-

parisons have been made over recent years [49][16][98][63]. The most simple one uses a

normal incidence plane wave in an impedance tube, which is a good approximation for

linear liners under grazing �ow. However, "for perforates, an impedance tube can extract

the e�ective open area, but grazing �ow facility is needed to derive the �ow e�ect" 3 [70].

Typical aircraft engine liners have apertures and cavity widths smaller than the wavelength

of interest, and the sound incidence has little e�ect on the liner impedance. Consequently,

3Private discussion with the author in 30/05/2018.
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these liners are called locally reacting and may be evaluated in ducts with normal in-

cidence. The TMM [42] using an impedance tube and the in situ method [64][24] were

performed and will be covered in this section.

Grazing �ow is impossible to realize in such normal incidence tubes, so eduction tech-

niques were developed for grazing �ow facilities. The in situ method may also be used

under grazing �ow. To extract the impedance an iterative process using experimental

data is used on the eduction techniques to �guess� and adjust the impedance until the

predicted acoustic �eld matches the measured acoustic �eld. In other words, the estim-

ated impedance changes at each iteration in an algorithm which simulates the acoustic

�eld until it minimizes the di�erence and matches the measured pressure �eld in each

microphone of the test rig. The impedance eduction techniques TPM [83], MMM [27]

and SFM[43] are discussed in this section. The eduction techniques were implemented

in the UFSC test rig, and the results will be discussed in section 3.2. Other eduction

and numerical techniques can be found in the literature but they will not be discussed

in this document [97][100][99][75].

2.7.1 Normal incidence impedance tube

The impedance tube is a standardized experimental assembly used to characterize the

impedance using normal incidence sound excitation. ISO-10534 [42] is the international

standard that explains how the impedance tube works and how the TMM is used to

calculate the normal impedance. The sample is positioned at the end of a tube of circular

cross-section, as shown on Figure 2.5. Its diameter de�nes the maximum frequency, while

the spacing between the �ush mounted wall microphones determines the accuracy as a

function of frequency. Small diameter tubes operate to higher frequencies than larger

diameter tubes, because plane waves are assumed and the cross mode cut-on frequency

determines the maximum frequency of operation.

Figure 2.5: Impedance Tube. Extracted from: ISO-10534 [42].

It is possible to obtaining the transfer function

H12 =
P2(ω)

P1(ω)
, (2.69)
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where P1(ω) and P2(ω) are the frequency domain complex pressures at position 1 and

position 2 respectively. The re�ection factor on the liner surface position is given by [42]

Γ = |Γ |eiθr =
H12 − e−ik0s

e−ik0s −H12
e2ik0x1 , (2.70)

where x1 is the distance from the closest microphone to the liner surface x = 0, s is the

distance between microphones (s = x1 − x2) and k0 is the wave number. The transfer

function H12 can also be substituted by a corrected transfer function Hc that is obtained

by interchanging the microphone position in the impedance tube experimental setup, in

order to correct the experimental mismatch of phase between microphones.

The impedance at the liner surface is calculated based on the re�ection coe�cient [42]

zL =
1 + Γ

1− Γ
. (2.71)

The Bruel & Kjaer portable impedance meter system, type 9737, built according to ISO-

10534 was used for no �ow experiments reported in the Chapter 3. The data-sheet can

be found in Annex A. The system with all accessories is illustrated on the Figure 2.6.

1

Chapter 1
Introduction

Portable Impedance Meter System Type 9737 (Fig.1.1) represents the state-of-the-art in normal
incidence impedance measurement for the aerospace industry. Increasingly stringent aerospace
environmental regulations are demanding acoustic lining attenuation improvements, which are
driving ever improved installed acoustic liner impedances. As a result, fully bonded curved
panels must now be assessed for their true effective acoustic behaviour in their final condition,
and acoustic measurements are now superseding the traditional geometric and DC flow
methods. 

Fig.1.1 Portable Impedance Meter System

Type 9737 is a lightweight, compact, robust and user-friendly system, suitable for both
research and production quality control impedance measurements, at in situ sound pressure
levels up to 155 dB. It allows immediate extraction of key acoustic parameters, such as

PC

Mic. 1: Connect to channel 1

Mic. 2: Connect to channel 2

PULSE

Power Supply

Amplifier

Impedance Tube

Front-end

Figure 2.6: Portable Impedance Meter System, type 9737. Extracted from:
Bruel & Kjaer [14]

.
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2.7.2 In situ Method

The so called Dean's method [24], considers the case where two microphones are instru-

mented in a single liner cell, one at the face sheet and other at the back sheet for a single

layer liner. A further microphone is added in the septum for a 2DOF design. The walls

of the honeycomb cell are assumed to be rigid and impervious to sound. The cell width

is small enough to assume only plane wave propagation within the honeycomb cell. The

acoustic pressure inside the cavity causes standing waves, and is given by

P = |Pb|eiωt cos (ky) , (2.72)

where |Pb| is the magnitude of the pressure measured at the back sheet of the liner's

cavity, and y is the cavity depth position. So, by measuring the pressure at the face

sheet, where y = h, and the pressure on the back sheet, where y = 0, the normalized

impedance can be calculated using the expression [24][64][84]

ζ =
−i|Pf |

sin (kh) |Pb|
eiγfp (2.73)

where |Pf | is the magnitude of the face sheet pressure wave and γfp is the relative phase

between both, back and face sheet, pressure waves. The sin(kh) refers to the quarter

wave length di�erence caused by the microphone positions. If we apply a DFT (Discrete

Fourier Transform) on two time domain pressure signals, pf (t) and pb (t), it is possible

to calculate the impedance of each ω frequency component individually. Schuster [84]

discussed di�erent ways of using this equation, and referenced some authors that used

FRFs (Frequency Response Functions) between microphones to obtain impedance results.

If Ensemble-Averages are used to calculate the impedance there are four options, each

one considering di�erent references for the noise which degrades the FRF. Instantaneous

impedance values can be computed using the DFT of both signals, but the particular

combination of bandwidth, window and averaging method (overlapping) can compute

di�erent auto-spectra and cross-spectra values used to calculate the FRF. The expression

that was considered the most consistent by Schuster is giving by,

ζ =
−i

sin (kh)

〈P ∗b Pf 〉
〈P ∗b Pb〉

, (2.74)

where 〈P ∗b Pf 〉 denote the ensemble-averaged frequency domain signal of the complex

conjugated pressure on the back sheet Pb∗ times the pressure on the face sheet Pf . This

is also the method employed by NLR to perform the same type of measurements [76].

Hbf is the FRF of the back and face sheet pressures, calculated by the expression,

Hbf =
Sbf
Sbb

=
〈P ∗b Pf 〉
〈P ∗b Pb〉

, (2.75)
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where Sbf is the cross-spectra of the back sheet and the face sheet signals, and Sbb is

the auto-spectra of the back sheet signal. This expression was recommended when there

is noise at the face sheet signal [84]. It is therefore possible to calculate the normalized

impedance, using the expression

ζ =
−i

sin (kh)
Hfb. (2.76)

2.7.3 TPM (Two Port Matrix)

The TPM considers the liner as an unknown box, T, with two parameters on each side,

pressure and particle velocity in the axial direction (z axis), as the Figure 2.7 illustrates.

The incoming and outgoing wave in the tube are measured by microphones on the sections

1 and 2, away from the liner sample. The liner section T, can be a rectangular duct,

where one wall of the cross section is acoustically treated with the liner material, and

the other three walls are rigid.

Figure 2.7: Two Port Matrix. Adapted from: Santana, 2011 [83].

Plane waves must be assumed in the duct cross section in order to perform this technique.

If the pressure and particle velocity are determined outside of the box, the transfer matrix

inside the box can be determined. On the inlet side, the pressure is p1 and the velocity

v1. On the outlet side, the pressure is p2 and the velocity is v2, so the system of equations

with matrix T in brackets is given by

[T ] =

Z+e−ik
+
z L+Z−eik

−
z L

Z++Z−

Z+Z−
(
e−ik

+
z L−eik

−
z L
)

Z++Z−

e−ik
+
z L−eik

−
z L

Z++Z−
Z−e−ik

+
z L+Z+eik

−
z L

Z++Z−

 (2.77)

where Z+ is the liner impedance calculated from the inlet side and is equal to Z−, which

is the liner impedance calculated from the outlet side.

{
p2

v2

}
= [T ]

{
p1

v1

}
, (2.78)

Equation 2.78 is a system of two equations and two variables. The matrix T contains k+
z

and k−z , which are the wave numbers of the waves travelling downstream and upstream

respectively in the axial direction z. The liner impedance, represented as the unknown
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box, is a function of these wave numbers. It can be determined if the system of equations

expressed in Equation 2.78 is solved. The pressure �eld is composed of an incoming wave

and an outgoing wave in each side of the unknown region, given by

p1 = p+
1 + p−1 (2.79)

p2 = p+
2 + p−2 , (2.80)

where p1 is the pressure on the section upstream the liner (left hand side of the Fig-

ure 2.7), and p2 is the pressure on the section downstream the liner (right hand side of

the Figure 2.7). The wave numbers of both incoming and outgoing waves are iteratively

adjusted using an optimization algorithm, and consequently the impedance values Z−

and Z+ are calculated. The optimization procedure runs until the guessed wave numbers

match the measured two-port experimental data.

The solution for the pressure �eld split into the incoming and outgoing waves can be

determined by considering the position (x,y) in the rectangular cross section of a duct.

The solution for the acoustic pressure is,

p+(x, y, z, t) = C+
z e
−jk+z z

(
e−jk

+
x x + C+

x e
jk+x x

)(
e−jk

+
y y + C+

y e
jk+y y

)
ejωt, (2.81)

p−(x, y, z, t) = C−z e
jk−z z

(
e−jk

−
x x + C−x e

jk−x x
)(

e−jk
−
y y + C−y e

jk−y y
)
ejωt. (2.82)

A hardwall boundary condition ∂p/∂y = 0 is used at y = h and y = 0 for the entire duct,

setting y as the height of the cross section. The wave numbers in the y direction of the

n acoustic modes are de�ned as k+
y,n = k−y,n = nπ/h. The solution of the pressure can

be represented mathematically as an in�nite sum of cosines. Imposing the same hard

wall boundary condition at x = 0, it is possible to �nd the constants C+
x = C−x = 1,

using Equation 2.82. Appling the resulting equation to the conservation of momentum

equation, it is possible to obtain the particle velocity expressions in the x direction, as

shown in Equation 2.83 and Equation 2.84 [23], given by

v+
x =

C+
z

Z0

k+
x

k0

1(
1−M1

k+z
k0

) (e−ik+x x − eik+x x) ∞∑
n=0

cos
nπy

h
e−ik

+
z zeiωt, (2.83)

v−x =
C−z
Z0

k−x
k0

1(
1−M1

k−z
k0

) (e−ik−x x − eik−x x) ∞∑
n=0

cos
nπy

h
e−ik

−
z zeiωt. (2.84)

The dispersion relation then becomes
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k±x =

√
(k0 ±M1k

±
z )2 − k±2

z . (2.85)

The particle displacement, η, in the �uid and on the lined wall are identical (no slip

condition as given by Munjal [67]). The particle velocity in the x direction and the

impedance are related to the particle displacement by

p

Z
=
∂η

∂t
(2.86)

vx =
Dη

Dt
. (2.87)

The Myers condition is obtained when Equation 2.86 and Equation 2.87 are combined

eliminating particle displacement [72], giving the impedance on the lined section from

z = 0 to z = L
Dp(b, y, z, t)/Dt

−∂vx(b, y, z, t)/∂t
= Z. (2.88)

where b is the position of the liner as shown in the Figure 2.7. Finally, evaluating

Equation 2.88 by di�erentiating Equation 2.84 and Equation 2.82 for the wave in one

direction, and di�erentiating Equation 2.83 and Equation 2.81 for the wave in the other

direction, it is possible to obtain two expressions for the impedance. They must be

consistent [83] and are given by,

Z+ = iZ0
k0

k+
x

(
1−Mk+

z

k0

)2

cot(k+
x b),

Z− = iZ0
k0

k−x

(
1 +M

k−z
k0

)2

cot(k−x b),

Z = Z− = Z+.

(2.89)

Concluding, the liner's impedance can be calculated using Equation 2.89. To solve this

equation the wave numbers in the z (axial) direction are needed in order to calculate the

wave numbers in the x direction. At least two independent measurements are necessary in

order to obtain the wave numbers in the z direction. There are three di�erent techniques

to do this: with two sources, two loads, or using a combination of both techniques. Two

sources technique places the acoustic sources in two di�erent positions, usually upstream

and downstream the liner sample. Alternatively, the two load technique uses two di�erent

boundary conditions at the duct termination [83].

These two sets of pressure data, using the two source technique for instance, can be split

into the incoming and outgoing pressure waves by applying the pseudo-inverse operation

on the Moore-Penrose matrix [61, p. 114]. Thus, the measured pressure waves can be

compared with those calculated using a �guessed" impedance input into Equation 2.78.



44 Chapter 2 Literature Review

The code can be optimized to search for the impedance value that minimizes the error

of this comparison, to �nally educe the liner impedance.

There are some issues regarding the impedance transition which occurs at the beginning,

z = 0, and at the end, z = L, of the liner section. To solve this issue a transition matrix

is used on both sides of the matrix T . The solution of these matrices begins by supposing

that they are the identity matrix. Also, the transition matrices T+ and T− are assumed

to be the same. Six transducers are required in order to solve these transition matrices

[60][61, p. 51], but further details can be obtained in the literature.

2.7.4 MMM (Mode Matching Method)

The MMM uses a single transfer matrix with two sections and the liner in the middle.

The matrix is fed with the pressure and the particle velocity in each section. The method

is mathematically complex to implement. However, it uses just four microphones and

provides �exibility because it represents the pressure �eld with all of the propagating

modes included. Its assumptions include no vorticity in the �ow, so that the potential

velocity equation can be used. The potential velocity is divided into two components, x

and y, which are both perpendicular to the rig duct axis and de�ne the cartesian position

of the cross section. The problem is solved in two dimensions describing the pressure

�eld in the lined region as

p2 =

Q∑
q=1

A
(q)
+ ·Ψ

(q)
2i (x, y) · e−jk

(q)
z2iz +

Q∑
q=1

A
(q)
− ·Ψ

(q)
2r (x, y) · e−jk

(q)
z2r(z−L), (2.90)

where q is the acoustic mode index; Q is the number of modes considered; A is the

amplitude of pressure for each mode and direction; the incoming wave is represented by

A+ and the re�ected (outgoing) wave is represented by A−. Ψ(x, y) represents the modal

shape, z is the position of the pressure measurement and L is the length of the lined

section. [25]

The solution is calculated in each of the three regions: upstream, downstream and within

the lined region. With these solutions, the coe�cients of the transfer matrix can be

calculated by matching the values for each mode.

Figure 2.8 illustrates a longitudinal section of a rectangular duct with the liner in one

of the walls in the central section. Ψ1i represents the summation of modal shapes of

the incident wave in the z direction of the upstream section. On the other hand, Ψ1r

represents the summation of modal shapes of the re�ected wave going in the opposite

direction. This nomenclature pattern is extended to the other sections 2 (with the liner

in one wall) and 3 (rigid walls), having z as the axis direction with or without �ow,

x the liner surface normal direction and y the transverse direction, out of the paper,

perpendicular to the others. The boundary conditions are the continuity of pressure and
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Figure 2.8: Decomposition of the acoustic �eld. Adapted from: Elnady, 2004[27].

particle velocity on all of the section interfaces and a hard wall for areas other than the

liner wall. In order to match the acoustic �eld at the intersect of the sections we need

to have,

p1 = (x, y, 0) = p2(x, y, 0), (2.91)

p2 = (x, y, L) = p3(x, y, L), (2.92)

Q∑
q=1

∂p
(q)
1 /∂z

(k ∓Mk
(q)
z1 )
|z=0 =

Q∑
q=1

∂p
(q)
2 /∂z

(k ∓Mk
(q)
z2 )
|z=0, (2.93)

Q∑
q=1

∂p
(q)
2 /∂z

(k ∓Mk
(q)
z2 )
|z=L =

Q∑
q=1

∂p
(q)
3 /∂z

(k ∓Mk
(q)
z3 )
|z=L. (2.94)

Applying the boundary conditions in the Linearised Euler Equations (LEE), it is pos-

sible to obtain a system of equations with 4Q unknowns. These are the amplitudes of

the pressure waves for each mode under consideration. It is necessary to calculate the

re�ection coe�cient in one of the hard wall sections and �nd the plane wave amplitudes

at the interface of the liner in that section. The same thing is done in the other hardwall

section, thereby providing the incoming and outgoing pressure on each side of the liner

using the TMM [28].

The MMM gives an initial estimation of the liner impedance using the pressure measure-

ments and the calculated pressure �eld. The calculated pressures are compared with the

measurements and the impedance is iterated until an error criteria is reached. Elnady

created the method and used the function �fminsearch" of Matlab to do the iteration

process [27]. Later on, Elnady proved that shear �ow e�ects may be neglected and a

uniform grazing �ow pro�le with mean Mach number across the cross section can be

used, considering just low order modes present in the duct [28].

The TPM, and the MMM were validated against a numerical model using the FEM

commercial code, Actran, and evaluated in references [62][61][86][98]. TPM is more

expensive computationally for Mach numbers lower than 0.2. MMM presents instabilities
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in the optimization algorithm and does not give stable results for impedance at high

frequencies. On the other hand, MMM represents the pressure �eld analytically, and it

is fast computationally. It is noted that this method cannot be applied to ducts with

complex geometries.

2.7.5 SFM (Straightforward Method)

The TPM and the MMM rely on pressure measurements in the hard-wall sections of the

test rig duct. The MMM uses them to calculate the incident pressure and the re�ection

coe�cient, and the TPM to calculate the pressure and the velocity at the liner's leading

and trailing edges. The Straight-Forward Method (SFM) uses pressure measurements

along the lined section on the opposite hard wall. If N equally-spaced microphones are

positioned on the wall opposite the liner sample, the pressure at the n− th microphone

may be written as a sum of exponentials, where

p(zn) =
k∑
q=1

Aqeµ
qzn (2.95)

where k = 2Q, Q is the number of modes considered in the solution, and Aq is the product

of the wave amplitude times its mode-shape at the measured duct height, µq = −jkqz
are the complex wave numbers for downstream (q odd), and µq = jkqz for upstream (q

even) travelling waves, and zn is the axial position of the n − th microphone [61]. If

zn = n − 1 = 0, 1, 2, ...,N - 1, the exponentials in Equation 2.95 can be written as

eµ
qn =

(
eµ

q)n
= (αq)n. Jing [43] observed that each of these exponentials satisfy a �xed,

k − th order linear di�erential equation

y(n+ k) + Ck−1y(n+ k − 1) + Ck−2y(n+ k − 2) + ...+ C0y(n) = 0. (2.96)

The characteristic equation is

αk + Ck−1α
k−1 + Ck−2α

k−2 + ...+ C0 = 0, (2.97)

with roots αq. If any individual term satis�es the linear, homogeneous equation, then

linear combinations of them also satisfy it. In particular, the pressure function, Equa-

tion 2.95, satis�es it, so,

p(n+ k) + Ck−1p(n+ k − 1) + Ck−2p(n+ k − 2) + ...+ C0p(n) = 0, (2.98)

for n = 1, 2, ..., N − k. Since p(zn) is known from measurements at n points correspond-

ing to the microphones, Equation 2.98 can be used to construct a system of k equations

from which the coe�cients Ci (i = 0, 1, ..., k − 1) can be found. Knowing the Ci, we can

substitute them into the Equation 2.97, to �nd the roots α(q), which in turn give the ex-

ponents µq and thus the wavenumbers kqz . It is necessary to have at least 2k measurement
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points (microphone positions), i.e., n ≥ 2k, for a determined or overdetermined system

of equations. Using the obtained axial wave numbers, the same procedure outlined in

the TPM is followed: calculate kx and then the impedance from Equation 2.89. To avoid

aliasing, the distance between microphones should be chosen in order to have at least 2

points per wavelength at the highest frequency of interest. The hard-soft wall transition

e�ects might be important in Prony's method [43], so a limited length of the liner sample

may contaminate the measurements using a small array of microphones. Good practice

when designing the microphone array is to leave at least a few wavelengths of distance

from the transitions to the closest microphones in order to avoid this problem [61].

2.8 Fundamental equations of compressible �ow

Near �eld e�ects on perforated panels due to high SPLs are not fully understood. Fluid

motion due to hydrodynamic instabilities caused by large particle displacements near

perforates should be described correctly. Viscous e�ects near the perforates are also

important, due to low Reynolds numbers. This section will introduce the fundamental

�ow equations in order to explain the main assumptions used in the numerical 2D models

implemented. The equations and hypothesis are common knowledge on this �eld.

Each hole on a perforated plate can be studied alone, if a reasonable distance between

holes is considered [38]. So, each hole can be represented as a short �anged tube con-

taining a �nite quantity of air subjected to an oscillatory motion caused by the sound

pressure �eld. If the mass of air is subjected to a small displacement during the mo-

tion, the end correction will be minimal, due to the �anged termination. On the other

hand, large �uid displacement and �ange interaction can cause vortex shedding and non-

linearities in the liner response [34]. This can be observed when the resonator is subjected

to high SPLs. The phenomena is intensi�ed at the resonant frequency of the resonator,

increasing the velocity magnitude at the ori�ce. The fundamental equations of mass,

momentum and energy apply in a control volume. The unknowns of this equations are

the velocity, thermodynamic pressure and absolute temperature that de�nes the sound

speed.

2.8.1 Conservation of mass

For an Eulerian description, the rate of change in mass is equivalent to the variation

in density and volume of a particle, as described by White [101]. Conservation of mass

gives,
Dρ

Dt
+ ρ∇ · u = 0, (2.99)

where the material total derivative D
Dt denotes

∂()
∂t + u · ∇(). For low Mach numbers,

usually the �uid is considered incompressible, meaning that Dρ
Dt = 0, so ∇ · u = 0 too.
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However, the �ow velocity on the liner facing sheet holes can be high, around 0.1 to 0.3

Mach, depending on the OASPL at the liner surface. Consequently, to obtain better

precision on the model, a compressible �ow condition should be considered.

2.8.2 Navier-Stokes Equations

Newton`s second law expresses the proportionality between applied forces and the res-

ulting acceleration of a particle of mass m, where F = ma. In a �uid in motion, as

described by COMSOL [19], this gives

ρ
Du

Dt
= f = fbody + fsurface, (2.100)

where f is the force applied per volume a given set of �uid particles. The following

equations of the section up to Equation 2.107 are de�ned by White [101]. The forces

can be normal or create shear stresses on the �uid element due to the pressure �eld and

viscosity, giving,

ρ
Du

Dt
= ρg+∇ · τij , (2.101)

where g is the acceleration due to gravity, and the tensor τij is expressed in terms of

the velocity u by assuming viscous shear proportional to the deformation rate. This is

satis�ed by all cases and most common �uids, the tensor τij can be expressed as

τij = −pδij + µ

(
∂ui
∂xj

+
∂uj
∂xi

)
+ δijλ∇u, (2.102)

where µ is the dynamic coe�cient of viscosity and λ is the coe�cient of bulk viscosity.

Combining the Equation 2.101 with the Equation 2.102 gives Navier-Stokes equation

ρ
Du

Dt
= ρg−∇p+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj
∂xi

)
+ δijλ∇u

]
. (2.103)

The gravitational e�ect is negligible for acoustic problems and Equation 2.103 becomes

ρ
Du

Dt
= −∇p− ρu · ∇u+ (λ+ 2µ)∇(∇ · u), (2.104)

where λ = −2
3µ for perfect gases, and µ is the dynamic viscosity. So, it is also possible

to write the equation as

ρ
Du

Dt
= −∇p− ρu · ∇u+ (

4

3
µ)∇(∇ · u), (2.105)

The non-dimensional parameter used to identify the transition between a laminar and

turbulent regime in an ori�ce of diameter d can be de�ned by the Reynolds number given
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by

Re =
ρud

µ
, (2.106)

where the characteristic length is d, the diameter of the hole, and u a characteristic

velocity magnitude. If the Reynolds number is low, considering a Poiseulle Flow in a

duct, it means that the �uid is laminar. In this condition, computational �uid dynamics

(CFD) can be applied to solve the Navier Stokes equation with some accuracy for a

variety of �ows and geometries [101]. At high Reynolds numbers, empirical relations

are needed to de�ne the turbulent stresses. However, the range of velocities in the liner

model is not su�cient to warrant a turbulent model. So the compressible �ow Navier

Stokes Equations can be written as

ρ
Du

Dt
= −∇p+ µ∇2u. (2.107)

2.8.3 Thermodynamic equation of state

By considering acoustic waves as an isentropic mechanism, no heat transfer and viscosity

can be neglected, so it is possible to a�rm that the acoustic pressure is only dependent on

the density. The following equations of section 2.8.3 and 2.8.4 are de�ned by Blackstock

[5]. For ideal gases,

p = RρT, (2.108)

and the internal energy is only dependent on the temperature, ε = ε(T ), so that

dε = CvdT, (2.109)

where R = (γ−1)Cv is the universal constant for air, and γ = Cp/Cv is a constant ratio.

Finally, it is possible to solve the energy equation and obtain

p

p0
= (

ρ

ρ0
)γ . (2.110)

An in�nitesimal variation in pressure corresponds to an in�nitesimal linear variation in

density. Consequently, it is possible to write the following equation for a local sound

speed c,

c2 =
∂p

∂ρ
. (2.111)

Observe that the ratio of the acoustic pressure and the acoustic variation of density is

proportional to c2, so the sound speed can also be written using the Equation 2.108, as
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c =
√
γRT , (2.112)

and �nally it is possible to say that for small amplitudes of pressure

∂ρ

∂t
=

1

c2

∂p

∂t
. (2.113)

Observe that for high SPLs, γ varies, so the ratio of pressure and density is not constant

anymore. This means that there is a local change in temperature and viscous dissipa-

tion, varying the sound speed locally and causing distortions in the propagating wave.

Concluding, if the particle velocity is comparable to the sound speed (high SPLs), it is

not reasonable to assume an incompressible mechanism.

2.8.4 Acoustic Wave Equation

By substituting Equation 2.113 into Equation 2.99 it is possible to obtain the wave

equation

∂p

∂t
+ c2ρ∇u = 0, (2.114)

and considering that the acoustic variations of pressure are small and around the equilib-

rium value of the atmospheric pressure, so that p represents the acoustic pressure. Also,

the Navier Stokes equation from Equation 2.107 can be linearized considering that the

viscosity terms are small for acoustic waves, so it can be expressed by

ρ
∂u

∂t
+∇p = 0. (2.115)

It is possible to derivate the Equation 2.114 in respect of time and apply the ∇ operator

on the Equation 2.115 obtaining the system of equations

∂p

∂t
+ ρc2 ∂

∂t
(∇ · u) = 0 (2.116)

ρ
∂

∂t
(∇u) +∇2p = 0. (2.117)

The last step is to multiply Equation 2.117 by c2 and subtract Equation 2.116 from

Equation 2.117, in order to obtain the �rst order wave equation, given by

∇2p− 1

c2

∂2p

∂t2
= 0. (2.118)
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The wave equation can be used in linear acoustic problems without �ow. It is used in

the multiphysics model in Chapter 5 in order to describe the sound propagation away

from the liner surface, where the pressure is fairly constant over the simulated tube

cross-section. This tube is used as a plane wave guide between the inlet and the liner

surface.

2.8.5 2D Impedance Simulations

The majority of the 2D or 3D impedance models use Direct Numerical Simulation (DNS)

models that solve the full Navier Stokes equations. The meshes used in such problems

are extremely re�ned and the computational cost is high. Solutions for narrow channels

or single cells can take days but they can provide valuable visualization insights about

the micro�uid dynamics of the problem. Tam explored a slit resonator using 2D DNS

in order to predict the �uid dynamics and acoustic behaviour of a straight and beveled

slit[92]. He observed the vortex shedding formation for di�erent SPLs and frequencies,

and found strong vortices had been generated at lower frequencies and higher SPLs. He

compared the re�ection coe�cients and the impedance results against experimental data,

and demonstrated that DNS can be used as a tool to predict liner impedance for pure

tone and broadband excitations at a reasonable cost [93].

When the incident sound wave reaches a high pressure outside the resonator, �uid is

forced into the cavity through the slit. The stream lines create a narrow �ow area with

high velocity that diverges abruptly after passing through the aperture. It causes vortex

shedding at the two corners on the cavity size. The phenomena is symmetric for a straight

edge liner hole. Depending on the excitation frequency and SPL, the vortex may be shed

or not. It will also depend on the ratio of plate thickness to the aperture diameter.

Large vortex shedding is followed by random shedding of smaller vortices. They either

merge into large vortices or simply dissipate slowly by molecular viscosity[92]. Figure 2.9

shows two di�erent slit liners with straight and bevelled shapes. The vortex formation at

the beginning of a cycle is illustrated, where smaller vortices are formed on the bevelled

liner. For the bevelled slit liner, most of the shedding occurs at the sharp edge and the

behaviour is highly asymmetric.

The time-average dissipation rate must be addressed in order to understand the micro-

�uid dynamics and the dissipation mechanism of resonant liners [96]. For a given point

in a 2D domain the time-average dissipation rate, D̄, is de�ned as,

D̄(i, j) =
1

T

∫ T

0
σij

∂ui
∂xj

dt, (2.119)

where T is the period of oscillation and σij is the stress tensor. Observe that σij for a 2D

axisymmetric problem can be represented by the radial, r, and the axial, z, components
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(a) Straight slit liner (b) Bevelled slit liner

Figure 2.9: DNS results of pressure, showing the vortex shedding on a straight
hole (a) and a beveled (b) slit liners at high SPLs. From: Tam, 2000 [96].

in a coordinate system. Since the velocity in the φ direction is zero, the stress can can

be written in terms of the velocity gradients in the r and z directions, where

σrz = µ(
∂ur
∂z

+
∂uz
∂r

). (2.120)

It is also possible to infer from Equation 2.119 that most of the energy dissipation

takes place adjacent to the walls of resonator aperture [96]. The shear gradient of the

jetlike boundary layer �ow at the walls is responsible for most of the energy dissipation,

especially for frequency excitation away from the resonant frequency or at lower SPLs

[96]. The total dissipation rate due to viscosity is obtained by integrating Equation 2.119

over resonator surface area, and it is more signi�cant near the resonator aperture [96].

The total dissipation rate is given by

Eviscous =

∫ ∫
D̄(r, z)drdz, (2.121)

and is summed over the shed vortices [96]. The ensemble averages of the kinetic energy

of a single vortex per unit span can be used to calculate the acoustic energy transformed

into vortices and later dissipated into heat per period, where

Eshedding =
N

T
< π

∫ R

0
ρ(r)V 2

θ (r)rdr >, (2.122)

considering R the radius of the vortex, Vθ the rotational velocity of the vortex and N the

number of vortices created during the period T [96]. The total energy dissipation rate

due to viscous and shedding mechanisms can be calculated summing Equation 2.121 and

Equation 2.122, obtaining

E = Eviscous + Eshedding. (2.123)
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The energy �ux of the incident acoustic waves at the resonator aperture can be de�ned

as

Eincident =
p̄2d

ρc
, (2.124)

where the pressure amplitude squared is a time average, d is the aperture diameter, and

it is normalized by the characteristic impedance ρc [96]. The ratio of the dissipated

energy to the incident energy, E/Eincident, gives the energy fraction dissipated by the

resonator.

The vortex shedding mechanism is an e�ective sound dissipation mechanism, as observed

by Tam, and shown in Figure 2.10.

(a) Vortex shedding regions (b) Energy ratio with SPL (c) Energy ratio with frequency

Figure 2.10: E�ect of vortex shedding into energy dissipation. From: Tam,
2000[96].

Tam varied the SPL and the excitation frequency of a liner tuned on 3kHz and observed

the vortex shedding appearance, calculating the energy ratio presented above. Two

distinctive areas were delimited showing that the energy dissipation due to the vortex

shedding is signi�cant and happens only for a limited bandwidth, and above 140 dB SPL

for the modelled liner geometry, as observed in Figure 2.10.(a). Figure 2.10.(b) shows

the threshold of vortex shedding at 3kHz due to SPL increase, and Figure 2.10.(c) shows

the energy ratio for di�erent excitation frequencies at 150 dB. So, it is possible to infer

that vortex shedding occurs above a certain SPL and for frequencies lower or around

the resonant frequency of the liner in question. This shows that it is di�cult to obtain

high frequency attenuation (without grazing �ow) using this type of liner because the

vortices are not shed as e�ectively as they are at lower frequencies. The simulated cases

in Chapter 5 will explore the particularities of this behaviour.





Chapter 3

Experiments

This chapter includes a description of impedance tests on liner samples during the course

of this research project. The main goal was to understand the di�erences between ex-

perimental methods used to calculate liner impedance and also to evaluate di�erent

geometries, manufacturing techniques, and signals a�ecting the liner impedance. The

focus was to fully understand the pure tone excitation liner impedances and exploit the

multiple tone excitation using di�erent combinations of harmonically-related tones.

A comprehensive amount of data obtained by varying the relative amplitude of two

harmonically-related tones will be presented by using di�erent experimental techniques

and samples to assess the precision and reliability of the results. Experimental data

collected during this study showed that the impedance of a speci�c frequency component

is highly dependent on the relative amplitude of pressure for the frequency analysed and

that for the other frequency components present in the impinging sound �eld.

Table 3.1 provides the dimensions of the conventional �at SDOF punched aluminium liner

sample and a �at wire mesh liner. The wiremesh liner is used to calibrate the portable

impedance meter, as it shows linear response at high SPL. The punched aluminium liner

sample was experimented in di�erent conditions, with a �anged impedance tube, with a

cylindrical sample extracted and inserted in a sample holder, and also in a grazing �ow

rig [85].

The �rst is a typical SDOF perforated liner composed of a punched aluminium facing

sheet with a honeycomb core and an aluminium backing sheet. This sample was exper-

imented in three di�erent conditions, using a �anged impedance tube, using a sample

holder in the impedance tube and at the duct wall of the grazing �ow test rig. The

second sample is a wire mesh liner composed of a support sheet with a large POA over

30%, which shows an almost linear response to high SPLs. The latter sample was used

to calibrate the �anged normal impedance tube system, so the impedance results of this

liner will not be discussed in details. A sample with 29 mm diameter was extracted from

55
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Table 3.1: Nominal sample geometry.

Sample information 1 - Punched Aluminium SDOF liner 2- Wiremesh Unity

Diameter of perforated sheet holes 0.991 - mm
Thickness of face plate 0.635 - mm

Length 210 210 mm
Width 182 158 mm

Face sheet Area 38220 33180 mm2

POA 5.20% - %
E� POA @ resonance (CD = 0.76) 5.18% - %

Hexagonal wall dimension (cell size) 5.00 5.00 mm
Height of honeycomb 19.05 30.00 mm
Honeycomb volume 1.24E-06 1.95E-03 mm3

the perforated liner in order to be measured in the impedance tube sample holder, while

the large perforated sample also had one cell instrumented to allow in-situ measurements

in the grazing �ow facility.

Figure 3.1: Perforated SDOF liner on the left, and wire mesh liner on the right.

The samples shown in Figure 3.2 were produced using two di�erent 3D printing tech-

niques. The S1M sample is made of stainless steel, manufactured by laser sintering 3D

printing; the others are made of ABS (Acrylonitrile Butadiene Styrene), manufactured

by photopolymerization 3D printing.

3.1 Portable impedance tube measurements

This section reports on the portable impedance tube measurement results. Two distinct

measurements were performed; using a �anged tube and applying the Flanged Two

Microphone Method (FTMM), or using a sample holder using either the TMM or the in

situ metho as shown on the left and middle pictures in Figure 3.3. The sample holder

was designed in order to contain the sound excitation inside the tube and also corrects

the mismatch between the facing sheet and the backing sheet areas of the liner, causing

the edge e�ect[68] illustrated on the right hand side of the Figure 3.3.
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Figure 3.2: 3D printed samples.

Edge effect

Facing sheet and backing

sheet area mismatch

Figure 3.3: Portable impedance meter cross section. Left - �anged setup, Center
- sample holder setup, Right - edge e�ect. Adapted from Ferrante, 2016 [32].

The in situ instrumentation assembly was developed to be used in the sample holder

setup and is illustrated in Figure 3.4.

The goal was to acquire simultaneously the time domain signals from the capacitive

microphones "Mic. A" and "Mic. B" using TMM, illustrated on the left hand side of

Figure 3.3, and signals of the high intensity microphones at the liner surface and backing

plate using Dean's Method. Kulite microphones named "Mic. 1" and "Mic. 2" were used

to perform the in situ measurements on the 3D printed samples which were drilled in

order to �t the microphones as shown on the exploded view of the assembly in Figure 3.4.

Two microphone holders (also 3D printed) were used to �x the microphone in place in
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Mic. 2

Mic. 1

Mic. holder

3D printed sample

Backing plate

Sample holder assembled

Base

Sample holder

Figure 3.4: In situ assembly using the sample holder setup for portable imped-
ance meter simultaneous measurements.

order to avoid any sound leakage. Also, a high performance silicon sealant was applied

between the edges of the sample cavities and the backing sheet.

Table 3.2 contains the list of instrumentation used for the no �ow experiments.

Table 3.2: Instrumentation used for no �ow measurements

Type of Equipment Brand Model

Laptop Sony Vaio PCG-31311M
Acquisition system Bruel & Kjær 3560-B-130
Power Ampli�er Bruel & Kjær WB3541
Ambient Monitor Testo 622

Microphone calibrator Bruel & Kjær 4231
Impedance meter Bruel & Kjær WA-1599-W-005

Capacitive microphones (2) Bruel & Kjær 4187
Preampli�ers (2) Bruel & Kjær 2670-W-007

Measurement software Bruel & Kjær Pulse Labshop v.19.0.0.128
Microphone 1.6 mm diameter Kulite Mic-062

Kulite pre-amp Customized -
10V Power Supply Hameg Instruments HM8040-3
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3.1.1 Test conditions and calibration procedures

A calibration of the system was performed before each set of measurements. Each ca-

pacitive microphone was calibrated using the acoustic calibrator once in the beginning

of the campaign. A signal to noise ratio was checked and a transfer function calibration

was also performed once and stored in a template. The wire mesh sample was measured

during this calibration procedure as its impedance is well known. Pure tone and white

noise measurements were performed on the wiremesh sample that is used to check the

calibration. After the measurements on the desired sample, another measurement on

the wiremesh sample con�rm that the system was correctly calibrated during the en-

tire experiment. The acoustic center calibration used a rigid metal sample, to ensure

the correct distance between the sample surface and microphone acoustic center used

in the calculation of the impedance. The TMM calculates the impedance based on the

re�ection coe�cient measured.

In terms of signal processing, broadband signals were measured using 800 lines and 8

Hz resolution (0 to 6400 Hz) in the frequency domain while the pure tone measurements

used 6400 lines and 1 Hz resolution. During the measurement 4 time averages were taken

for pure tone cases. This is su�cient when using the impedance meter as the signals are

very deterministic. However, 40 averages were used for broadband signals such as white

noise, square, sawtooth and pink noise. The Hanning window was applied to perform

the Fast Fourier Transform (FFT) on the acquired signal.

The environmental data of absolute pressure, relative humidity and temperature were

monitored continuously and reported in the signal acquisition software. The environ-

mental data allow the calculation of the characteristic impedance, which was used to

extract the normalized impedances calculated. The environmental conditions did not

vary much during the experimental campaigns remaining around 25 ± 3◦C, and 1015

± 1 hPa. The temperature and ambient pressure were used to calculate the normalized

impedance for each set of measurements.

3.1.2 Punched Aluminium SDOF liner results

As the liner shows di�erent number of apertures per cell, the liner impedance is an av-

erage value that varies locally. Five di�erent positions were measured on the punched

aluminium SDOF sample placing the �anged tube on the top of di�erent cells. Broad-

band, multiple tone and pure tone signals were used to excite the sample and obtain the

impedance at di�erent liner cells. Data from �ve measurement locations show deviations,

which suggests that the �ange position adds variability due to the number of cells excited

and partial blockage of some holes, which change the e�ective porosity (POAeff) of the

sample.
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The pressures in each microphone of the impedance tube allow the calculation of the

spatial average pressure at the liner surface, p0. Consider the microphone "A" at the

position x1 and the microphone "B" at the position x2 as shown in Figure 3.3. The

pressure of the incident and re�ected waves along the impedance tube can be be written

as

pI = p̂Ie
ik0x, (3.1)

pR = p̂Re
−ik0x, (3.2)

where p̂I and p̂R are the complex magnitudes of the incident and re�ected waves at the

reference plane which corresponds to the liner surface.

The complex pressures measured in both microphones can be represented as p1 and p2

for the microphone "A" and "B" respectively, in order to maintain the same notation as

in the standard and given by

p1 = p̂Ie
ik0x1 + p̂Re

−ik0x1 , (3.3)

p2 = p̂Ie
ik0x2 + p̂Re

−ik0x2 . (3.4)

Transfer function between those microphone is given by

H12 =
p2

p1
=
p̂Ie

ik0x2 + p̂Re
−ik0x2

p̂Ieik0x1 + p̂Re−ik0x1
. (3.5)

The re�ection factor is the ratio of the re�ected wave to that of the incident wave and

can be obtained in di�erent positions x on the impedance tube considering plane wave

propagation, where

Γ =
pR
pI

=
p̂Re

−ik0x

p̂Ieik0x
=
p̂R
p̂I
e−2ik0x. (3.6)

At the liner surface x = 0 the re�ection factor is given by Γ = p̂R
p̂I
. So, the pressures at

the microphone positions can be written as a function of the re�ection coe�cient, that

can be substituted in the Equation 3.5. The transfer function can be written as

H12 =
eik0x2 + Γe−ik0x2

eik0x1 + Γe−ik0x1
. (3.7)

Isolating the re�ection factor, factorizing by eik0x1/eik0x1 and substituting s = x1 − x2

it is possible to calculate the re�ection coe�cient in terms of the transfer function [42]
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as shown in section 2.7.1, where

Γ = |Γ |eiθr =
H12 − e−ik0s

e−ik0s −H12
e2ik0x1 . (3.8)

From Equations 3.3 and 3.4 it is possible to isolate the re�ected wave magnitude and

equate both equations [15],

p̂R =
p1 − p̂Ieik0x1
e−ik0x1

=
p2 − p̂Ieik0x2
e−ik0x2

. (3.9)

Solving for the incident wave it is possible to obtain

(p1 − p̂Ieik0x1)e−ik0x2 = (p2 − p̂Ieik0x2)e−ik0x1 ,

p1e
−ik0x2 − p̂Ieik0(x1−x2) = p2e

−ik0x1 − p̂Ie−ik0(x1−x2),

p̂I(e
ik0(x1−x2) − e−ik0(x1−x2)) = p1e

−ik0x2 − p2e
−ik0x1 ,

p̂I =
p1e
−ik0x2 − p2e

−ik0x1

eik0(x1−x2) − e−ik0(x1−x2)
,

p̂I =
p1e
−ik0(x1−x2) − p2

eik0(x1−x2) − e−ik0(x1−x2)
e−ik0x1 ,

p̂I =
p1e
−ik0s − p2

eik0s − e−ik0s
e−ik0x1 , (3.10)

where the transfer function can be substituted to obtain

p̂I =
e−ik0s − p2

p1

eik0s − e−ik0s
p1e
−ik0x1 ,

p̂I =
e−ik0s −H12

eik0s − e−ik0s
p1e
−ik0x1 . (3.11)

In the same way from Equations 3.3 and 3.4 it is possible to isolate the incident wave

magnitude and obtain a similar equation to the re�ected wave [15],

p̂R =
H12 − e−ik0s

eik0s − e−ik0s
p1e

ik0x1 . (3.12)

Both Equations 3.11 and 3.12 can be used to calculate the pressure on the liner surface

where x = 0, given by

p0 = p̂Ie
ik0x0 + p̂Re

−ik0x0 ,

p0 = p̂I + p̂R,

p0 =
e−ik0s −H12

eik0s − e−ik0s
p1e
−ik0x1 +

H12 − e−ik0s

eik0s − e−ik0s
p1e

ik0x1 . (3.13)

The pressure on the liner surface will vary accordingly to the position of the �anged

impedance tube. This technique will be called as Flanged Two Microphone Method
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(FTMM). The average pressure can also be obtained by several measurements at di�erent

positions n on the liner surface, given by

P̄ =
1

n

∑
n

(P0)n, (3.14)

where n is the number of measurements taken in each di�erent �anged tube position on

the liner surface and (P0)n is the frequency domain root mean squared pressure on the

liner surface for the nth measurement obtained by the Equation 3.13. The impedance was

calculated based on the TMM that uses the re�ection coe�cient from the Equation 2.71.

The results will be shown in the following subsections by type of acoustic excitation

in order to elucidate the signal implications on the measured liner impedance. The

discharge coe�cient and face sheet mass reactance were also calculated for pure tone

excitation.

3.1.2.1 White noise

Figure 3.5 shows the impedance results measured at �ve di�erent positions at the perfor-

ated liner sample facing sheet. The broadband test at 130 dB OASPL in each measure-

ment was performed with the impedance meter �ange resting over the sample, partially

sealing excited resonator cells. A statistical variability in the results caused by the meter

position is frequency dependent. The results have small variations below 0.1 for the res-

istance within a certain frequency band 2.5-5.0 kHz. The results above 5.0kHz and below

2.5kHz shown uncertainties on liner's impedance that are caused by the limitations of

the �anged tube at low frequencies, where the edge e�ect dominates. The �anged tube

impedance results are more accurate above the resonance frequency. A mean curve was

calculated for each OASPL in order to obtain a single value for the liner impedance

based on the pressure given by Equation 3.14 and mean velocity acquired by the same

procedure used for the pressure.

Figure 3.6.(a) shows the mean impedance curves over the �ve measurement positions on

the perforated liner facing sheet using the �anged impedance tube. Each curve shows

the impedance results over a range of OASPLs from 130 to 155 dB in 5 dB steps. The

oscillation of the curves suggest statistical variability in the results, where more oscillation

is observed for the curves at higher OASPLs, meaning that more averages are needed

to perform precise measurements at higher OASPLs. An increase of resistance, and a

decrease of reactance is observed as the OASPL increases.

Figure 3.6.(b) shows the impedance results of a small sample cut from the original per-

forated liner sample, and inserted into a sample holder, for various OASPLs and white

noise signals. The di�erences between the results in Figure 3.6.(a) and Figure 3.6.(b) are

mostly related to the di�erent POA. The �anged sample has POAeff = 5.2 % and the
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Figure 3.5: Punched aluminium SDOF liner impedance for white noise excita-
tions at 130 dB, on di�erent physical positions using FTMM.
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(a) Flanged.
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(b) Sample holder.

Figure 3.6: Mean impedance results calculated using FTMM on �ve di�erent
positions of the punched aluminium SDOF liner and using TMM for the same
liner in the sample holder for white noise excitation from 130-155 dB OASPL.

small sample on the holder has POAeff = 3.5 %. This large di�erence is caused because

the extracted sample area was slightly smaller than the impedance tube diameter and

some holes were blocked by the sealant on the edges of the sample holder. As expected

the in tube results using TMM are better at lower frequencies.

Figure 3.7 shows the average particle velocity magnitude and phase over the sample

holder liner surface for OASPL values from 130-150 dB. The velocity magnitudes at high
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SPLs showed in logarithmic scale behave likewise the velocity magnitudes at low SPLs.

The phase at around 1800 Hz shows a phase-wrapping that might be associated with the

edge e�ect bump observed on the resistance curve.
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Figure 3.7: Punched aluminium SDOF liner in the sample holder average particle
velocity over the liner surface calculated using TMM for white noise excitations
from 130-155 dB OASPLs, using seven points moving average.

Figure 3.8 shows the absorption coe�cients of the sample holder liner for 130-155 dB

OASPL using white noise excitation. E�cient liner absorption occurs over a speci�c

frequency band and it is SPL dependent. The absorption frequency band increases as

the OASPL increases, however the absorption coe�cient varies, reaching a peak of 1.0

around 2100-2150 Hz for 145 dB OASPL and showing values below 0.85 for 155 dB

OASPL. The peak occurs when the normalized impedance is closest to 1+0j, which is

the characteristic impedance of the air.

The peak in absorption around 1.5-2.0 kHz suggests that non-linearities can occur near

the resonant frequency using a broadband signals at 130 and 135 dB. However, the ve-

locity magnitudes are low and does not provide signi�cant non-linearities at this SPLs.

Resistance increase at this frequency range and oscillations also appears for reactance as

showed in Figure 3.6.(b). This sudden increase in resistance diminishes as the OASPL

increases, so as the peak absorption also shifts to higher frequencies. Also, Figure 3.5

shows signi�cant variations depending on the �anged measurement position. The edge

e�ect could be observed for �anged measurements as reported by Murray as an "unreal-

istic" increase in resistance at low frequency because of an area mismatch between the

facing sheet and the backing sheet areas [68]. This can also occur in small scale using

the sample holder, as the sample is slightly smaller than the tube diameter.
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Figure 3.8: Absorption coe�cient results on the surface of the perforated liner
in a sample holder for white noise excitations at di�erent OASPLs, using a seven
point moving average.

Figure 3.9: Punched aluminium SDOF sample extracted from the panel and
inserted on the sample holder.

3.1.2.2 Flanged tube - Pure tone

Pure tone measurements were performed using a waveform signal. Pure tones from 1.1-

5.1 kHz in 500 Hz steps were used to excite and measure the �anged impedance on the

large punched aluminium sample using the Flanged Two Microphone Method (FTMM).

The same �ve physical positions used to perform the broadband excitation experiment

were used to perform the pure tone excitation experiment. The same OASPL as the

broadband excitation experiment was target at the liner surface during the pure tone

excitation experiments.

Figure 3.10 shows the average impedance of the punched aluminium sample measured

by a �anged tube in �ve positions at 130 dB OASPL. Similar statistical variations were

observed for pure tone excitation in comparison with Figure 3.5 for a broadband signal.

Large dispersion and consequently less con�dence is expected below approximately 2.0

kHz in both cases.
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Figure 3.10: Punched aluminium SDOF liner impedance results using FTMM for
pure tone excitations at 130 dB, at di�erent physical positions and the arithmetic
average of results.

Figure 3.11 contains the average curves of impedance, based on the results of 5 di�erent

physical positions on the punched aluminium liner sample using FTMM. Each curve

was obtained for a �xed OASPL value and contains the standard deviation for each

excitation frequency represented as the error bars. The average impedance curves were

calculated for 130-150 dB SPL at the liner surface using 5 dB steps in order to assess

the non-linearity progression.
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Figure 3.11: Punched aluminium SDOF liner average impedance results for pure
tone excitations at di�erent OASPLs using FTMM.
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The error bars represent the standard deviation of the impedance values, placing the

�anged tube in �ve distinct face sheet positions. Resistance standard deviations higher

than 0.1 were calculated below 2.0 kHz and above 5.0 kHz. The resistance also increases

at low frequencies due to the edge e�ect. These results shows the same trend as the

white noise results, where higher uncertainty is expected at low frequencies. Thus, the

sample holder results will be studied in more detail.

3.1.2.3 Sample holder - Pure tone

The sample holder measurements were performed using more tones from 0.6-5.1 kHz

in 250 Hz steps. The same OASPLs as the previous experiments were target at the

liner surface to performed the experiments. Figure 3.12 shows the impedance, SPL and

velocity results measured on the perforated liner in the sample holder.
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Figure 3.12: Impedance, SPL and velocity results for pure tone excitation on
the perforated liner in a sample holder.

The resistance and reactance results are larger using the sample holder, shifting the

resonant frequency to lower values than the �anged set-up. The POAeff is the main

reason why the results diverge, as there are fewer open holes in the sample holder facing

sheet. The results show more reliable data for low frequencies when using the sample

holder as the edge e�ect is partially removed. However, normal incidence experimental

data is not enough to describe the liner impedance under real engine noise excitation, as

the grazing �ow in�uence is absent.
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Figure 3.13: Absorption coe�cient for 130-155 dB SPL range using the sample
in the holder at di�erent pure tone frequencies.

Figure 3.13 shows the absorption coe�cient calculated on the surface of the sample in-

serted in the sample holder and excited by pure tones at 130-155 dB OASPL. Comparing

the absorption curves for pure tones and for white noise, in Figure 3.8, it is possible to

observe that higher absorption peaks occur at lower OASPLs for pure tones. Both excit-

ations shows narrow band absorption at low OASPL and broader band at high OASPL,

as well as the absorption coe�cient peak reduces above 150 dB OASPL achieving around

0.85 at 155 dB OASPL at 2250 Hz.

Figure 3.14.(a) shows the resistance change due to the increasing Root Mean Squared

(RMS) velocities measured in the perforated liner surface using pure tones at various

frequencies and OASPLs. Di�erent slopes for each line represents the nonlinear beha-

viour of the liner at that speci�c frequency. Every pure tone shows some degree of

nonlinearity as the velocity increases. Pure tones at low frequencies show the greatest

non-linearities with the non-linear slope remaining almost constant up to around 2 kHz.

As the excitation frequency increases above around 2 kHz progressively lower degrees of

nonlinearity are shown, suggesting that the vortex shedding energy dissipation mechan-

ism is more e�ective at lower Strouhal numbers that correlate the frequency and velocity

components.

Figure 3.14.(b) shows the resistance at the same frequencies as shown in Figure 3.14.(a) in

terms of the Strouhal number, as de�ned in Equation 2.26. It can be seen that this higher

non-linearity reported in terms of the frequency and velocity occurs for lower Strouhal

numbers than approximately 1 < St < 2. Above such values there is nonlinearity too,

but not so intense as it is at lower Strouhal numbers. As the curves do not collapse with

frequency, it is suggested that some factor is missing. This factor may be the discharge

coe�cient as it varies with frequency.
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(a) Nonlinearity varying with velocity.
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Figure 3.14: Resistance dependence on the spatial average RMS velocity meas-
ured for 130-155 dB OASPL at di�erent frequencies in the sample holder and
versus Strouhal number.

3.1.2.4 Discharge coe�cient

The resistance θ versus vrms data of Figure 3.14.(a) was linearly regressed in order to

calculate the non-linear slope and consequently the POAeff . Velocities below approx-

imately 25 m/s were excluded during the curve �tting in order to isolate the non-linear

components. The POAeff of the sample can be determined at the resonant frequency

of the liner using the well accepted value CD = 0.76, using

POAeff =
100

CD

√
10−3ρ

2ψ
, (3.15)

where ψ is the slope of the straight line given in cgs Rayls
cm/s and ρ is the density in g/cm3

[70].

For a constant POAeff calculated at the resonant frequency, the discharge coe�cient

CD can be isolated using Equation 3.15 and calculated using the slope ψ found at the

frequency of interest. Velocities below 25 cm/s were excluded during the curve �tting in

order to obtain the same slope obtained at lower Strouhal numbers for all SPLs.

The resulting discharge coe�cients calculated for the �anged measurements on the per-

forated sample are displayed in Figure 3.15. The calculated CD approaches unity as

the frequency increases (i.e. the acoustic boundary layer thickness reduces as frequency

increases).

The same procedure was used to calculate the discharge coe�cient for the aluminium

perforated sample inside the holder, using a large number of pure tones, as shown in

Figure 3.16. Results similar to the sample outside the holder were obtained at the same

frequencies, but at this time the discharge coe�cient is progressively increasing so a

polynomial curve was �tted to extract CD(f). The polynomial equation of CD(f) was

used in the 1D numerical implementation of di�erent impedance models in order to

obtain the impedances corrected by this frequency dependent discharge coe�cient.
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Figure 3.15: Discharge coe�cient calculated for the punched aluminium SDOF
liner using the �anged impedance tube (POAeff = 5.2%).
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Figure 3.16: Discharge coe�cient calculated for the punched aluminium SDOF
liner contained in the holder (POAeff = 3.5%.
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3.1.2.5 Face sheet mass reactance

One way to interpret the reactance is to divide it into two main components, the cavity

reactance and the face sheet mass reactance. The cavity reactance can be determined

analytically from −cot(kh), where k is the wave number and h is the cavity depth. The

face sheet mass reactance mf is time dependent, because the mass volume that oscillates

in the neck of the resonator varies over time, altering the end correction. The non-

linearity observed at high OASPL a�ects the end correction so the mass reactance term

is the most important reactance term to fully characterize the liner reactance. De�ning

the normalized frequency in terms of the resonant frequency as,

ω0 = f/f0, (3.16)

where f0 is the resonant frequency of the liner and f is the frequency component evalu-

ated. The face sheet mass reactance can be calculated at the resonant frequency of the

liner f0 knowing that,

χ0 = mf0k − cot(kh), (3.17)

where mf0 is the face sheet mass reactance at the resonant frequency. Knowing that

χ0 = 0 at the resonant frequency, it is possible to isolate mf0, obtaining

mf0 =
cot(kh)

k
. (3.18)

Assuming that the discharge coe�cient is frequency dependent and it is strongly related

to mass reactance, the values ofmf are also frequency dependent. Using the experimental

CD(f) obtained previously for the sample in the holder is was possible to calculate mf

using the following equation

mf = mf0
CD
CDf0

, (3.19)

where CDf0 is the discharge coe�cient at the resonant frequency given by 0.76. The new

semi-empirical curve obtained for the reactance is given by χ = kmf − cot(kh) using a

frequency dependent mass reactance.

The graphs in Figure 3.17 show the reactance using the sample holder con�guration.

Experimental and numerical curves using frequency dependent mass reactance mf show

good agreement for both pure tone and broadband experimental data from 130-150 dB.

Observe that for a non frequency-dependent mass reactance mf0 that uses a �xed value

of discharge coe�cient, the agreement is not good at higher frequencies. The numerical

model used on this validation is the one proposed in the section 4.3 and it is based on

Rice model, and Cummings model with Bodén�s corrections that were covered on section

2.6 and it�s implementation is covered in the Section 4.2.
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Figure 3.17: Reactance curve using the sample holder and the calculated fre-
quency dependent mass reactance against experimental results for pure tone and
broadband excitation at 130 dB and 150 dB OASPL.

3.1.2.6 Other broadband signals

Four di�erent broadband signals were evaluated to check if there is any correlation

between the number of frequency tones and the associated resistance. Figure 3.18 il-

lustrates the resistance comparison using broadband signals and pure tones to excite the

sample in the holder at the same OASPL. The signals used were the white noise, pink

noise, sawtooth and square waves.
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(c) OASPL=150 dB

Figure 3.18: Broadband resistances compared with pure tone for the sample in
the holder using TMM. Black line - Pure tones, Purple line - White noise, Red
line - Sawtooth, Blue line - Pink noise, Yellow line - Square.

The OASPL was kept constant in each graph, however, each frequency component has

a di�erent SPL, depending on the signal signature. The black line corresponds to the

pure tone resistance, already shown in the Figure 3.12. Each of the broadband signals

was smoothed using a moving average composed of 10 adjacent frequency component

resistances. It is possible to observe a very good agreement between the pink noise and
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white noise signal resistances, as both have several frequency components in the same

bandwidth.

The Sawtooth signal is composed of several even and odd harmonically related tones from

600 Hz onwards. However, the impedance spectra is captured in each 1 Hz bandwidth. In

the case of Square signal, only the odd harmonics are present, and also the fundamental

frequency chosen was 600 Hz. Both sawtooth and square wave resistance spectra are

calculated for each 1 Hz frequency bandwidth. Despite the fact that square and sawtooth

signals have only few frequency components in the frequency range shown, it is possible

to observe that the loudspeaker used to excite the system cannot just work in this speci�c

frequencies and there is a signi�cant sound pressure level in frequencies other then the

harmonics. However, it is possible to observe the di�erences in resistance caused by

broadband signals in comparison to pure tone signals.

The broadband signals showed lower resistances than the pure tone excitation within the

liner resonant frequency octave. On the other hand, the pink noise and white noise cause

higher resistances away from the resonant frequency octave. This resistance increase also

is shown when using the sawtooth, however, it is shown by the square signal only at lower

frequencies. More non-linearity is observed as the OASPL increases, suggesting that the

entire frequency spectra of the incident pressure should be taken into account during

liner modelling at high levels. Also, the resistance spectra change of the square wave

from 140 dB to 150 dB suggests that the odd harmonic non-linearity vanishes at high

SPLs, apart the fact that the entire spectra of the square signal response, composed by

only a couple of odd harmonics, and considering the graphs in the Figures 3.18.(b) and

3.18.(c).

It is possible to conjecture that there is a relationship between liner resonant frequency

and the relative amplitude between frequency components of the excitation signal. This

e�ect potentially causes higher resistances away from the resonant frequency octave, and

also lower resistances within the resonant frequency octave. The next analysis uses two

harmonically related tones, the fundamental and �rst even harmonic, in order to simplify

the analysis and observe only the e�ect caused by these two frequency components.

3.1.2.7 Multiple tone results

The impedance depends on the time history of the acoustic particle velocity at the

liner surface. If the incoming sound wave contains only a single tone, the impedance

will be controlled by the acoustic particle velocity at that frequency for a given SPL.

On the other hand, random or periodic acoustic excitations with multiple tones may

contain several frequency components and consequently, complex velocity history on the

resonator aperture.
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Two tone signals were generated with three di�erent combinations of amplitudes, in order

to analyse the impedance of each frequency component in the presence of a second tone.

The low frequency tone, will be presented as "fundamental" or by the index "1", and the

high frequency tone will be presented as "harmonic" or by the index "2". Considering

the input signal, pressure amplitude ratios between tones in decibels was kept �xed for

each set of measurements. The OASPL was changed by changing the voltage applied

on the loudspeaker of the impedance tube only. Keeping the pressure amplitude ratio

between tones constant, it could be particularly interesting to observe the energy transfer

between frequency components as the OASPL increases. This was not carried, but the

experimental results provide a good understanding about the di�erences in impedance

due to the presence of multiple tones. The following acronyms will be used to identify

each type of input signal analysed:

• Pure tone signal, where the pressure amplitude ratio between tones is much larger

than 10 dB (PT);

• Fundamental tone sound pressure level is 10 dB higher than the harmonic tone

sound pressure level (F>H);

• Two tones present in the signal have the same sound pressure level (Same);

• Harmonic tone sound pressure level is 10 dB higher than the fundamental tone

sound pressure level (H>F).

The tones are harmonically related and the frequencies of the fundamental tone were

chosen in order to obtain the fundamental tones near of below the resonant frequency

of the liner. The harmonic tone remains within the frequency range measured by the

impedance meter. The complex impedance of the liner was calculated at each frequency

component, and only the excited frequencies were analysed.

Figure 3.19.(a) shows the fundamental tone resistance values, θ1, for the liner inserted

into the sample holder. The resistance was calculated at the liner surface using four

di�erent signals with the same OASPL. Each signal had a di�erent pressure amplitude

ratio between the fundamental and the harmonic tones. The pure tone signal (PT)

contains the majority of the energy in the fundamental tone, whereas the (H>F) signal

contains the majority of the energy in the harmonic signal.

It is possible to observe in the Figure 3.19.(a) that the pressure amplitude ratio between

tones strongly in�uences the impedance at the evaluated tone. The peak of resistance

occurs around 2100 Hz for the pure tone case, as observed by the yellow bars. However,

the peak shifts to lower frequencies as more incident energy is placed in the harmonic

frequency, as the maximum resistance for H>F is at 1100 Hz. Exciting the same sample

at higher OASPLs produce essentially the same behaviour as the results at lower sound

pressure levels, where the peak of resistance shifts from the resonant frequency to lower
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frequencies as the incident energy increases in the harmonic tone. This can be seen

analysing the peaks in the bars of Figure 3.19.(b) where the presence of equal energy in

the harmonic both increases the fundamental resistance and lowers the peak frequency.
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Figure 3.19: Impedance of the fundamental tone calculated at the punched
aluminium SDOF liner surface inserted in the sample holder for incident signals
with varying pressure amplitude ratios between frequency components using
TMM.

A reactance decrease is observed as the OASPL increases from Figure 3.19.(c) to Fig-

ure 3.19.(d), especially at frequencies around the resonance, where the resonant frequency

increases from 2100 Hz to 2270 Hz. However, no signi�cant reactance changes were ob-

served at each fundamental frequency when the frequency content of the signal was

modi�ed, see Figure 3.19.(d).

In other words, for a �xed OASPL, the resistance at an speci�c frequency component

using pure tones di�ers from the impedance using multiple tones. The pressure amp-

litude ratio between tones in a given incident wave determines the liner response and

consequently the resistance at a given tone. This behaviour is frequency dependent and

is likely to be correlated with the resonant frequency of the liner, as the resistance in-

creases for w0 < 1 and decreases for w0 ≈ 1 when the level of the second tone is greater

than the evaluated tone.
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Figure 3.20: Impedance results of the fundamental tone, using two tones with
di�erent incident relative amplitudes measured in the punched aluminium SDOF
liner using FTMM. On the left hand side incident fundamental tone pressure is
10 dB higher than the harmonic tone pressure. In the middle both tones have
the same pressure amplitude. On the right hand side the harmonic tone pressure
amplitude is 10 dB higher than the fundamental tone.

The trends are also seen for tests with �anged tube using FTMM as shown in Figure 3.20.

Even with the edge e�ect, it is possible to observe the same behaviour as measured on the

sample holder. The impedance of the fundamental tone, using a multitone signal, was

plotted as a trend line for di�erent frequencies at the same OASPL. Each dot corresponds

to the impedance of the fundamental tone during one measurement. The graphs on

the left hand side show the results of signals that contain incident fundamental tone

pressure 10 dB higher than the harmonic tone pressure. The graphs in the middle show

the impedances using signals that contain both tones with the same pressure amplitude.

The graphs on the right show the impedances using signals that contain the harmonic

tone pressure amplitude 10 dB higher than the fundamental tone. The legend shows the

OASPL of each group of measurements.

Incident waves that contain higher harmonic tone pressure amplitudes are shown to
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induce higher resistances at the fundamental tone frequencies below 2 kHz and lower

resistances around 2 kHz for di�erent OASPLs. The reactance behaviour is also sensitive

to OASPL but only when the signal contains higher pressure amplitudes in the harmonic

tone.

On the other hand, Figure 3.21 contains the same measurement results as Figure 3.20

but from the perspective of the harmonic tone. The impedance data plotted is calculated

at the frequency of the harmonic tone using a multitone signal.

2000 3000 4000 5000
Frequency [Hz]

0

0.5

1

1.5

2

H
ar

m
on

ic
, θ

 [-
]

2000 3000 4000 5000
Frequency [Hz]

-0.5

0

0.5

1

1.5

2

2.5

H
ar

m
on

ic
, χ

 [-
]

Harmonic -10 dB than fundamental tone

2000 3000 4000 5000
Frequency [Hz]

0

0.5

1

1.5

2

H
ar

m
on

ic
, θ

 [-
]

2000 3000 4000 5000
Frequency [Hz]

-0.5

0

0.5

1

1.5

2

2.5

H
ar

m
on

ic
, χ

 [-
]

Harmonic +10 dB than fundamental tone

135 dB

140 dB

145 dB

150 dB

2000 3000 4000 5000
Frequency [Hz]

0

0.5

1

1.5

2
H

ar
m

on
ic

, θ
 [-

]

2000 3000 4000 5000
Frequency [Hz]

-0.5

0

0.5

1

1.5

2

2.5

H
ar

m
on

ic
, χ

 [-
]

Same amplitude on both tones

Figure 3.21: Impedance results of the harmonic tone, using two tones with
di�erent relative amplitudes measured in the punched aluminium SDOF liner
sample using FTMM.

It was observed that a signal with higher pressure amplitudes at the harmonic behaves

similarly as a pure tone at the same frequency. However, when the incident wave con-

tains more energy in the fundamental tone than in the harmonic, the liner impedance

shows higher resistances at the harmonic tone frequency above 3 kHz as observed on the

left hand side graphs in Figure 3.21, in comparison with the graphs on the right hand

side. Hence, in this case, losses are increased at the harmonic frequency when energy is
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added to the fundamental. Near the resonant frequency w0 ≈ 1 the e�ect reversed, as in-

creasing the energy in the fundamental reduces the resistance at the harmonic (resonant

frequency).

Furthermore, a resistance peak was observed around 4300 Hz when the magnitude of the

fundamental tone is high and greater than the level at the harmonic. This frequency is

double the resonant frequency of the liner, which is around 2150 Hz at moderate to high

OASPL. Perhaps the energy transfer to the harmonic is increased for the enhanced liner

response at the resonance frequency.

The reactance calculated at the harmonic suggests that the liner has reduced inertance

when the fundamental tone has increased pressure amplitudes.

3.1.3 3D printed liners results

It is evident that more data is needed in order to fully characterize the physical behavior

involving multiple tone excitations in liners. Therefore, additional measurements were

conducted using 3D printed samples in order to check if the multiple tone characteristics

are similar for a di�erent liner geometry. The 3D printed samples also incorporate in

cell measurements of the impedance, for comparison with TMM. Table 3.3 illustrates

the geometric average manufacturing errors in respect to the nominal values for the 3D

printed samples.

3.1.3.1 Manufacturing process evaluation

Di�erent 3D printing techniques were used in this study in order to evaluate the dif-

ferences in impedance caused by slight changes in geometry due to the manufacturing

process. A replica of the sample S1 was produced by photopolymerization using the

original honeycomb geometry, the same as the perforated liner produced by conventional

methods, and it was called S1A. A laser sintering process was also used to produce one

sample having the same nominal geometric features as the sample S1, and it was called

S1M.

The photopolymerization process, used to build the samples, works with ultraviolet light

that solidify the photopolymeric solution and construct the sample in several stages. A

base containing the photopolymer moves in order to �ll the chamber with the solution.

Each layer is constructed one over the other, using the ultraviolet light to solidify each

layer. The base plate usually needs a dedicated construction structure to be placed below

the part in order to allow the sample extraction without damaging it. The machine used

to manufacture the samples is the EnvisionTec Ultra that allows up to 50 µm layers.

The in�uence of each geometric feature on liner impedance can be evaluated by a para-

metric analysis, where several samples are needed in order to obtain su�cient data to
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formulate a liner model. Three sets of samples were produced in order to perform such

analysis. Samples S1A, S1B, S1C and S1M are copies of the SDOF perforated sample

showed in Figure 3.1. They were produced to assess the in�uence of material and man-

ufacturing repeatability. On the other hand, samples S1 to S12 have a single cavity and

variations in the hole diameter, the facing sheet thickness and the POA. The range of

values for each parameter were chosen in order to mimic the typical geometries found

on commercial liners used in the aerospace industry. The geometric features of the 3D

printed samples are tabulated in Table 3.3.

Table 3.3: Geometric features of the 3D printed samples

Parameter Hole diameter Plate thickness Cavity
depth

Sample diameter POA Number
of holes

S1
Nominal 1.00 0.64 19.05 29.00 5.2% 44

Mean 1.03 0.85 18.93 28.95 5.5%

Std. Deviation 0.02 0.01 0.04 0.04 0.3%

Error from nominal 3.0% 34.0% 0.7% 0.16% 6.0%

S2
Nominal 1.00 1.00 19.05 29.00 5.2% 44

Mean 1.02 1.19 18.99 28.94 5.5%

Std. Deviation 0.03 0.02 0.02 0.03 0.3%

Error from nominal 2.5% 19.5% 0.3% 0.21% 5.6%

S3
Nominal 1.00 1.25 19.05 29.00 5.2% 44

Mean 1.01 1.41 19.04 28.93 5.4%

Std. Deviation 0.01 0.01 0.05 0.03 0.1%

Error from nominal 1.4% 12.6% 0.1% 0.24% 3.3%

S4
Nominal 1.00 1.50 19.05 29.00 5.2% 44

Mean 1.06 1.69 19.09 28.97 5.9%

Std. Deviation 0.05 0.01 0.03 0.06 0.6%

Error from nominal 6.1% 12.5% 0.2% 0.12% 13.0%

S5
Nominal 1.00 2.00 19.05 29.00 5.2% 44

Mean 1.01 2.17 18.98 28.78 5.4%

Std. Deviation 0.01 0.01 0.02 0.40 0.1%

Error from nominal 0.7% 8.6% 0.4% 0.75% 3.1%

S6
Nominal 1.00 0.64 19.05 29.00 3.6% 30

Mean 1.05 0.87 18.94 29.01 3.9%

Std. Deviation 0.02 0.02 0.02 0.04 0.1%

Error from nominal 5.1% 37.0% 0.6% 0.03% 10.3%

S7
Nominal 1.00 0.64 19.05 29.00 7.1% 60

Mean 1.13 0.95 18.96 29.03 9.0%

Std. Deviation 0.02 0.03 0.05 0.07 0.3%

Error from nominal 12.7% 49.4% 0.5% 0.09% 26.8%

S8
Nominal 1.00 0.64 19.05 29.00 10.0% 84

Mean 1.10 0.86 18.95 29.02 9.4%

Std. Deviation 0.07 0.01 0.06 0.09 1.4%

Error from nominal 10.0% 36.1% 0.5% 0.06% 5.5%

S9
Nominal 1.00 0.64 19.05 29.00 19.3% 162

Mean 1.14 0.86 18.83 28.72 25.4%

Std. Deviation 0.03 0.01 0.04 0.39 1.4%

Error from nominal 13.7% 36.1% 1.2% 0.95% 31.8%

S10
Nominal 1.27 0.64 19.05 29.00 5.2% 27

Mean 1.36 0.81 18.94 29.00 5.9%

Std. Deviation 0.03 0.01 0.01 0.06 0.2%

Error from nominal 6.7% 27.5% 0.6% 0.01% 13.9%

S11
Nominal 1.56 0.64 18.42 29.00 5.2% 18

Mean 1.51 0.85 18.91 29.06 4.8%

Std. Deviation 0.01 0.01 0.04 0.09 0.1%

Error from nominal 3.5% 33.4% 2.7% 0.20% 7.2%

S12
Nominal 1.91 0.64 19.05 29.00 5.2% 12

Mean 2.01 0.82 18.93 29.08 5.7%

Std. Deviation 0.02 0.01 0.05 0.14 0.2%

Error from nominal 5.1% 29.2% 0.6% 0.28% 9.8%

Average error 5.9% 28.0% 0.7% 0.3% 11.4%

The "mean" values are the averages of four measurements taken on each parameters

selected in random locations. The Moore & Wright Digitronic Micrometer 200 series with

± 0.001 mm precision from 0-25 mm was used to measure the facing sheet thicknesses, and



80 Chapter 3 Experiments

the cavity depth. The hole diameters were measured using Alicona optical microscopy

images that provided precision of ± 0.01 µ m. Samples S1, S2, S3, S4 and S5 have

progressively larger facesheet thicknesses. Samples S6, S7, S8 and S9 have progressive

larger porosities (POA). Samples S10, S11 and S12 have progressive larger hole diameters

keeping the other parameters constant.

The technical drawings of each sample and the impedance meter sample holder assembly,

used to perform in situ measurements are given in Annex B. A ribbed structure with

just 4 mm depth from the facesheet was printed on the samples S1 to S12, instead of

using a complete honeycomb structure, in order to give rigidity to the facesheet but

avoid di�culties to insert in situ microphones. Only the experimental results using the

perforated liner, S1, S2, S1A and S1M are reported in this chapter in order to illustrate

the comparisons between manufacturing processes, measurement methods, and signal

excitation responses of the evaluated samples.

The photopolymerization does not provide a rigorous geometry control of the samples.

On average a 28% error was obtained on the facing sheet thickness of the liner sample

produced by this technique as observed in Table 3.3. However, the liner cavity depth

of the sample show lower geometric errors of 0.7% in respect to nominal values. The

holes needed to be re-drilled after the 3D printing process, so the precision of the hole

diameter was controlled by the bench drill used, showing average errors of 5.9% in terms

of the nominal values. The deviations caused on the POAeff were calculated based

on the precision of two measurements, the hole diameter and the diameter of the entire

sample. The propagated average error of the whole set of samples is 11.4% in respect

the nominal values.

The metallic sample produced by laser sintering in Stainless Steel had the same manufac-

turing challenges as the ones produced by photopolymerization. The base of the powder

bed also needs a dedicated construction structure in the laser sintering 3D printer. This

allows the sample to be removed and cleaned easily. A strong interaction between the

technicians and engineers is needed in order to guarantee the best results of the auxiliary

structure so that doesn't a�ect the sample geometry. The nominal facing sheet thickness

of 0.64 mm was not possible to achieve due to the method used to extract the laser

sintered 3D printed sample (S1M) from the support base. Fortunately, the sample S1M

has l = 1.30mm which is similar to sample S2 and some comparisons can be performed

between these samples. Figure 3.22 shows the di�erent roughness of samples S1M and

S1C. It is also possible to see that the photopolymer sample in ABS has holes with round

edges and the S1M has holes with sharp edges.

Figure 3.23 shows the impedance comparisons between samples S1M (POAeff =5.68%,

l =1.3 mm) and S2 (POAeff =6.89%, l =1.19 mm) for 130 dB and 150 dB OASPL,

using pure tone excitation. Similar reactances were measured by both samples for all the

range of OASPLs measured. Similar resonant frequencies were measured on the sample's
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Figure 3.22: Laser sintered sample S1M on the left of each pair, and photopoly-
merized sample S1C on the right.

surfaces causing higher resistances on that frequency range as the OASPL increases.

The S1M shown higher resistances at high OASPLs in comparison with the S2. The

POAeff was evaluated at 2100 Hz for both samples and the POAeff of the sample S2

is higher than the one of S1M. Higher POAeff is consistent with lower resistances and

the experiment shows the sensitivity of the results due to small geometry changes and

non-linearity. The ratio of the facesheet thickness by the diameter l/d is 1.21 for the

S1M and 1.16 for the S2. Surface roughness is possibly causing a larger boundary layer,

and lower discharge coe�cients in the holes of S1M that culminate in higher resistances.

Another possible cause of deviation is due to the hole shape, as the S1M shows straight

edges and the ABS sample shows round edges.

The hole shape of each sample facing sheet was measured by an optical microscope called

Alicona that has precision of 10 nm, at the national Center for Advanced Tribology

(nCATS) located in the University of Southampton. The di�erences of the hole shape

are more evident on the following pictures in Figure 3.24. From the top view of the

sample S2 shown in the Figure 3.24.(a) it is possible to observe the shape of the holes,

including the bigger ones used to �t the Kulite microphones in order to perform the in

situ experiments. It is apparent that the photopolymerization samples shows holes with

chamfered edges on the top surface that is exposed to the impinging sound wave, as the

picture Figure 3.24.(b) shows dark colours near the hole edges of the sample S2 facing

sheet, as seen from the cavity. This hole was scanned to check the roughness of the

sample surface, so an angled image is shown in the Figure 3.24.(c) in which it was also

possible to evaluate the facing sheet thickness. As the scanning process was performed

from the back side of the facing sheet, it is possible to observe that the hole edge is quite

sharp, suggesting that a rounded edge occurs only in one side of the hole. Figure 3.24.(d)

shows the S1M facing sheet hole, where the hole walls looks rougher than for sample S2.

The laser sintered sample S1M was not drilled, unlike S2, showing that the metal 3D
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Figure 3.23: S1M and S2 pure tone impedances measured by TMM method
using the portable impedance meter and the sample holder.

printing process can produce holes around 1 mm with reasonable accuracy, but with

rough inner walls.

The second comparison is made between S1 and S1A, two samples with the same nominal

geometry produced by photopolymerization 3D printing technique. The pure tone results

are also compared with the perforated liner measured using both the �anged impedance

tube and the TMM method, which is the standard method using the two microphones of

the tube. Geometric features vary by up to 15% between the samples where l/d ratio is

0.64, 0.82 and 0.79 for the perforated liner using the �anged tube, S1 and S1A samples

respectively. The respective precision of each geometrical measurement is provided in

Table 3.4. Nominal geometry values of the perforated liner sample that are made of a

punched aluminium sheet where obtained from the supplier, Alenia Aermacchi. Geo-

metry values of the samples are averages of at least four measurements on the actual 3D

printed samples and the precision is given by one standard deviation.

The samples S1 and S1A show good agreement in terms of the resistances for di�erent

OASPLs in all the bandwidth experimented, however the large �at liner (non-destructive)

impedance doesn't agree with the other samples at lower frequencies because of the edge

e�ect. The statistical variations of the hole diameters might cause POA di�erences that

can be signi�cant in terms of the resistance. Nonetheless, while the high frequency



Chapter 3 Experiments 83

(a) S2 facing sheet hole and microphone hole (top sur-
face)

(b) S2 facing sheet hole shape (bottom surface)

(c) S2 roughness (d) S1M hole shape

Figure 3.24: S1M and S2 impedances measured by TMM method using the
portable impedance meter and the sample holder.

Table 3.4: Geometry evaluation of the samples compared

Sample

Parameter Liner S1 S1A S2 S1M

Diameter [mm] 0.99± 0.02 1.03± 0.02 1.04± 0.02 1.02± 0.03 1.07± 0.02
Thickness [mm] 0.64± 0.05 0.85± 0.02 0.83± 0.16 1.19± 0.04 1.30± 0.06

Cavity depth [mm] 19.05± 0.05 18.93± 0.04 19.09± 0.05 18.99± 0.02 19.28± 0.05
POA [%] 5.2± 0.5 5.5± 0.3 5.7± 0.3 5.5± 0.3 6.0± 0.3
Material Al ABS ABS ABS Stainless Steel

agreement is good, it can be a�rmed that an statistical variation is expected between

samples and also between 3D printing processes.
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Figure 3.25: S1 and S1A impedances measured by TMM method using the
portable impedance meter and the sample holder, compared with the perforated
�anged liner measured by the same method.

3.1.3.2 In situ and TMM comparisons

In situ measurements are possibly the most accurate impedance measurement procedure

that permits the validation of non invasive methods and numerical predictions. Fig-

ure 3.26 shows impedance results of S1 sample placed in the sample holder, excited by

white noise using in situ and TMM methods simultaneously. The in situ technique res-

ults in the frequency domain were smoothed using a moving average window of 50 points

and is represented by the red solid line. The TMM results are also averaged using over-

lapping in order to calculate the ensembled-averages and then transforming the results

to the frequency domain. By overlapping we understand the signal processing technique

that creates averages based on a sequence of two samples that contain almost the same

points in time domain, varying only a few of them as established by a percentage of

overllaping.

It is possible to observe a good agreement as the OASPL increases. For lower frequencies,

below 2000 Hz and higher frequencies, above 5000 Hz, it is clear that the TMM measured

higher resistances than in situ technique. At lower frequencies still some edge e�ect is

present, due to the sample wall thickness of the sample, and consequently mismatch

of areas, even inside the sample holder. The portable impedance tube used has 208.2
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(c) OASPL=150 dB

Figure 3.26: Broadband impedance results using the S1 sample in the sample
holder. In situ - red solid line, TMM - blue solid line.

mm length, so wave lengths larger than the tube length does not create a complete

standing wave in a tube reducing the measurement precision for the TMM at lower

frequencies. It is notable that, in the mid frequency range, where both methods agree, the

resistance increases with frequency at low OASPLs and reduces with increasing frequency

at high OASPLs. At higher frequencies the liner behaviour shows anti-resonances that are

also hard to predict accurately via TMM. The particle velocity shows small magnitudes

and consequently the liner surface acts as a re�ecting surface at the anti-resonance.

Consequently, the resistance increases and becomes di�cult to measure. The microphone

spacing and correct acoustic centre of the microphones in the tube also in�uences the

measurement precision. The reactance results are in good agreement, except for higher

frequencies where TMM shows higher resistances than in situ technique.

The same observations apply for the pure tone excitation results, where in situ and TMM

agrees only in a limited frequency range due to the limitations of the TMM method

when using a short impedance tube and the sample holder. Figure 3.27 contains the

comparisons between in situ and TMM for di�erent OASPLs measured simultaneously

on the S1 sample placed in the sample holder. Resistances measured by the in situ

technique are lower than the TMM results in general. Again the methods show good
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agreement around the resonant frequency of the liner, the most important frequency

range in terms of liner design.
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(c) OASPL=150 dB

Figure 3.27: Pure tone impedance results using the S1 sample. In situ - red
Diamond (�), TMM - blue X-mark (×).

The second 3D printed sample, S2, that has a thicker facing sheet (1.19 mm) was also

instrumented for in situ measurements in the sample holder. The comparisons for three

di�erent pure tone OASPLs between TMM and in situ technique is shown in the Fig-

ure 3.28. Again, a limited frequency range around the resonant frequency for the liner

contains better agreement between both experimental techniques. The TMM and in-situ

method results diverge for lower and higher frequencies, where the in situ method pro-

duces lower resistances than TMM. In the same way as with S1, in situ reactances are

higher than TMM reactances at high frequencies. In comparison with the sample S1,

sample S2 shows slightly lower resonant frequency as shown by the peak of resistance

and also the null reactance. Di�erences between the results can also be caused by micro-

phone phase calibration and/or by the precision of microphone positions in both pairs

of microphones. Also the cavity depth estimation used to calculate the in situ results is

a cause of uncertainty.

On the next section using the grazing �ow test rig the results of the in situ were calibrated

for the microphone presence which leads to a cavity volume loss and honeycomb cell wall

blockage. Sample S1 has a plate thickness of 0.85 mm and the same hole diameter (1.03
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mm) as the S2 (1.02 mm), and both have one large cell containing all the sample holes.

This does not a�ect the TMM measurement as the cell is narrow enough to allow only

plane waves to propagate on the sample holder cavity. A calibration curve obtained by

Ferrante [32] was used in the grazing �ow in situ measurements in order to correct the

pressure measured by the Kulite microphones on the surface and on the backing sheet

of the instrumented liner cell. The corrections in pressure magnitude and phase are

around ±0.02 dB and ±2 degrees respectively. The sensibility of the Kulite microphones

was obtained comparing the measured pressure on the liner surface with the calculated

pressure using the TMM method for 2 kHz. This calibration procedure is not ideal but

it is feasible as the Kulites are very small to be placed in a conventional sound calibrator

used for capacitive microphones.
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(c) OASPL=150 dB

Figure 3.28: Pure tone impedance results using the S2 sample. In situ - red
Diamond (�), TMM - blue X-mark (×).

3.1.3.3 Multiple tone results

As explored earlier with the liner in the sample holder, the presence of another frequency

component on the excitation signal strongly in�uences the impedance response of the liner

in the nonlinear regime. Figure 3.29 contains the impedance results of the S1 sample

placed in the sample holder, using four di�erent excitation signals. The solid lines are the
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pure tone resistances and reactances measured using the TMM method at 130 dB, 140

dB and 150 dB OASPL. The dashed lines represents the impedance of each frequency

component of a multiple tone excitation. Each measurement using two tones together,

generates two values of impedance, one for each tone that are plotted in di�erent graphs.

The top graph in each pair contains the impedances of the fundamental frequency. The

bottom graph of the pair contains impedances of the �rst even harmonic component,

which corresponds to double the fundamental frequency. The resistance of the �rst tone,

the fundamental, is identi�ed by θ1, and the mass reactance of this frequency component

is mf1k. Similarly, the resistance and mass reactance of the harmonic are identi�ed as

θ2 and mf2k respectively. The normalized reactance had the cavity e�ect removed so

that mf1k = χ1 + cot(kh). The trend lines highlight the impedance di�erences of each

excitation signal in comparison with the pure tone excitation. In addition to the pure

tone, three di�erent multiple tone signals were applied at the impedance tube inlet, in

which the amplitude ratio between the tones was kept constant. The signals had:

• Fundamental tone 5 dB higher than the harmonic (F>H)

• Two tones with the same amplitude (F=H)

• Harmonic tone 5 dB higher than the fundamental (H>F)

Impedance results of the sample S1 shown in Figure 3.29 folow the same trend as the

impedance results of the perforated sample in the holder, shown in Figure 3.20.

The presence of a second tone excitation generally increases the resistance of a tone for

frequencies away from the resonant frequency de�ned in the Equation 3.16, ω0 > 1 or

ω0 < 1, and decreases the resistance of a tone near the resonant frequency, ω0 ≈ 1. The

resistance change is proportional to the amplitude ratio between frequency components.

For instance, for a fundamental tone at 600 Hz up to 2000Hz, ω0 < 1, 5 dB higher

than the harmonic (F>H), the resistance is similar or slightly higher than the pure tone

excitation as observed in the top graph of Figure 3.29(a). When the harmonic is 5dB

higher (H>F), using the same combination of tones, the resistances measured at the

fundamental tone are higher than the pure tone case, as observed in the top graph of

Figure 3.29(c). The same trend is observed in the bottom graphs of the Figure 3.29(a),

(b) and (c), but this time the harmonic resistance exceeds that of the pure tone for

ω0 > 1.

These results again show that the impedance at a speci�c frequency changes in the

presence of an even harmonically related tone at lower or higher frequency, especially

away from the resonant frequency bandwidth. The impedance of a tone is strongly

dependent on the signal frequency content and also on the liner resonant frequency

(determined by the OASPL and the geometry). The greater the OASPL the greater is

the change in resistance arising from multi-tone signal.
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Figure 3.29: S1 sample impedances at di�erent OASPLs for each frequency
component of multiple tone signals (dashed lines) in comparison with pure tone
signals (solid line) using TMM. Red - 130 dB, Blue - 140 dB, Black - 150 dB.

In terms of the reactance, as the pressure amplitude ratio between tones changes, di�erent

behaviours are observed. The top graphs of Figure 3.29(d) shows that the fundamental

tone reactance does not change signi�cantly in the presence of a harmonic 5 dB lower in

comparison with the pure tone excitation. However, as the energy (pressure amplitude)

of the harmonic increases, as shown in the top graph of Figure 3.29.(f), the reactance

of the fundamental tone increases, approaching the linear response for ω0 ≈ 1 and it

slightly decreased for ω0 < 1, maintaining the same OASPL. The same behaviour hap-

pens analysing the harmonic tone mass reactance, showing a slight increase for ω0 ≈ 1,

and considerable decrease for ω0 < 1 as the low frequency component shows signi�cant

or higher amplitude than the harmonic observed in the bottom graph of Figure 3.29.(d).
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In conclusion, nonlinearity is caused in both resistance and reactance results at frequen-

cies away from the resonant frequency octave ω0 ≈ 1 if a second harmonically related

tone has signi�cant energy. The nonlinearity happens in both ways, from lower to higher

frequencies and vice-versa, con�rming that liner modelling demands previous knowledge

of the whole frequency content and amplitude ratios between signi�cant tones present in

a multitone signal that impinges the liner surface.

Figure 3.30 shows the sample S2 impedance results (d=1.02 mm, l=1.19 mm and POA=

5.5%) using TMM and varying the type of excitation keeping the total OASPL constant

in each graph.
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Figure 3.30: S2 sample fundamental tone impedances at progressive OASPLs for
distinct signal excitations using TMM. Black - Pure tone, Cyan - Fundamental
5 dB higher than the harmonic tone, Magenta - Harmonic 5 dB higher than the
fundamental tone, Red - Same level in both tones, Blue - Broadband white noise
signal.

The OASPL is based on the root mean square pressure of the signal, which can have

several frequency components. The SPL of each tone is the root mean square pressure

magnitude calculated at the speci�c frequency, after post processing the signal in the

frequency domain. The acronyms PT, F>H, H>F, F=H and BB stand for pure tone,

fundamental higher than the harmonic, harmonic higher than the fundamental, same
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amplitude and white noise excitations respectively. Each dot corresponds to impedance

results at the fundamental tone, θ1 and χ1, where multitone excitation signals have

the same set of relative amplitude as the previous case for S1 (max delta = 5 dB).

It is possible to observe that nonlinear e�ects are more evident at higher OASPLs in

terms of resistance changes, however, the reactance is not strongly a�ected. Probably

the cavity reactance is not much a�ected, but the mass reactance is, as shown on the

Figures 3.29.(d),(e) and (f). The bell shape curve of resistance obtained for pure tone

excitation moves it's peak as more energy is applied on the other tone. For ω0 < 1 the

peak of the fundamental tone resistance shifts to lower frequencies as the harmonic tone

amplitude increases. As seen for sample S1, the peak of the harmonic tone resistance

shifts to higher frequencies as the fundamental tone amplitude increases. This last case

can be observed for sample S1 in terms of θ2 in the Figure 3.29.(a),(b) and (c) for the

dashed line.
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Figure 3.31: S2 sample harmonic tone impedances at progressive OASPLs for
distinct signal excitations using TMM. Black - Pure tone, Cyan - Fundamental
5 dB higher than the harmonic tone, Magenta - Harmonic 5 dB higher than the
fundamental tone, Red - Same level in both tones, Blue - Broadband white noise
signal.

Figure 3.31 shows sample S2 impedance results using TMM at di�erent OASPLs and

using various excitation signals, where resistance results at the harmonics, θ2, for multiple
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tone and broadband signals are illustrated with pure tone resistance in Figure 3.31.(a),(b)

and (c). The same behaviour observed for sample S1 is also observed for sample S2, where

around the resonance, ω ≈ 1, the resistance of the harmonic reduces for increasing energy

on the fundamental. However, the harmonic resistance increases above the resonance

ω0 > 1 as the fundamental tone increasing energy. The peak of resistance shifts to

higher frequencies as more energy is applied on the fundamental.

3.2 Grazing �ow test rig

The UFSC (Universidade Federal de Santa Catarina) grazing �ow impedance test rig was

developed to evaluate typical aero engine liners using impedance eduction techniques [85].

Future plans include mounting the test section in an anechoic chamber built in the LVA

(Laboratório de Vibrações e Acústica - part of mechanical engineering department of

UFSC). The e�ect of grazing �ow is important to characterize the liner in operation

conditions but full scale engine tests are expensive. In this context, grazing �ow test rigs

are an inexpensive approach to characterize the liners in similar �ow conditions.

3.2.1 Rig Overview

Figure 3.32: UFSC impedance test rig scheme. From: Serrano, 2014 [86]

Figure 3.32 illustrates the scheme used in the �rst version of the UFSC impedance test

rig built in 2014. The rig comprises of a tube connecting one chamber to a nozzle that

accelerates the �uid through a 40x100 mm rectangular tube. After the test section the

cross section expands via a di�user, which terminates at the inlet to a centrifugal fan

connected to resistive mu�ers that avoid unwanted noise from the fan to the test section.

The rig has several transducers connected to the tube and signals are acquired by a Na-

tional Instruments PXI industrial data acquisition system. The input signal goes to an

output of the analyser and is sent to power ampli�ers connected to acoustic compression
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drivers. The position of the drivers can be changed in the test section to an upstream or

downstream portion of the test section as shown by the arrows in Figure 3.32. The soft-

ware, called SCAP LR (Software de Controle Aquisição e Processamento de sinais Liner

Rig)[57], programmed for this application was written using the LabVIEW programing

language and controls the analyser. The application was validated using the Bruel &

Kjær acquisition system, Pulse [57].

In terms of the grazing �ow, a Pitot tube can be used to measure the velocity pro�le

in the test section. It is manually manipulated and may be removed if necessary. The

di�erential manometer connected on both sides of the convergent nozzle reads the dif-

ferential pressure and sends the information to the analyser, which collects the signals

of all the microphones connected to the walls of the test section. The positions of the

microphones are pre-de�ned. There are up to 4 microphones upstream, 4 downstream

and up to 10 on the wall opposite to the liner sample. This fan is controlled by SCAP

LR which has a calibrated curve that allows an estimation of the grazing �ow speed into

the test section using the pressure di�erence measured at the nozzle. The user can set up

the desired mean air velocity in the test section using a signal that is sent to an inverter

connected to the fan. The velocities range from 0 to 0.29 Mach in the current con�gur-

ation. The noise generator is another module of the software specially implemented for

this application.

Figure 3.33 illustrates six photos of the rig during a campaign of experiments. The

convergent nozzle connected to a chamber and eight acoustic drivers with the power

ampli�ers on a metallic trolley are shown in the �rst photo on the top left. The drivers

produce sound through thick rubber tubes that are connected to the main test section

duct, which is made of acrylic (see top middle photo). The downstream source position

and the metallic di�user can be seen in the top right photo. Microphones with 1/4 inch

diameter are connected to the acrylic section through metallic couplers and may be seen

in the bottom left and right photos. Finally, an insertion thermometer connected to

the test section through a nylon coupler can be seen on the bottom middle photo. The

temperature for use of the acoustic �owmeter technique that will be explained on Section

3.2.2 is important for precisely measuring the grazing �ow.

3.2.2 Grazing �ow calibration procedure

Grazing �ow velocity measurements were performed using two di�erent techniques. A

cross validation procedure was used to evaluate the mean Mach number generated in the

UFSC test rig. The Pitot tube technique was used to measure di�erential pressures in

various cross section points to obtain the arithmetic mean Mach number. This velocity

is an average value of 16 velocities measured at a cross section of the rectangular duct

and it was evaluated against the centerline Mach number [85]. The other technique, the

so-called �acoustic technique", uses three microphones and a random signal of acoustic
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Figure 3.33: UFSC impedance test rig in operation. Nozzle and compression
drivers on the top left, rubber tubes connected to the upstream section on the top
center, di�user and rubber tubes connected to the downstream section on the top
right. Couplers with the microphones upstream, thermometer and microphones
downstream are shown on the bottom left, center and right respectively.

excitation with �ow to calculate the mean Mach number using an analytical formulation

and optimization procedures [61, p. 125].

In the following analysis conducted by Medeiros [60] and Serrano [85], the Pitot tube

technique was used with a spatial average of 16 points. The velocities were evaluated for

di�erent �ow speeds using a centrifugal fan with speed control based on the frequency

applied on the motor. The acoustic technique used a pure tone excitation in the presence

of grazing �ow for the same fan speed in a di�erent measurement campaign. The acoustic

technique was �rst validated with numerical simulations and obtained 0.5% maximum

error. The acoustic technique showed a 1.48% average relative di�erence in relation to

Pitot technique, using the latter technique as the reference. The data in Table 3.5 shows

the fan rotation frequency in the �rst column and the Mach velocity calculated in the

test section (where the liner is measured) using both of the techniques mentioned above.

In Table 3.5 it is possible to observe that the maximum velocity in the test section for

the frequency range of the fan operation is 0.290 Mach using the Pitot tube technique

and 0.2928 Mach using acoustic technique. The maximum absolute relative di�erence

between the techniques is 5.82%. In conclusion, both techniques provided similar results

with small di�erences, cross validating both techniques. The Pitot tube technique takes

more time to complete and required a dedicated test section with a Pitot tube mounted.

The position of such a duct section was substituted later by a lined test section containing

the samples to be evaluated. On the other hand, the acoustic technique is practical and

fast, o�ering results with relative little variation compared with the Pitot tube technique.

Therefore, the acoustic technique was incorporated into the TPM (Two Port Matrix)
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Table 3.5: Comparison of grazing velocity measurement techniques. From: Ser-
rano, 2014 [85].

Frequency [Hz] Pitot [Mach] Acoustic [Mach] Relative di�erence
5 0.02430 0.02472 1.72%
10 0.0503 0.0503 0.03%
15 0.0760 0.0774 1.87%
20 0.103 0.1043 1.23%
25 0.120 0.1272 5.82%
30 0.150 0.1499 0.14%
35 0.178 0.1752 1.44%
40 0.200 0.1989 0.54%
45 0.221 0.2230 0.90%
50 0.245 0.2455 0.20%
55 0.273 0.2651 2.90%
60 0.290 0.2928 0.95%

impedance eduction technique, which was described in section 2.7.3, in order to obtain

impedance results at the UFSC test rig with grazing �ow. The pressure drop measured

at the convergent nozzle was linearly correlated with to the pitot and acoustic techniques

in order to monitor and set the desired grazing �ow Mach number on the liner position,

as shown on Figure 3.32.

3.2.3 Pure tone excitation with grazing �ow

The liner sample used in the experimental campaign is illustrated on the left hand side of

the Figure 3.1. Table 3.6 provides the geometrical properties of the liner sample and the

instrumented cell. One of the facesheet holes was increased in diameter to introduce a 1.6

mm microphone, for the in situ measurement. The microphone with its holder reduced

the percentage of open area (POA) to 3.74% and cavity volume to 1447 mm3. The wall

thickness of the honeycomb structure was taken into account to obtain an estimate of

the acoustic impact of the facesheet and the backing sheet areas. Only the e�ects of the

honeycomb walls (εw) and the cavity volume (εm) were corrected, using equation[32],

zc =
zm

1− εw − εm
+ i

εm
tan(kh)

, (3.20)

where zc is the normalized in situ corrected impedance; zm is the normalized in situ

measured impedance; εw is the ratio of half the cross-sectional area of the surrounding

cell walls to the area of the liner cell (i.e. the percentage of cell wall blockage); εm is the

percentage of cavity volume loss due to the presence of the microphone and the holder.

Two di�erent set-ups were used to acquire the data. Figure 3.34 shows the �rst set-up,

and the numbered microphone positions used to educe the impedance by the TPM and

MMM methods. The TPM method needs two di�erent �ow/propagation combinations

to calculate the impedance. Up to eight loudspeakers were positioned upstream and
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Table 3.6: Instrumented liner geometric features

Feature Value

Honeycomb cavity volume [mm3] 1497
3D printed holder volume in the cavity [mm3] 33

Microphone volume in the cavity [mm3] 18
Cavity volume without the holder and the microphone [mm3] 1447

Cavity volume loss due to microphone presence εm 3.4%
Area of cavity with walls [mm2] 84

Area of cavity without walls [mm2] 79
Area of walls [mm2] 5.8

Cell wall blockage, εw 7.4%
POA in situ cell 3.74%

POA liner (Average) 5.18%
Facesheet hole diameter [mm] 0.991

Facesheet thickness [mm] 0.635
Cell cavity depth [mm] 19.050

Number of facesheet holes over the in situ cell 4

Figure 3.34: Impedance Eduction Setup for TPM and MMM [90].

downstream of the liner sample, in order to acquire adequate measurements for these

two conditions. The loudspeakers section and the interchangeable section of Figure 3.34

were placed on the left hand side of the rig, when in the upstream and downstream

con�gurations respectively [11].

The second set-up, illustrated in Figure 3.35, shows the positions of the microphones

used to perform the SFM technique, in Figure 3.35.(a), and how the Kulite in situ

microphones were mounted at the back of the sample, in Figure 3.35.(b). The same test

section length and upstream loudspeakers position were used in both the �rst and second

set-ups. More information about the rig construction and grazing �ow calibration and

measurement can be found in Serrano, 2014[85].

The experiments were conducted using SCAP LR to control the rig [57]. The OASPL

at the entrance plane of the microphone array (upstream) was controlled in order to try

to obtain the same value of acoustic pressure at each frequency. However, it was not

possible to obtain the same OASPL for all frequencies and grazing �ow conditions, due

to the sound power limitations of the sources and the varying impedance of the sample.

The results for low SPLs (below 130 dB) were compared for the impedance eduction and

in situ techniques described in section 2.7. The in situ transfer functions were multiplied
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(a) Array of microphones in front of the liner (b) Kulite microphones mounted at the back

Figure 3.35: In situ and SFM setup.

by an amplitude and phase correction factor, in order to compensate for the microphone

response at di�erent frequencies[32]. After this calibration, the measured impedance was

corrected using Equation 3.20.

Pure tones were used as the source for all of the measurements, using di�erent frequency

steps dependent on the experimental method. The impedance was calculated separately

at each frequency. A minimum of 120 averages, using RMS linear averaging, were taken

using 95% overlapping. A sampling rate of 12800Hz, with a 1 Hz frequency step, was

used to acquire the microphone pressures. A �at top window was used to perform the

FFT on the acquired signals. The test temperature was 20-25◦C and acquired just once

per day of measurement, and the atmospheric pressure was 1013 hPa. The appropriate

ambient conditions were used to calculate the impedance for each test point.

The rig was implemented in a way that it was not able to search for an SPL target for

these measurements. Therefore, the same level of voltage was applied to the drivers for

the full set of pure tone frequency steps. The same input voltage leads to di�ering SPL

magnitudes at the microphones for di�erent frequencies. Large variations in impedance

are seen at low frequencies, given the low source SPL (low SNR), and the low liner

e�ciency at these frequencies.

3.2.3.1 In situ Results

The results using the in situ technique for di�erent grazing �ow Mach numbers using the

upstream condition (loudspeakers upstream the liner sample) are shown in Figure 3.36.

Each point used pure tone excitations with a 250 Hz frequency step. The current rig

capacity in terms of fan pressure head and the pressure drop of the rig tube limited

the range of the current analysis. The �ow was measured using the pressure drop at the

nozzle to adjust the �ow speed of the fan calibrated for this particular tube con�guration

with the same tube length as discussed in Section 3.2.2. The values measured were 0.1,

0.15, 0.20 and 0.25 Mach, which are not su�cient to characterize the aircraft take-o�
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condition. However, the maximum Mach number of 0.25 provides impedances su�ciently

close to those seen at the aircraft approach condition.
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Figure 3.36: In situ liner impedance upstream in the presence of grazing �ow at
moderate OASPL. Circles (◦) - 0.00 Mach (no �ow), Triangles (5) - 0.10 Mach,
Diamond (�) - 0.15 Mach, X-mark (×) - 0.21 Mach, Square (�) - 0.26 Mach.

It is possible to observe the expected resistance increase, and reactance decrease respect-

ively, for increasing Mach numbers. It is seen that the presence of grazing �ow has a

large impact on the impedance, which changes from a progressively increasing resist-

ance with frequency without �ow to an almost �at variation with frequency with �ow.

The amount of scatter in the resistance measurements increases with increasing Mach

number and frequency. The reactance is expressed in terms of the mass reactance, by

excluding the cavity reactance given by −cot(kh) from the total reactance calculated,

in order to graphically observe the grazing �ow e�ects. The coherence of the in situ

microphones in respect to two di�erent signals, the backplate and the input signal sent

to the compression drivers, is plotted in Figure 3.37. The coherence of the signals was

considered satisfatory, above 0.8, at the microphone positioned on the entrance plane.

The coherence between 2.1 and 3.1 kHz is lower than that for other frequencies. This

can be explained by the fact that the liner resonant frequency is between 2.2 kHz and 2.6

kHz, causing lower signal to noise ratios (SNR) at these frequencies (lower facing sheet

SPL), especially true at higher Mach numbers (higher �ow noise). The background noise

caused by the boundary layer at higher Mach numbers imposes a limitation on the cur-

rent test con�guration. Consequently, the SPL of the exciting acoustic signal needs to

be high enough to avoid noise contamination of the results. The in situ impedance data

may also not be completely clean of other sources of error, such as rig vibration boundary

layer �ow noise and the impact of the liner leading edge discontinuity. This e�ects were

explored in other publications [85].

The set of graphs in �gure 3.38 contain the rig in situ technique tonal results without

grazing �ow. In order to obtain the same exciting OASPL at the liner leading edge

(entrance plane microphone - upstream), an algorithm was used to control the phases

and amplitudes of the drivers. It consists of a three trial procedure that measures the

OASPL at the entrance plane, which is the �rst capacitive microphone of the array in
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Figure 3.37: Coherence for di�erent OASPL targets.

Figure 3.35.(a). This microphone is the one nearest to the cluster of 8 compression

drivers. This acoustic source position is called as upstream con�guration, in which the

signal of the 8 compression drivers is directed to a section upstream the liner. It is

called upstream con�guration because the acoustic wave generated by the compression

drivers travels in the same direction of the �ow until impinges the liner. The upstream

con�guration re�ects the situation seen in an aircraft engine bypass duct.
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(b) In situ surface microphone
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Figure 3.38: In situ results without grazing �ow using the following SPL targets
at the entrance plane: Blue - 130 dB, Red - 135 dB, Yellow - 140 dB, and Purple
- 145 dB.
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The �rst two graphs on the top of the Figure 3.38 are the SPLs at the entrance plane

on the opposite wall of the liner Figure 3.38.(a), and at the surface of the liner (in situ

surface microphone) Figure 3.38.(b). It can be seen that the target SPL was not reached

for all pure tone excitations, especially between the 1.5 kHz and 3.5 kHz. This range

includes the liner resonance frequency, where most of the acoustic energy is dissipated

due to the physical mechanisms of non-linear (and linear) dissipation. In other words, the

presence of the liner sample causes sound absorption over certain bandwidths, requiring

extreme gain amplitudes on the compression drives in order to obtain higher SPLs at

the entrance plane. The gain and acoustic power limitations of the compression drivers

installed on the rig lead to SPLs not su�ciently high enough to reach the target values

speci�ed by the algorithm.

It is noted that a safety limit was set on the root mean square voltage of the drivers to

avoid damaging them. As a result of the voltage limit on the compression drivers, the

SPL measured on the liner surface was relatively low. It was below the threshold, which is

around 130 dB, needed to observe any non-linearities within the liner resonant frequency

bandwidth, as can be seen on Figure 3.38.(b). The nonlinear e�ects can be observed in the

range from 0.5-1.5 kHz though. The non-linearities caused by the high SPL excitations

can be observed as a change in impedance. Figure 3.38.(c) illustrates the resistance

increase, due to an increase in SPL in the range of 0.5-1.5 kHz. On the other hand, the

liner reactance decreases, due to an increase in SPL, as shown on Figure 3.38.(d). Non-

linear e�ects cannot be fully evaluated for higher frequencies, from 3.5-5.0 kHz, because

the SPL measured at the liner surface is not high enough in order to create vortex rings

that are the non-linear mechanism of energy dissipation. At this frequency range and

SPL, the air displacement is small. As a consequence, the linear losses, related to the

boundary layer on the inner walls of the perforated plate holes, are the main mechanism

of dissipation. Concluding, liner impedance can be adequately measured at low SPLs

(up to approximately 130 dB), but larger incident SPLs are required in order to induce

signi�cant nonlinear losses, especially at the resonant frequency bandwidth. The drivers

did not have enough power to generate su�ciently high SPLs for tones above 2.0 kHz

at the liner surface, where the in situ microphone was located. As a consequence, no

progressive change in both resistance and reactance could be obtained above 2.0 kHz

among the experiments at the same frequency for di�erent voltage applied to the drivers.

Figure 3.39 shows results with grazing �ow, again with the array of drivers located

upstream of the liner. The background noise, caused by the grazing �ow, contributes to

the OASPL measured at the entrance plane. However, the SPL measured at each tonal

frequency was not high enough to reach the target OASPL, because the background

noise was of the same order of magnitude as the pure tone signal, causing a low SNR,

and consequently low �delity measurements.

Figures 3.39.(a) and (b) show the SPL measured for each tone at the entrance plane,

and at the in situ surface microphone, respectively. It can be inferred that only linear
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Figure 3.39: Grazing �ow 0.25 Mach in situ results using the following OASPL
targets at the entrance plane: Red - 135 dB, Yellow - 140 dB, and Purple - 145
dB.

regimes of excitation could be attained at the liner surface with the current speaker

set-up. Consequently, it was expected that the in situ method would return similar

impedance results. This can be observed for frequencies from 0.5-1.85 kHz for both the

resistance and reactance curves of Figures 3.39.(c) and (d), respectively. The grazing �ow

data show a fall-o� with increasing frequency, consistent with that seen by Murray et al

[69]. This re�ects an increase in e�ective discharge coe�cent with increasing frequency.

The variations in impedance seen at higher frequencies are random, due to the generally

poor signal to noise ratio at high frequencies.

3.2.3.2 TPM Results

The impedance eduction technique called TPM, described in the Section 2.7.3, was used

to extract the experimental data and run the algorithm to calculate the real and imagin-

ary parts of the liner impedance [83]. Due to the SPL limitations of the rig, the excitation

level was below 130 dB for all pure tone frequencies measured at the microphones used

for this technique. This means that the results correspond to a linear response of the

liner. The pure tones were measured independently. Each point in the graphs of Fig-

ure 3.40 corresponds to one measurement and one run of the TPM algorithm. Due to

the optimization process implemented in the algorithm, some points did not converge.
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As a consequence, the result of the impedance values were set to zero, and can be neg-

lected. Figure 3.40 contains the resistance and reactance graphs for di�ering grazing

�ow Mach numbers in the test section. An average Mach number was used, considering

the upstream and downstream con�gurations. More details about the set-up and the

measurement procedure can be found in the authors' publications [85][61][90][11].
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Figure 3.40: Liner impedance calculated using TPM technique, in the presence
of grazing �ow. Circles (◦) - 0.00 Mach (no �ow), Triangles (5) - 0.10 Mach,
X-mark (×) - 0.21 Mach, Square (�) - 0.26 Mach.

The main �nding from Figure 3.40 is the uncertainty at frequencies lower than 1.0 kHz,

which causes oscillations in the impedance results at all Mach numbers. This is mainly

caused by the poor SNR due to the power limitation of the drivers used to generate

the acoustic �eld. The liner is also ine�cient at low frequencies, further reducing the

accuracy of the method because the liner acts as a re�ecting surface. There are also

some �uctuations at higher Mach numbers for both resistance and reactance, shown in

Figure 3.40.(a) and Figure 3.40.(b) respectively.

The maximum frequency was limited to 3 kHz, in order to avoid the presence of high order

modes in the duct. These high order modes could cause undesirable results using this

method, as it considers only plane wave propagation. The microphones are positioned

on a nodal point of the �rst transversal mode, thereby allowing the extension of the

analysis from the cut-o� frequency of 1.6 kHz to 3.0 kHz. However, this extended region

needs be evaluated carefully. Some oscillations occur around 2.0 kHz, and can be seen

on the circles and triangles of the Figure 3.40.(a) and (b), probably because of cut-on

of the �rst transversal mode of the rig duct. As mentioned before TPM works well only

with the plane wave mode not capturing the e�ect of high order modes. Although, this

was reported by other authors [83], the general trends with frequency and Mach number

are good. It is possible to observe the expected increase of resistance, and decrease of

reactance, as a consequence of an increase in Mach number, again consistent with the

trends measured by Murray et al [69].
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3.2.3.3 MMM Results

The MMM techique is summarized in the Section 2.7.4 and was used to educe perforated

liner impedance in the grazing �ow test rig. As seen with the TPM results, the MMM

results exhibit dispersion at frequencies lower than 1.0 kHz for both resistance and re-

actance, was shown in Figures 3.41.(a) and (b) respectively. As before, the resistance

increases, and the reactance decreases, as the Mach number increases. However, the no

�ow resistance shows trends which are inconsistent with the other eduction, in-situ and

�anged impedance tube measurements.
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Figure 3.41: Liner impedance calculated using MMM technique, in the presence
of grazing �ow with the acoustic source upstream the liner. Circles (◦) - 0.00
Mach (no �ow), Triangles (5) - 0.10 Mach, X-mark (×) - 0.21 Mach, Square
(�) - 0.26 Mach.

The background noise level at the highest Mach number is around 93-95 dB throughout

the test section. As a consequence, if the liner attenuation is higher than a certain

value at a certain frequency, the acoustic excitation is not su�cient to capture the true

attenuation without background noise. This happens because the liner attenuation is

higher than the di�erence between the acoustic excitation and the background noise.

This leads to a poor SNR and uncertainties in the impedance results. This problem is

present for the eduction techniques, because the microphones are located away from the

sample and exposed to the boundary layer noise. This problem was minimized in the

second version of the rig, reducing in up to 5 dB the background noise using specially

designed microphone couplers to recess the microphones, which were �ush mounted,

including a grid in front of the membrane as shown by Spillere [90].

3.2.3.4 SFM Results

The SFM technique, described in the Section 2.7.5, was used in two experiments that

were performed at di�erent times. Both pure tones were measured in 20 Hz frequency

steps using a �xed voltage applied to one driver. Four Mach numbers were measured in

order to test the repeatability of the test rig. In addition, the second experiment used
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the SPL control algorithm that will be explained in the Section 5.2, which calculates the

pressure magnitude of the wave on a given microphone position and adjusts the input

power of the noise source to reach a speci�c desired level.

The results for both experiments are shown in Figure 3.42, in order to compare the uncer-

tainties of this procedure in the UFSC test rig. The SFM code, similar to the case with

the other impedance eduction techniques, showed di�culty in converging at lower fre-

quencies. Hence, the plots include only the frequency range between 1.0-3.0kHz. Better

results were obtained at high Mach numbers, during the 2nd experiment, in comparison

with the �rst experiment for high frequencies. However, higher resistances were measured

at low frequencies for the 2nd experiment in Figure 3.42.(c), in comparison with the �rst

experiment in Figure 3.42.(a) too. More dispersion on the second experiment can also

be observed on the reactance results in Figure 3.42.(d) possibly because of temperature

changes not accounted on the impedance calculations, or calibration issues.
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(a) SFM Re(ζ) - 1st Experiment.
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(b) SFM Im(ζ) - 1st Experiment.
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(c) SFM Re(ζ) - 2nd Experiment.
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(d) SFM Im(ζ) - 2nd Experiment.

Figure 3.42: Liner impedance calculated using SFM technique, in the presence
of grazing �ow with the acoustic source upstream the liner. Circles (◦) - 0.00
Mach (no �ow), Triangles (5) - 0.10 Mach, X-mark (×) - 0.21 Mach, Square
(�) - 0.26 Mach.

Despite the fact that it is di�cult to obtain the same SPL on the liner resonant frequency

bandwidth, the target SPL was in the linear regime of excitation for both experiments.

In conclusion, there is reasonable agreement between experiments for both resistance and

reactance, as observed in Figures 3.42. It is possible to identify the resonant frequency of

the liner on the graphs shown at the Figure 3.42.(b) and (d), when the reactance values
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reach zero. Both experiments shown similar resonant frequencies on 2.2 kHz, 2.4 kHz,

2.5 kHz and 2.6 kHz for 0.00, 0.10, 0.20 and 0.25 Mach numbers respectively. Notice

that the Figure 3.42.(d) contains a point measured just above the cut-o� frequency of the

duct (1600 Hz), resulting in uncertainties. This cut-o� frequency corresponds to the �rst

transversal mode of the larger dimension (100 mm) and is dependent on the grazing �ow

Mach number. The SFM and the TPM both consider only a plane wave propagation,

consequently, uncertainties are expected above the cut-o� frequency because the energy of

higher modes are not taken into a count on the impedance eduction technique algorithms.

3.2.3.5 Analysis and Conclusions

In conclusion, the impedance results show generally good agreement for all the di�erent

procedures, particularly between the frequency range of 1.4 kHz to 3.0 kHz. The disper-

sion in this frequency range may be due to variations in the e�ective Mach number used

for each procedure. Below 1.4 kHz, the absorption of the liner sample reduces, leading

to greater uncertainties in the the results from the eduction procedures, which rely on

the liner attenuation. The in situ results also show increasing uncertainty with reducing

liner absorption.

If only the liner resistance is required, a deeper cell depth is expected to increase the

accuracy of the low frequency results. An increased number of averages may reduce

the statistical uncertainty. The poor SNR is caused by relative low realisable SPL from

drivers, vibration of the test section, and high background noise by the grazing �ow at

high Mach numbers [85].

The POA of the instrumented cell was chosen in order to be similar to the average POA

of the liner sample. However corrections were needed for the in situ method to account

for the change in the local e�ective POA, in order to compare the results with the im-

pedance eduction techniques. Instrumentation of additional cells, without changing the

e�ective POA, will provide more data and assess the di�erences of impedance along the

liner sample, particularly at high incident SPLs, at frequencies were the liner is absorbing

e�ciently. It could be useful to compare the SPL decay along the instrumented cells and

compare these levels with those on the opposite hard wall of the duct. Eversman,[29]

investigated the impact of SPL variation along a liner, suggesting that the liner is gener-

ally designed to an SPL higher than it is actually exposed. Consequently, the impedance

predictions should take into account the decay of the SPL along the liner sample.

The comparisons provided con�dence intervals for the use of these procedures to develop

semi-empirical models or to validate numerical methods to predict liner impedance. Nor-

mal incidence impedance measurements using an impedance tube can be used to compare

the no �ow results from the eduction techniques. The in situ and two microphone meth-

ods can be used simultaneously during the impedance tube measurements. These back
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to back comparison using both the impedance tube and rig may be useful to check the

e�ect of microphone installation, sound leakage on the instrumented cell, and the e�ect

of the local POA on the impedance. The results can be useful for comparing the local

cell impedance with the liner panel average impedance.

An analysis could be performed to assess the individual sensitivity of each method to

the liner impedance (attenuation), and provide guidelines for the most e�cient liner test

geometries (cell depths). Finally, the extension of the test procedures to high frequencies,

higher Mach numbers, and higher SPLs is recommended, along with the use of varying

boundary layer pro�les, to allow investigation of the full liner design space.

Eventually, multidimensional numerical models can be validated using the experimental

results presented, leading to �ow visualisation and the possibility of examining other

liner geometric designs or impedance models for multiple tone excitations.



Chapter 4

Numerical implementations of 1D

semi-empirical models

This chapter includes the numerical implementation of both Rice and Cummings models,

their validation via comparison to analytical solutions and impedance predictions for the

liners measured in the previous chapters. The chapter also includes a description of

a proposed model based on Cummings and Bodén model with frequency dependent

discharge coe�cient that better agrees with Maa's reactance results and grazing �ow

term based on Rice and Murray models.

4.1 Rice numerical implementation

Equations 2.48 and 2.49 were solved by using the Runge-Kutta numerical method, im-

plemented in an ODE45 solver of MATLAB [13]. The frequency domain values for

impedance were obtained by using Rice's decomposition of the signal into sine waves

which can be treated as components of a Fourier series [78]. The subscript n denotes

that the value is taken on the nth frequency, so the normalized impedance was given by

ζn = θn + iχn, (4.1)

ζn =
Pn

σρcUn
cos (γn − φn) +

Pn
σρcUn

sin (γn − φn) , (4.2)

where Pn is the pressure amplitude of the incident wave, Un is the amplitude of the

particle velocity inside the ori�ce, γn−φn is the phase between the pressure and particle

velocity.

The particle velocity Un is de�ned as

Un =
√
S2
n + C2

n, (4.3)

107
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where Sn and Cn are Fourier coe�cients that can be approximated as

Sn =
2
t2∫
t1

v0(t) cos(ωnt)dt

t2−t1 , (4.4)

Cn =
2
t2∫
t1

v0(t) sin(ωnt)dt

t2−t1 . (4.5)

The solution of the ODE45 solver is a numerical array of particle velocities, v0, were

obtained from the resolution of the Equations 2.48 or 2.49 for a given time interval.

Then, v0 was used on Equations 4.4 and 4.5 to �nd the Fourier coe�cients Sn and Cn.

The complex value of the particle velocity in the frequency domain Vn, calculated by

using Equation 4.3, can be used in Equation 4.2 with the input pressure, in order to

calculate the numerical value of impedance at a certain frequency. In section 4.1.1 this

numerical implementation will be compared to an analytical solution that includes only

linear resistance terms, for input signals with low SPL.

4.1.1 Linear analytic solution for pure tone excitation

The models of both Rice and Cummings models can be solved analytically for low SPL,

which means that nonlinear terms were kept o� the solution. Incident pressure can

be described as a sum of sine and cosine waves and can be represented by P (t) =

Peiωt, where P = P(ω) is the frequency dependent pressure amplitude. Consequently,

the particle displacement at the surface of the material may be represented as x0(t) =

Xeiωt, where X = X(ω) is the frequency dependent displacement amplitude. The time

derivatives of the particle displacement are then given by

x0 = Xeiωt,

dx0

dt
= iωXeiωt, (4.6)

d2x0

dt2
= −ω2Xeiωt.

Substitution of Equation 4.6 into Equation 2.46 gives,(
−ω2ρL+ iωR+

ρc2σ

h

)
Xeiωt = Peiωt, (4.7)

X =
P(

−ω2ρL+ iωR+
ρc2σ

h

) . (4.8)

We may write,

X(ω) = H(ω)P(ω), (4.9)
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where H(ω) is the transfer function of the system, represented by the liner. The velocity

of the system is the derivative of the displacement, and it is de�ned as,

V(ω) = iωH(ω)P(ω). (4.10)

Finally, the analytical solution for the impedance of this system in the frequency domain

is given by,

Z(ω) =
P(ω)

V(ω)
=

P(ω)

iωH(ω)P(ω)
=

1

iωH(ω)
, (4.11)

Z(ω) =

(
−ω2ρL+ iωR+

ρc2σ

h

)
iω

= R+ i

(
ωρL− ρc2σ

hω

)
. (4.12)

Although this solution is valid for a single resonator only, the liner impedance solution

(considering the liner as an array of resonators which do not interact in terms of iner-

tance) can be calculated by dividing Z(w) by the porosity of the liner, σ, or POAeff if

available. Observe that the resistance R is not dependent on the velocity if only linear

damping terms are considered. Also, observe that the reactance can be split into the mass

reactance term ωρL and the cavity reactance term ρc2σ
hω . Equation 4.12 is a steady state

frequency domain description of a resonator that is the base for all the semi-empirical

models.

Alternatively, solving the problem directly in the time domain requires �nding the ho-

mogeneous and particular solutions of the Equations 2.46, considering harmonic pressure

input. The solution of the particle displacement in the hole is given by,

x0(t) = xh(t) + xp(t) (4.13)

where xh(t) is the homogeneous solution and xp(t) is the particular solution. To �nd

xh(t) Equation 2.46 needs to be equal to zero to give the ODE,

ρL
d2xh
dt2

+R
dxh
dt

+
ρc2σ

h
xh = 0. (4.14)

Changing the variables to

d2xh
dt2

= λ2xh, (4.15)

dxh
dt

= λxh, (4.16)

it gives the characteristic equation

ρLλ2 +Rλ+
ρc2σ

h
= 0. (4.17)
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Solving the polynomial equation two complex roots are obtained

λ1 = α+ iω0, (4.18)

λ2 = α− iω0, (4.19)

where

α = − R

2ρL
, (4.20)

ω0 =

√
|R2 − 4ρ2c2Lσ

h |
2ρL

. (4.21)

The possible values for ω0 are complex roots, so the homogeneous solution is an exponen-

tial function multiplied by the summation of sine and cosine waves with the undamped

resonant frequency ω0 as the argument

xh(t) = eαt (C1 sin(ω0t) + C2 cos(ω0t)) . (4.22)

The particular solution xp takes the form of the forcing function, P , which is sinusoidal

P (t) = A sin(ωt), for t > 0. (4.23)

Hence xp(t) is a summation of sine and cosines

xp(t) = C3 sin(ωt) + C4 cos(ωt). (4.24)

Substituting the particular solution Equation 4.24 for x0 in Equation 2.46 gives,

ρL
(
−ω2C3 sin(ωt)− ω2C4 cos(ωt)

)
+R (ωC3 cos(ωt)− ωC4 sin(ωt)) +

+
ρc2σ

h
(C3 sin(ωt) + C4 cos(ωt)) = A sin(ωt). (4.25)

Equating coe�cients of sine and cossine terms leads to a linear system of equations which

can be solved for C3 and C4. This leads to

C3 =
P

−ρLω2 +
R2

0ω
2

ρc2σ
h
−ρLω2

+ ρc2σ
h

, (4.26)

C4 =
−R0ωC3

ρc2σ
h − ρLω2

. (4.27)

Finally, the solution for particle displacement in the ori�ce is given by

x0(t) = eαt (C1 sin(ω0t) + C2 cos(ω0t)) + C3 sin(ωt) + C4 cos(ωt). (4.28)
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Particle velocity in the ori�ce is the �rst derivative of the particle displacement, given

by

x′0(t) = αeαt (C1 sin(ω0t) + C2 cos(ω0t)) + ωC3 cos(ωt)− ωC4 sin(ωt) +

+eαt (C1ω0 cos(ω0t)− C2ω0 sin(ω0t)) . (4.29)

Applying the initial conditions that x0(0) = 0 and x′0(0) = 0, the coe�cients C1 and C2

can be found,

C1 =
αC4 − ωC3

ω0
, (4.30)

C2 = −C4, (4.31)

so the linear velocity response of the ori�ce can be analysed analytically in the time

domain for a single tone excitation by using Equation 4.29.

The displacement and velocity time responses were calculated as a function of the incident

pure tone SPL for a reference liner of a 5.2% perforate, with 0.991 mm diameter ori�ces,

0.635 mm face sheet thickness and 19.05 mm cavity depth. More data about the sample

is available in Table 3.1 and it is illustrated on the left hand side of Figure 3.1. Figures 4.1

and 4.2 illustrate the time response of the Rice model to a pure tones with the analytical

solution in blue and numerical solution in red. For excitations below approximately 100

dB, as in Figure 4.1, the numerical solution shows excellent agreement with the analytical

solution, validating the numerical implementation in the linear regime of excitation.
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Figure 4.1: Rice model time domain solutions for a SDOF liner for pure tone of
3600 Hz at 100 dB OASPL. Analytical solutions in blue and numerical solutions
in red.

On the other hand, the second term on the right hand side (nonlinear) of Equation 2.48

becomes more signi�cant as larger pressure amplitudes excite the liner. As a consequence,

there is a signi�cant di�erence between the analytical response curves considering just
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the linear terms and the numerical response curves in Figure 4.2. It is then, possible to

observe the distortion in the numerical velocity response obtain by the numerical solution

for 150 dB, as well as the di�erence in amplitude and phase caused by the nonlinear term

modelled.
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Figure 4.2: Rice model time domain solutions for a SDOF liner for pure tone of
3600 Hz at 150 dB OASPL. Analytical solutions in blue and numerical solutions
by using nonlinear terms in red.

Figure 4.3 illustrates the e�ect of non-linearity on the numerical liner resistance calcu-

lated. For excitations below 100 dB the non-linear e�ect is minimal. For high excitation

levels the resistance increases near the resonant frequency and becomes broader as the

SPL increases. The resistance values shown in Figure 4.3 are the frequency domain res-

ults, after applying the FFT. The ori�ce resistance was divided by the porosity of the

liner and normalized by the air impedance, so if the normalized resistance is 1, it means

that the air and the liner surface have the same value of resistance.

Ideally, the incident pressure level and grazing �ow velocity are known, for a speci�c

engine operating condition, in order to design a liner, or during a measurement campaign

in laboratory. However, the attenuation of the sound wave by the liner means that the

incident pressure varies along the length of the liner. Consequently, impedance changes

along the liner length. Possibly liner geometry should be modi�ed or adaptive along its

length for optimum attenuation.

Observe that only linear terms contribute to the reactance of the system in the Rice

model. This means that the reactance values will be the same for all the SPLs simulated.

Figure 4.4 shows the analytical solution for linear terms compared with simulated values,

which are in perfectly agreement.
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Figure 4.3: Numerical liner resistance simulation by using Rice model for pure
tone excitation from 70 dB until 155 dB.
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Figure 4.4: Liner reactance simulation by using Rice model for pure tone excit-
ation.

4.1.2 Linear analytic solution for multiple tone excitation

The same principles applied to the pure tone can be used to model multiple tones by using

the Rice model. The procedure is the same in order to solve Equation 2.46 considering

two deterministic tones as the excitation signal and including the linear resistance terms:

solve for the homogeneous solution, which is the same as for the single tone, and solve

for the particular solution. Now the excitation is assumed to be a sum of two sine waves,

which can be rewritten in exponential terms as

A sin (ω1t) +B sin (ω2t) =
A

2i

(
eiω1t − e−iω1t

)
+
B

2i

(
eiω2t − e−iω2t

)
, (4.32)

where A and B are the amplitudes of the tones; ω1 and ω2 are the angular frequencies

of the tones in di�erent frequencies; and t is the time variable.
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Equations 4.22 and 4.21 give the homogeneous solution and the undamped resonant

frequency. The particular solution, xp(t), could be reasonably assumed as a sum of

exponentials. The xp(t) and its derivatives are

xp(t) = C3e
iω1t + C4e

iω2t + C5e
−iω1t + C6e

−iω2t, (4.33)

x′p(t) = iC3ω1e
iω1t + iC4ω2e

iω2t − iC5ω1e
−iω1t − iC6ω2e

−iω2t, (4.34)

x′′p(t) = −C3ω
2
1e
iω1t − C4ω

2
2e
iω2t − C5ω

2
1e
−iω1t − C6ω

2
2e
−iω2t. (4.35)

Substituting Equations 4.33 to 4.35 into the left hand side of Equation 2.46 and Equa-

tion 4.32 into the right hand side, in the place of P ; it is then possible to equate the

coe�cients of each exponential on both sides of the equation to calculate C3, C4, C5 and

C6 as functions of A and B.

C3 =
A

2i
(
−ρLω2

1 + iR0ω1 + ρc2σ
h

) , (4.36)

C4 =
−A

2i
(
−ρLω2

1 − iR0ω1 + ρc2σ
h

) , (4.37)

C5 =
B

2i
(
−ρLω2

2 + iR0ω2 + ρc2σ
h

) , (4.38)

C6 =
−B

2i
(
−ρLω2

2 −R0ω2 + ρc2σ
h

) . (4.39)

The displacement and velocity responses in the ori�ce then become,

x0(t) = eαt (C1 sin(ω0t) + C2 cos (ω0t)) +

+C3e
iω1t + C4e

iω2t + C5e
−iω1t + C6e

−iω2t, (4.40)

x′0(t) = αeαt (C1 sin(ω0t) + C2 cos(ω0t)) + iC3ω1e
iω1t + iC4ω2e

iω2t −

−iC5ω1e
−iω1t − iC6ω2e

−iω2t + eαt (C1ω0 cos(ω0t)− C2ω0 sin(ω0t)) . (4.41)

Finally, the initial conditions can be applied to Equations 4.40 and 4.41, by using x0(0) =

0 and x′0(0) = 0, which then provides the values of the constants C1 and C2 as

C1 = −C3 − C4 − C5 − C6, (4.42)

C2 = i(ω1C5+ω2C6−ω1C3−ω2C4)−αC1

ω0
. (4.43)

The same methodology may be used for a combination of more than two tones. How-

ever the analytical solution is valid only for linear damping terms. In other words, the

analytical response for linear regime is available only for low SPLs (approximately below

100 dB).



Chapter 4 Numerical implementations of 1D semi-empirical models 115

The analytical and numerical solutions agree for relatively low SPL, as shown on Fig-

ure 4.5.
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Figure 4.5: Time domain simulation of Rice model excited by two tones at 600
Hz and 1200 Hz having the same amplitude of 70 dB.

Figure 4.6 illustrates the solution for two tones together at 600Hz and 1200 Hz having the

same amplitude of 140 dB each. The mathematical expressions in the analytical solution

are very complex, so a numerical approach is needed, which is computationally fast and

robust and can deal with non-linear terms. The numerical and the analytical results

diverge signi�cantly for both displacement and velocity, but it was expected that non-

linear interactions could cause lower displacement and lower particle velocities, especially

at the resonant frequency of the liner as just the linear terms were used on the analytical

expression. Results suggest that non-linearities are dominant at this OASPL.
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Figure 4.6: Rice model results by using two tones at 600 Hz and 1200 Hz having
the same amplitude of 140 dB.
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4.2 Cummings numerical implementation

The numerical method used to solve the Equation 2.57 has been implemented in MAT-

LAB. The geometric features of the liner sample used are in Table 3.1 and are the

same values used to validate Rice's numerical model. The discharge coe�cient used was

CD = 0.76, based on Cummings, and the εr was calculated by using Equation 2.56. The

code was written following the steps below:

1. An error control variable was established in order to evaluate the convergence of the

plate e�ective thickness (physical thickness plus end correction) over the iteration

process E = |ε(i)−ε(i−1)|
ε(i) , where i is the iteration number;

2. The convergence criteria was chosen to �nd a fast solution with a low associated

numerical error and few iterations (a 2% relative error required just 2 iterations

and resulted in minor di�erences in the calculated impedance values);

3. Initial conditions of zero displacement, zero velocity and Rice's �rst estimate for

the end correction (from Equation 2.35) were assumed;

4. The constants were de�ned: geometry of the liner, air temperature, atmospheric

pressure, sound speed, time span for the solution, frequency range, and SPL.

5. Equation 2.57 was solved by using MATLAB's ODE45 di�erential equation solver;

6. The transient response for three to �ve cycles was rejected and a random half-cycle

on the permanent solution was searched by incrementing the vector of time until

the last value changed sign;

7. The �rst two and the last two points of the solution velocity vector were interpol-

ated in order to have the exact values for the half-cycle integration;

8. The integral for the coe�cient L1 was performed on the selected half-cycle;

9. The end correction and e�ective thickness of this iteration was calculated;

10. The next period of jet formation was identi�ed and the steps 5 to 9 were repeated,

by using the new value of the end correction calculated as input to solve the ODE.

The error control variable was monitored until the convergence criteria was reached.

Each iteration used a smaller time step because it was assumed that a better time-

domain discretization would produce a reduced variation on the calculated end correction,

converging the solution. The number of samples determine the computational e�ort, but

it need to be su�cient to produce a steady state solution.

An analysis of the behaviour of some parameters (e.g. e�ective thickness) as a function

of the inverse Strouhal number, de�ned in Equation 2.25, can be done as shown in
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Figure 4.7. The simulated plate e�ective thickness reduces linearly with 1/St when

di�erent pure tones, one at time from 600 Hz to 2100 Hz, excite the liner at high levels

from 130 to 155 dB. The e�ect of multiple tones and grazing �ow may potentially change

this behaviour.
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Figure 4.7: Numerical results of Cummings model for e�ective thickness correl-
ated with 1/St.

Figure 4.8 shows the normalized resistance as a linear function of peak ori�ce velocity for

simulated data by using the Cummings model. Each point on the graph corresponds to

a di�erent frequency in the range of 600-3000 Hz. The slope characterizes the non-linear

behaviour of the typical liner simulated. Each curve corresponds to an SPL and shows

a maximum resistance for the resonant frequency of the liner, where maximum ori�ce

velocity is observed too.

Reactance values were simulated by using the Cummings model and are illustrated in

Figure 4.9. The reactance is zero at the resonant frequency, at which the higher velocity

is observed.

4.3 Proposal for an improved 1D impedance model

Based on the Cummings model and Boden's end correction of Equation 2.56, it is hypo-

thesised that the discharge coe�cient was mainly responsible for the lack of agreement

between the existing models, because it is frequency dependent and proportional to the

end correction, and consequently the velocity, as the SPL increases. An improved end

correction is proposed by using the expression,
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Figure 4.8: Normalized resistance over peak ori�ce velocity to various SPLs by
using the Cummings model.

Figure 4.9: Normalized reactance over peak ori�ce velocity to various SPLs by
using the Cummings model.

εr =
CD
CDf0

(
1 +

( v0
2fd)1.2

24

)−1

, (4.44)

where CDf0 is the discharge coe�cient at the resonant frequency. Usually this value is

assumed to be 0.76 and allows the calculation of the POAeff if a range of resistances is

available at di�erent SPL. After de�ning the POAeff a frequency dependent discharge

coe�cient can be calculated, based on the non-linearity of the sample, as described in

the section 3.1.2.4. The proposed model for a pure tone excitation by using a frequency

dependent discharge coe�cient can be obtained by the equation,

ρL
d2x0

dt2
+

[
ρ|v0|+Q+

32µl

CDd2
+ ρ
√

8νω (1 + l/d)

]
dx0

dt
+
ρc2S

V
x0 = P sin(ωt), (4.45)
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where L = l0 + (l+ l0)εr is the e�ective length for a frequency dependent end correction

and Q = 0.3M(3.15e − 2/POA + 1.77 ∗ POA + 0.3). Observe that the velocity v0 is

the a solution of the equation. If the grazing �ow is dominant in respect to the bias

�ow, the component Q is higher than the nonlinear term ρ|v0| which is vanished. So, the

model is non-linear and it need to be iterated until the εr and the velocity v0 converge.

The discharge coe�cient is also frequency dependent, which means that each pure tone

excitation considering P = Psin(2πft) will be solved for f by using the correspondent

value of the discharge coe�cient for that frequency CD(f). The jet length was de�ned

by Cummings and Boden as

L1 =

∫ T/2
0 v0dt

d
, (4.46)

where half period corresponds to T
2 = 1

2f if a single tone is considered. The Strouhal

number can be written as

St = v0/2πfd. (4.47)

So Equation 4.47 can be included into Equation 4.44 obtaining

εr =
CD
CDf0

(
1 +

( πSt)
1.2

24

)−1

. (4.48)

Observe that the plate e�ective thickness, and consequently the end correction, is linearly

proportional to the 1/St simulated and presented in Figure 4.7.

4.3.1 Validation for pure tone excitation

Experimental and numerical predictions for di�erent models are compared in this section,

in order to validate the numerical implementations and also the proposed model for pure

tone excitation. The models presented in section 2.6 were implemented in their complete

form. The proposed model uses a frequency dependent discharge coe�cient obtained

from the procedure described in section 3.1.2.4. The Rice, Cummings and Boden models

usually use a constant discharge coe�cient CD = 0.76, however a variable discharge

coe�cient was implemented in all models aiming to analyse only the ODE di�erences

and not other semi-empirical e�ects. The discharge coe�cient used on the models was

shown in Figure 3.15 for the perforated sample in the holder and the root mean square

velocities at the liner surface were used to feed the Maa model.

The following comparisons were also validated against experimental data by using TMM

on the portable impedance meter. The predictions shown in Figure 4.10 were obtained for

the perforated liner into the holder for the same input conditions, OASPL and excitation

frequency at 130 dB OASPL.

At 130 dB OASPL the liner response is fairly linear and the majority of impedance

models agree with experimental data in terms of resistance, except for the Cummings
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Figure 4.10: Experimental and numerical impedance predictions of a perforated
liner in the holder having POAeff=3.5 %, d=0.99 mm, h=19.1 mm, l=0.635
mm, by using the Rice, Cummings, Boden, Maa models and the proposed model
at 130 dB OASPL.

model that does not include linear terms of dissipation into the ODE. The reactance

simulated by the Maa model shows good agreement with experimental data, especially at

higher frequencies as it uses the experimental velocities in order to obtain the reactances.

All the other models underpredict the reactance at higher frequencies.

Figure 4.11 contains the experimental and numerical predictions of the perforated liner

in the sample holder at 140 dB OASPL, where both the Rice model and the proposed

model show excellent agreement with experimental data in terms of resistance. How-

ever, the Rice model does not show good agreement with the reactance. Although the

Cummings model shows good agreement with experimental resistance data at a limited

frequency band, it does not shows good agreement in terms of reactance. The Boden

model slightly under predicts the resistance in the resonant frequency octave, around

2100 Hz, however, it follows the trend of the Rice and Cummings models mass react-

ance at higher frequencies, diverging from experimental data. It is worth notice that

experimental data at higher frequencies shows higher uncertainties as they approaches

the anti-resonance and also the TMM method diverges from in situ measurements.

As the OASPL increases to 150 dB, the agreement of Rice and the proposed model is

maintained in terms of resistance within the resonant frequency octave. The proposed

model also shows good agreement with experimental data and the Maa model in terms
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Figure 4.11: Experimental and numerical impedance predictions of a perforated
liner in the holder having POAeff=3.5 %, d=0.99 mm, h=19.1 mm, l=0.635
mm, by using the Rice, Cummings, Boden, Maa models and the proposed model
at 140 dB OASPL.

of the mass reactance. The other models diverge from experimental results in terms of

reactance, but the Boden and Cummings models show good resistance agreement from

2.5 kHz until 4.5 kHz.

The same analysis was performed for the sample S1M which was laser sintered. The pure

tone resistances and velocities were measured by using TMM, and later the discharge

coe�cient was obtained based on the same approach as described in section 3.1.2.4. The

POAeff calculated for the S1M was 5.68% and the measured POA=6.0%. The diameter

of the holes simulated are d=1.07 mm, the facing sheet thickness l=1.30 mm and the

cavity depth h=19.28 mm. A second order polynomial function was used to obtain the

discharge coe�cient in terms of the frequency. The calculated values obtained from

Equation 3.15 and the polynomial function are shown in Figure 4.13.

Figure 4.14 shows the S1M impedance predictions for the Rice, Cummings, Boden, Maa

models and the proposed 1D semi-empirical model at 130 dB OASPL. Around the res-

onant frequency, at 2100 Hz, the majority of models agree with experimental data for

both resistance and reactance, except for the Cummings model. However, at higher

frequencies the models diverge in terms of mass reactance.
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Figure 4.12: Experimental and numerical impedance predictions of a perforated
liner in the holder having POAeff=3.5 %, d=0.99 mm, h=19.1 mm, l=0.635
mm, by using Rice, Cummings, Boden, Maa models and the proposed model at
150 dB OASPL.
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Figure 4.13: Discharge coe�cient calculated from experimental data and the
polynomial function used to simulate the impedance on the 1D models.
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Figure 4.14: Experimental numerical impedance predictions of S1M having
POAeff=5.68 %, d=1.07 mm, h=19.28 mm, l=1.30 mm, for the Rice, Cum-
mings, Boden, Maa models and the proposed model at 130 dB OASPL.

Figure 4.15 shows the impedance comparison by using the S1M sample at 140 dB OASPL.

The Rice model and the proposed model show good agreement with the experimental

resistance again. Mass reactance results at high frequencies varies depending on the

model, but the proposed model shows good agreement, following the trend of the Maa

model.

Figure 4.16 contains the S1M impedances measured and simulated by the 1D semi-

empirical models at 150 dB OASPL. Whereas the Boden model shows good reactance

agreement with experimental data, the resistance is under predicted. Rice and the pro-

posed model agree with experimental resistance but the proposed model diverges shows

slightly better mass reactance results.

In conclusion, �ve alternative impedance models were presented, implemented and com-

pared at di�erent OASPL, samples and frequencies. Impedance results of the 1D models

are limited by the description of the root mean squared velocity on the liner surface

and the discharge coe�cient. The proposed model shown better agreement with experi-

mental data for pure tone excitations by using the non-linear term description suggested

by Rice, the time variant end correction proposed by Cummings, the experimental jet

length coe�cients proposed by Boden and a frequency dependent discharge coe�cient

proposed here to address the mass reactance mismatch of the previous models.



124 Chapter 4 Numerical implementations of 1D semi-empirical models

1000 2000 3000 4000 5000 6000 7000

Frequency [Hz]

0

1

2

3

N
or

m
al

iz
ed

 r
es

is
ta

nc
e,

 θ
 [-

]

Experimental
Boden
Rice
Cummings
Maa
Proposed

1000 2000 3000 4000 5000 6000 7000

Frequency [Hz]

0

1

2

3

4

5

N
or

m
. m

as
s 

re
ac

ta
nc

e,
 m

f [-
]

Figure 4.15: Experimental numerical impedance predictions of S1M having
POAeff=5.68 %, d=1.07 mm, h=19.28 mm, l=1.30 mm, by using the Rice,
Cummings, Boden, Maa model and the proposed model at 140 dB OASPL.

4.4 Grazing �ow, pure tone excitation

The proposed 1D semi-empirical model validation against in situ measurements on the

grazing �ow test rig is presented in this section, where the simulations were obtained

considering the grazing �ow factor Q and the non-linear term due to high SPL in Equa-

tion 4.45 for pure tone excitation. Figure 4.17 contains impedance results for the no �ow

con�guration obtained by and by using the in situ and the 1D model for the punched

aluminium SDOF liner sample. Since the in situ microphone was in the middle of the

liner, away from the leading and trailing edges, and the OASPL was calibrated at the

leading edge microphone on the opposite wall of the liner; the non-linearities were not

well captured by the in situ microphones. This means that they were exposed to rel-

atively low SPLs in a limited frequency bandwidth as showed in Figure 3.38.(b). The

SPLs used in the 1D model were the experimental SPLs measured at the in situ surface

microphone, which is positioned a few micrometres recessed from the liner facing sheet

and exposed to the grazing �ow. The case where high SPLs excited the sample and

generated nonlinearities in the range of 0.6 kHz to 2.0 kHz was selected in order to show

the agreement between by the prediction model developed and the in situ measurements

without �ow on the LVA/UFSC rig.
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Figure 4.16: Experimental numerical impedance predictions of S1M having
POAeff=5.68 %, d=1.07 mm, h=19.28 mm, l=1.30 mm, by using Rice, Cum-
mings, Boden, Maa models and the proposed model at 150 dB OASPL.

Given the limitations of the in situ approach and the maximum SPL achievable on the

test rig, the numerical simulated impedances are in good agreement with experimental

results, especially for the reactance. As the SPL is lower than 125 dB for the pure

tones between 2.0 kHz and 3.0 kHz, it is expected that some deviation may occur at

this frequency range. The experimental resistances at high frequencies are higher than

the predictions, possibly because the duct termination is not perfectly anechoic and the

rig vibration causes uncertainties on the pressures measured by the Kulite microphones.

Also, the precision on the Mach number measuring varies 0.02 and the coe�cients of

the grazing �ow contribution need to be adjusted on the model to account for this

discrepancies.

Figure 4.17, Figure 4.18 and Figure 4.19 show the impedance comparisons between in

situ upstream measurements by using Dean's method and the proposed model in the

absence of grazing �ow, at 0.15 Mach and at 0.25 Mach respectively.

The measurements and predictions in the absence of �ow shown in Figure 4.17 show the

non-linearities caused by high SPLs from 0.6 kHz until 2.0 kHz. Above this frequency the

maximum SPLs measured at the in situ microphones were below 130 dB due to power

limitations of the test rig drivers.
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Figure 4.17: Experimental impedance predictions by using Dean's in situ
method and the proposed 1D model for the punched aluminium SDOF liner
in the grazing �ow rig 0.00 Mach: POAeff=4.74 %, d=0.99 mm, h=19.1 mm,
l=0.635 mm.
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Figure 4.18: Experimental impedance predictions by using Dean's in situ
method and the proposed 1D model for the punched aluminium SDOF liner
in the grazing �ow rig for 0.15 Mach: POAeff=4.74 %, d=0.99 mm, h=19.1
mm, l=0.635 mm.

The model generally over estimate both resistance and reactance but the average errors

are at the order of 0.4. At higher Mach numbers the signal to noise ratio is not ideal

because it is contaminated by the boundary layer �ow generated on the duct from the

nozzle to the liner sample. Also the maximum voltage applied to the drivers was not

su�cient to obtain high SPLs above 2.0 kHz, as was shown in Figure 3.39.(b). Con-

sequently, the liner response is reasonably linear at this SPLs and the oscillation caused

in the in situ results over frequency is due low SNR and calibration errors in terms of

the Mach number, microphone amplitude and phase.
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Figure 4.19: Experimental impedance predictions by using Dean's in situ
method and the proposed 1D model for the punched aluminium SDOF liner
in the grazing �ow rig for 0.25 Mach: POAeff=4.74 %, d=0.99 mm, h=19.1
mm, l=0.635 mm.





Chapter 5

2D numerical model

High �delity 2D and 3D models can be used to explore liner impedance in the presence

of high SPL and grazing �ow. The level of the complexity of such models is related

to the precision required to fully represent the �ow features near the perforated plate

holes. Simpli�cations may be applied to the Navier Stokes equations that describes the

compressible �ow, in order to reduce the time required to solve the equations. If low

Reynolds numbers occur near the hole, a laminar �ow hypothesis is practicable, and a

turbulence closure model is not required to solve the problem. If there is no grazing �ow

on the liner surface, high intensity acoustic waves impinging the liner are the only cause

of the local acceleration of �uid though the hole. Far from the perforated plate holes

the waves can also be considered as plane waves, and can be represented by using the

wave equation, in Equation 2.118. Note that linear propagation is assumed even at high

SPLs.

This chapter includes the validation of two numerical models based on the COMSOL

Multiphysics FEM code, version 5.2a[19] (with MATLAB version 2015b[58] livelink). The

�rst model is a 2D slit liner model, and the second is a 2D axi-symmetric model. Four

di�erent impedance calculation methods are used to extract the pressure and velocity

data from the numerical models. This section describes the models and the assumptions

used. It also describes an SPL control algorithm implemented into the model solution

routine. Finally, the model results will be presented and validated against data from

other authors.

The FEM approach accommodates multiple pure tone simulations, and therefore extends

the work of other authors, who used either pure tone, broadband or pseudo-random sig-

nals. Pure tone simulations are compared to experimental data acquired from the samples

described in Chapter 3 in order to validate the models. Further analysis, including an

assessment of the sensitivity to hole shape, will be covered in this chapter.

129
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5.1 Impedance calculation methods

There are multiple ways to calculate the impedance at a physical or notional surface in

a numerical model. One is to analyze the spectra of the time history of pressure and

velocity at certain nodes or on planes of nodes in the FEM mesh. The liner surface

is of greater interest in the current study. It corresponds to the outer surface of the

perforated plate facing into the impedance tube. The impedance can be calculated from

spatially averaged numerical data on the liner surface itself, or inferred from numerical

data collected at transverse planes further up the impedance tube and perpendicular to

the tube axis. That is to say, if the spatial average pressure and velocity is calculated on

a plane away from the liner surface, the impedance can be calculated at that plane and

subsequently transposed to the liner surface position.

For example, suppose an impedance tube as in Figure 5.1 has an speaker in one end and

a liner sample on the other, in which xn denotes the distance of the speaker to a generic

position of the tube. If the re�ection factor is unknown, but the impedance Zn at a

certain point distant xn is known, it is possible to calculate the liner impedance ZL at

the duct end, x = L, by using the pressure and velocity extracted at xn. If we substitute

a microphone located at the generic position on this physical analogy by a node on the

numerical model, it is possible to collect the spatially averaged pressure p̃ and velocity ũ

at that point in space and calculate the impedance at any other position in the model.

𝑥 = 𝑥𝑛 𝑥 = 𝐿𝑥 = 0

𝑍𝐿𝑍𝑛

Liner surfaceGeneric position

Figure 5.1: Impedance tube with a liner sample on the end.

A plane harmonic wave inside the impedance tube can be written as

p̃(x, t) =
(
Ãeikx + B̃e−ikx

)
e−iωt, (5.1)

where Ã and B̃ are constants to be determined, k is the wave number and ω is the

frequency.
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By using the acoustic wave equation in Equation 2.118 it is possible to di�erentiate the

pressure p̃(x, t) and obtain the velocity ũ(x, t) given by

ρ
∂ũ(x, t)

∂t
= −∂p̃

∂x
, (5.2)

giving,

ũ(x, t) =

(
Ãeikx − B̃e−ikx

)
ρc

e−iωt, (5.3)

where c = ω/k is the speed of sound. At the liner sample surface x = L the impedance

is

ZL =
p̃(L)

ũ(L)
= ρc

(
ÃeikL + B̃e−ikL

)
(
ÃeikL − B̃e−ikL

) . (5.4)

Similarly, at the x = xn the impedance is given by

Zn =
p̃(xn)

ũ(xn)
= ρc

(
Ãeikxn + B̃e−ikxn

)
(
Ãeikxn − B̃e−ikxn

) . (5.5)

Normalized impedance at the generic position and at the liner position is de�ned as

zn = Zn/ρc and zL = ZL/ρc respectively. Rearrange Equations 5.4 and 5.5 to give

Ã (zL − 1) e−ikxL − B̃ (zL + 1) eikxL = 0, (5.6)

Ã (zn − 1) e−ikxn − B̃ (zn + 1) eikxn = 0. (5.7)

Equations 5.7 have a non-trivial solution for A,B 6= 0 if

(zn − 1) (zL + 1) e−ik(xn−L) − (zn + 1) (zL − 1) eik(xn−L) = 0. (5.8)

The distance from the generic plane to the liner is de�ned as xn −L = x1. It is possible

to rearrange terms above to give,

zL
[
(zn − 1) eikx1 − (zn + 1) e−ikx1

]
=
[
(1− zn) eikx1 − (1 + zn) e−ikx1

]
or zL =

[(eikx1−e−ikx1)−zn(eikx1+e−ikx1)]
[zn(eikx1−e−ikx1)−(eikx1+e−ikx1)]

or zL = [i sin kx1−zn cos kx1]
[izn sin kx1−cos kx1]

or zL = zn−i tan(k0x1)
1−izn tan(k0x1) . (5.9)

The following methods described in the next sections were used to calculate the normal-

ized impedance zn at a certain position in the numerical wave guide that simulates an

impedance tube. They were compared for di�erent windowing of the time traces of pres-

sure and velocity calculated at distinct positions in the numerical models. The sampling
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size was varied in order to optimize the total time required to solve the transient numer-

ical model. Comparisons between methods for di�erent sample sizes allowed precision

and convergence assessments.

5.1.1 ISO 10.534-2 - ASTM

This method is based on the ASTM ISO 10.534-2 [42] international standard. It is used

to calculate the impedance by using an impedance tube as described in Section 2.7.1.

The data is collected from two di�erent tube positions on the numerical model domain,

simulating microphone centre positions. Consider the pressure history on each virtual

microphone position as p1(t) for position x1, and p2(t) for position x2. Applying an FFT

on both signals, it is possible to obtain the transfer function between the microphone

signals given by,

H̃12 =
p̃2(ω)

P̃1(ω)
, (5.10)

where P̃1(ω) and P̃2(ω) are the Discrete Fourier Transforms of the pressure signal at

position 1 and position 2 respectively, as the numerical model provides a limited sample

containing discrete values in time. The re�ection factor, Γ , at the sample position was

obtained in Section 3.1.2 for the tube termination, which is given by [42]

Γ = |Γ |eiθr =
H̃12 − e−ik0s

e−ik0s − H̃12

e2ik0x1 , (5.11)

where s is the distance between the virtual microphone positions (s = x1 − x2) and k0

is the wave number. The transfer function H̃12 can also be substituted by a corrected

transfer function H̃c that is obtained by interchanging the microphone position on the

impedance tube experimental set-up [42], in order to correct the amplitude and phase

mismatch between microphones, but it is not required for a numerical model. Finally,

the complex normalized impedance at the liner surface zL on the numerical model can

be calculated by using

zL =
1 + Γ

1− Γ
. (5.12)

5.1.2 Incident and re�ected waves - IRW

The normal impedance zn at a certain position of a tube can be written as a function of

the incident and re�ected standing waves by,

zn =
Zn
ρc

=
pI + pR
uI + uR

, (5.13)

where pI and pR are the incident and re�ected complex pressure wave contributions, and

uI and uR are the incident and re�ected complex particle velocity contributions. All of
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these quantities are frequency dependent and complex values with real and imaginary

parts . The pressure and velocity are related by

pI = ρcuI , (5.14)

pR = ρc(−uR). (5.15)

The re�ected pressure wave may also be written as a function of the incident pressure

wave and the re�ection coe�cient,

pR = pIΓe
iθ, (5.16)

where θ is the phase angle between the incident and re�ected pressure waves, and Γ is

the re�ection factor. Substituting Equations 5.14, 5.15 and 5.16 into Equation 5.13, it is

possible to obtain the impedance in terms of the re�ection factor by,

zn =
1 + Γeiθ

1− Γeiθ
. (5.17)

Using the Fourier transforms of pressure and velocity calculated from a node of the

FEM mesh, it is possible to calculate the re�ection factor and the impedance at that

node. Finally, the impedance at the node can be transposed to the sample surface using

Equation 5.9.

5.1.3 Fourier Coe�cients at 2 positions - FC

Consider two virtual microphone positions with pressures P1(t) and P2(t), at distances

x1 and x2 from the sample position xL. Considering plane wave propagation and stand-

ing waves in the tube, incoming and outgoing waves can be represented at each virtual

microphone position as a series of sine and cosine waves with multiple frequency compon-

ents. Truncating the series to obtain just the �rst frequency component ω, it is possible

to express the pressures as

p1(t) = A1 cos(ωt) +B1 sin(ωt), (5.18)

p2(t) = A2 cos(ωt) +B2 sin(ωt). (5.19)

Numerical Fourier series can be used to extract the coe�cients A1, B1, A2 and B2 from

the time domain signals, and use those to calculate the impedance at the liner surface

zL. The complex form can be written as

P1(x, t) = (aeikx1 + be−ikx1)e−iωt, (5.20)

P2(x, t) = (aeikx2 + be−ikx2)e−iωt. (5.21)
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De�ning x1 = 0, and s = x2 − x1 the distance between the two virtual microphones, so

P1(x, t) = (aeik0 + be−ik0)e−iωt = a+ b = A1 − iB1 = C1, (5.22)

P2(x, t) = (aeikx2 + be−ikx2)e−iωt = aeiks + be−iks = A2 − iB2 = C2, (5.23)

where C1 and C2 are constants that can be calculated if A1, B1, A2 and B2 are known.

Multiplying the Equation 5.23 by −e−iks and summing with Equation 5.23,

−ae−iks − be−iks = −C1e
−iks, aeiks + be−iks = C2, (5.24)

it is possible to obtain

a(eiks − e−iks) = C2 − C1e
−iks. (5.25)

By using the trigonometric identity 2i sin(x) = eix − e−ix it is possible to write

a2i sin ks = C2 − C1e
−iks, (5.26)

a =
i(C1e

−iks − C2)

2 sin ks
(5.27)

The same approach is used to obtain b, given by

b = − i(C1e
−iks − C2)

2 sin(ks)
. (5.28)

Now, a and b can be used to calculate the impedance at any position in the impedance

tube, for instance at x = 0. The impedance at the position x2 can be written as

z0 =
p(0, t)

u(0, t)
=
aeik0 + beik0

aeik0 − beik0
=
a+ b

a− b
, (5.29)

Also, rearranging the Equation 5.12 for a given impedance zn is possible to isolate the

re�ection factor,

Γ =
zn − 1

1 + zn
, (5.30)

The same approach can be used at the liner position xL, considering the distance from

the origin x1 = 0, where

zL =
ae−ikxL + beikxL

ae−ikxL − beikxL
, (5.31)

zL =
e−2ikxL + Γ

e−2ikxL − Γ
. (5.32)

An alternative way to interpret the results is to obtain the time history of the average

pressure, pL(t), and velocity, pL(t), over the FEM liner surface. The Fourier coe�cients
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of each signal are given by,

pL(t) = A1 cos(ωt) +B1 sin(ωt), (5.33)

uL(t) = A2 cos(ωt) +B2 sin(ωt). (5.34)

The Fourier coe�cients (A1, A2, B1 and B2) can be obtained by �tting sine and cosine

waves using the function "�t()" of MATLAB[58]. Then, from the complex form it is

possible to directly calculate the normalized impedance as done in Equations 5.23 and

5.23,

zL(t) =
pL(t)

uL(t)
=

A1 − iB1

(A2 − iB2)
. (5.35)

5.1.4 Fast Fourier Transform method - FFT

This approach is straightforward and can be used to calculate the impedance at a node

in the numerical model or on a surface by using a spatially averaged value of pressure

and velocity in a selected domain. The average impedance at a generic point or plane zp
can be expressed as

zp(ω) =

∫∞
−∞ P (t)eiωtdt∫∞
−∞ V (t)eiωtdt

, (5.36)

zp(ω) =
FFT (P (t))

FFT (V (t))
. (5.37)

The sample size de�nes the frequency step, while the time step de�nes the maximum

frequency that can be analysed. So, in practice the DFT is applied to the pressure

and velocity signals. This approach limits the analysis in both precision and frequency

range, as the duration and time step need to be optimized in order to minimize the

computational cost to obtain the numerical solution of the Discrete Fourier Transform

(DFT).

Having the impedance at a point or a plane, it may be transposed to any other position

on the virtual impedance tube using the Equation 5.9.

5.2 SPL control algorithm

The experimental procedure implemented in the PIM, to obtain the impedance curves

at desired non-linear SPLs, was implemented also in the numerical models. The basic

procedure is summarized in Figure 5.2. The input parameters to the algorithm are:
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• liner geometry - hole diameter, porosity (POA), cavity depth and face sheet thick-

ness. These are needed to create the COMSOL model and calculate the parameters

on the liner surface;

• desired SPL (SPLd) - the value at the liner surface to be targeted at each pure

tone frequency calculated;

• number of cycles - dependent upon the fundamental frequency of the input signal,

the sample size is determined by the number of cycles choosen to perform the FFT

procedure;

• frequency - the pure tone frequency or frequencies used to generate a wave that

excites the numerical model.

A code was implemented in MATLAB and linked with COMSOL to drive the numerical

model, taking account of the boundary conditions and the frequency-dependent mesh

criteria. The time step is frequency dependent and it is de�ned as δt = T0/ppl, where

T0 is the period of the lowest tone of the signal and ppl is the number of Points Per

Wavelength. The chosen ppl = 20 was found to be su�cient to avoid aliasing and

su�ciently precise to capture harmonics at twice the frequency of the fundamental pure

tone exciting the system.

Input: frequencies, 
fundamental tone 

desired SPL (SPLd), nº of 
cycles, liner geometry

Build and Run COMSOL 
model using the 

specified SPL on the inlet

Calculate liner surface 
average pressure in time 

domain at the 
fundamental tone 

frequency, in dB (SPLc)

ΔSPL=SPLd – SPLc
|ΔSPL|>0.5dB?

Calculate the liner 
impedance

Yes, so SPL=SPL+ΔSPL

No

Figure 5.2: SPL control procedure.

The procedure in Figure 5.2 was implemented in order to compare experimental and

numerical impedance results. The experimental OASPL measured at the liner surface

was used as the desired value (SPLd) on the liner surface of the COMSOL model. The

PIM uses the same approach, iterating the speaker OASPL until the desired OASPL

is attained at the sample surface. This procedure takes 2 or 3 iterations to converge,
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both for the experiment and for the numerical model. The experimental OASPLs were

iterated to be within ±0.5 dB of deviation in respect to the desired values.

Frequency domain

Time domain

Correct Pressure 
amplitude 2  𝑃/n

Extract complex 
value at the 
excitation 

frequency  𝑃𝑓

Calculate the magnitude

P(ω) = 𝑅𝑒( 𝑃𝑓)
2 + 𝐼𝑚( 𝑃𝑓)

2

Obtain the calculated SPL

𝑆𝑃𝐿𝑐 =
20log(  𝑟𝑚𝑠(𝑃 ω ) 2. 10−5)

Average spatial Pressure 
Time signal  𝑃𝑠 (t)

Subtract the     
Transient Regime              
 𝑃𝑠 𝑡 −  𝑃𝑡(𝑡) =  𝑃𝑝(𝑡)

FFT(  𝑃𝑝(𝑡))

Figure 5.3: Signal processing used to calculate the spatial average SPL of a tone
on the numerical liner surface.

The scheme presented in Figure 5.3 shows each step used to obtain the SPL of a fre-

quency component or an OASPL and occurs within the top right box of the �uxogram in

Figure 5.2. Firstly, a spatially averaged pressure over the liner surface Ps(t) is calculated

from the model solution based on the combination of input parameters. Secondly, the

time history of the average pressure is truncated, separating out the transient regime

and the permanent regime solutions. This usually happens a couple of milliseconds after

the wave impinges on the liner surface. This transient response takes no more than 2 to

5 complete cycles, depending on the period of the excitation frequency, or the period of

the lowest frequency, in the case of multiple tones. The transient solution is excluded

from the impedance calculation and only the steady state solution is post processed by

using the FFT.

To calculate the steady state solution a DFT can be used instead of a FFT by using the

fft function of MATLAB[58] on an vector of values of pressure or velocity. Magnitude

corrections are needed depending on the number of points on the vector to obtain the

correct value in each frequency component. The calculated SPL (SPLc) in dB corres-

ponds to the RMS sound pressure level calculated in one speci�c frequency component.

The OASPL corresponds to the sound pressure level of all the frequency components of

the signal logarithmically summed.

The calculated pressure (SPLc) is compared with the desired pressure (SPLd), in order

to check if the incident pressure amplitude reproduces the desired spatially averaged

pressure on the liner surface. If the di�erence between SPLc and SPLd is smaller than
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0.5 dB, the criteria is met and the impedance is calculated over the liner surface by

using the impedance calculation methods described in the previous sections. If the

pressure di�erence is larger then the criteria, the solution is recalculated by using a

linear adjustment of the pressure excitation amplitude at the inlet.

For pure tone excitations, the impedance spectra is meaningful only at the excited fre-

quency (the SPL of the pure tone is equivalent to the OASPL).

5.3 2D Slit liner - COMSOL model

A SDOF aero engine perforated liner is an array of locally reacting multiple Helmholtz

resonators. The resonator facing sheet holes are also su�ciently far away from each

other, that there is no interaction between the holes. Consequently, the impedance of

each Helmholtz resonator will be the same as the impedance of an array of resonators

having the same total POA. This section explores the validation of a 2D "slit" liner

COMSOL numerical model which is a 2D simpli�cation of the problem. The results are

compared with experimental, DNS and semi-empirical models reported in the literature

[92][69].

5.3.1 Model assumptions and geometry

The numerical model reproduces a NASA Langley Research Center (LaRC) experimental

set-up which consists of a long impedance tube over a slit liner having a facesheet 0.04

inches thick, an aperture 0.05 inches wide, POA=2.5%, and a cavity depth of 6 inches.

The NASA LaRC experimental set-up schematic in Figure 5.4 shows the Normal Incid-

ence Tube (NIT) and the slit liner geometry. The dashed line marks the �anged tube

termination over the sample facing sheet.

The numerical model geometry is a 2D representation of the experiment, with the inlet

condition representing pure tone plane waves in the duct. Acoustic waves impinge on

the slit liner which re�ects and absorbs part of the sound waves. Figure 5.5 shows a not-

to-scale schematic of the numerical model showing the location of the modelling planes

and of the virtual microphone pressure taps, identi�ed by p1 and p2. The duct length is

h = 609mm. Four di�erent planes are identi�ed by red lines, at which the spatial average

values of pressure and velocity were obtained, in order to calculate the impedance by

using the methods described in Section 5.1.

If the incident sound wave impinging on the resonator is of su�ciently large amplitude,

non-linear e�ects will cause vortex shedding near the aperture for speci�c excitation

frequencies (as shown in Figure 2.10). Two dimensional FEM is used to perform a

relatively inexpensive high �delity DNS calculation. If the appropriate assumptions are
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Figure 5.4: NASA LaRC normal incidence tube with instrumentation and a
cross section on the tube showing the dashed area where the tube �ange touches
the single slit liner cell 6 inches deep. Adapted from Tam, 2005[92].
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Figure 5.5: Slit liner multiphysics model geometry.
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made, Low Reynolds numbers are expected near the hole[92]. Therefore, the Navier

Stokes Equation derived in Equation 2.103 can be fully resolved by the FEM model to

describe the �uid dynamics of the air near the resonator hole.

Two domains were assigned in the COMSOL model with di�erent physics, in order to

reduce the computational cost. A laminar �ow compressible Navier Stokes model was

used near the resonator aperture, as identi�ed in blue in Figure 5.5. Away from the

resonator aperture linear acoustic propagation was assumed, as it is identi�ed in gray

in Figure 5.5. In the acoustic domain the wave equation Equation 2.118 is used. In the

laminar �ow domain the full unsteady Navier Stokes equations in Equations 2.107 are

used.

Pressure and density are linearly related in the acoustic domain, as the amplitudes are

assumed to be su�ciently small for non-linear propagation e�ect to be negligible, so

locally [19]

ρ =
p

c2
. (5.38)

High order terms are included, however, in the laminar �ow domain near the hole. The

density in the laminar �ow domain can be expressed as [19]

ρNL =
p

c2
− (β − 1) p2

ρ0c4
, (5.39)

where ρNL is the local non-linear density �uctuation, ρ0 is the air density, and β = 1.2 is

a non-linear coe�cient. COMSOL uses a Non-linear Constant Newton iterative method

to solve a non-linear system of partial di�erential equations at each time step. The

maximum number of iterations is 6 at each time step, and a MUMPS solver is used. The

models are calculated at the ambient temperature and pressure conditions T = 293.15

K, P=101325 Pa, which provides an air density of ρ0 = 1.2056 kg/m3 and speed of sound

of c = 343.20 m/s.

5.3.2 Boundary conditions

From the Navier Stokes equation, the terms on the right hand side of the equations can

be seen as forces f acting on a mass of air observing

ρ
Du

Dt
= −∇p+ µ∇2u. (5.40)

So,

f = −∇p+ µ∇2u. (5.41)

The boundary located at 70.0 mm above the liner surface couples the acoustic domain

with the laminar �ow domain in the COMSOL model. The coupling between physics
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is valid as long as vorticity is small at the boundary. The variation of pressure from

the acoustics domain can be approximated as a normal force acting on the area of the

boundary on the laminar �ow domain side, for small displacements µ∇2u ≈ 0, so the

inlet condition for the laminar �ow region can be approximated as [19]

f = −∇p. (5.42)

The velocity is calculated on the laminar �ow domain by using this linearisation. The

pressure on the acoustic domain is calculated by using the density calculated at the

boundary with the laminar �ow domain that is used to solve the wave equation.

The impedance tube walls and the resonator cavity walls are considered to be rigid with

a slip condition, meaning that no boundary layer is formed on these walls. However, the

facing sheet is considered rigid, with a no slip boundary condition, where the full Navier

Stokes equations are solved.

The inlet located at the top of the virtual impedance tube is de�ned as a moving mem-

brane that generate plane waves and absorbs the re�ected waves, meaning that no plane

waves travelling up the tube are re�ected at this boundary.

The inlet excitation, de�ned as a pure tone waveform, can be expressed as,

pI = Asin(ωt+ ky), (5.43)

where A is the pressure amplitude, ω is the pure tone angular excitation frequency, t is

time, and k the wave number travelling on the y direction.

5.3.3 Mesh

The excitation frequency de�nes the wave length used to construct an unstructured 2D

mesh composed of triangular elements located in regions of varying re�nement. Eight ele-

ments over the tube width were used at the virtual impedance tube inlet on the acoustic

domain. Ten elements per wave length were used in the acoustic domain along the tube,

which is more re�ned than Tam's DNS model which used 8 elements per wavelength [92].

In the Navier Stokes domain, near the slit, the viscous e�ect is signi�cant. Therefore,

oscillatory �ow creates a viscous laminar �ow associated with a Stokes layer[92], caused

by the incident sound wave that accelerates the �uid through the slit channel. Tam [93]

suggests a stokes layer element size to be used in DNS based on White's [101] de�nition

of the viscous wavelength, giving

∆xStokes =
1

8

√
4πν

f
. (5.44)
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This equation de�nes 8 points per wavelength, considering the wavelength of an oscillat-

ory stokes layer to be

λ =

√
4πν

f
. (5.45)

Figure 5.6: Slit liner 2D numerical mesh for 0.5 KHz and 3 kHz.

Figure 5.6 shows two di�erent unstructured mesh sizes generated to solve the FEM model

in COMSOL for frequencies at 0.5 KHz and 3 KHz. The expanded sections, highlighted

in blue, show the mesh density in the region where the Navier Stokes equations are

solved. The minimum and the maximum element sizes de�ned on the domain near the

slit aperture were ∆xStokes/4 and ∆xStokes/2 respectively. The red shaded region is a

transitional area, where the element size varies from ∆xStokes/4 until 12∆xStokes. This

red area couples with the acoustics domain located at 70 mm from the slit aperture.

5.3.4 Slit liner model validation

The model solution took 44 hours and 21 minutes to solve for all 50 frequencies shown

in red in Figure 5.7, using a 2.80 GHz i7 CPU and 8GB of RAM.

The COMSOL FEM model impedance results for pure tones at 155 dB were compared

against experimental data obtained by NASA, DNS results obtained by Tam[92], and the

semi-empirical model of Murray[69]. The COMSOL impedance results were calculated

by using the FFT method based on the spatial average pressure and velocity over the
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Figure 5.7: 2D Slit liner impedance validation for pure tones at 155 dB. NASA
experimental results and Tam DNS results from Tam, 2005[92]. Semi-empirical
prediction from Murray, 2012 [69] and COMSOL FEM predictions.

liner surface, described in Section 5.1.4. A discussion about the preferred impedance

calculation method will be covered in Section 5.4.

The COMSOL model agrees well with both DNS results from Tam and experimental res-

ults at most frequencies and follow the same trend as the semi-empirical model proposed

by Murray[69]. Two anti-resonances occur within the analysed frequency range, due to

the slit liner cavity depth. It is noted that the experimental repeatability is reduced

around the second anti-resonance, especially between 2.0 kHz and 2.5 kHz.

Figure 5.8 illustrates the re�ection factor results. The COMSOL FEM model shows re-

�ection magnitude results agree with the experimental and DNS data at lower frequen-

cies, showing small discrepancies from 2.0 to 2.5 kHz which is near the anti-resonance of

the liner. However, the di�erences between re�ection coe�cient phases are around 5 to

10 degrees for the entire frequency range.

In conclusion, the COMSOL transient 2D FEM slit liner model shows good agreement

with the literature data. Physical assumptions, boundary conditions, mesh design criteria

and computational time are reasonable to allow use of a personal computer to predict

liner impedance by using FEM. An axisymmetric liner model was developed by using
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Figure 5.8: Simulation of a 2D Slit liner re�ection coe�cient for pure tones at
155 dB compared with data from Tam, 2005 [92].

COMSOL in order to reduce the number of elements and computational cost as well as

obtain a model that represents a liner with cylindrical holes.

5.4 2D Axisymmetric liner - COMSOL model

The 2D axisymmetric numerical model proposed is based on the same fundamental equa-

tions and mesh design criteria used in the slit liner model. The same impedance cal-

culation methods and SPL control algorithm described in section 5.2 were used. The

geometry is based on a single hole resonator in an virtual impedance tube. The tube

length is 208.2 mm, which is the same length as the PIM illustrated in Figure 2.6. How-

ever, the diameter of the model is adjusted in order to maintain the same e�ective POA

as the experimental sample measured.

Four di�erent geometries were simulated, in order to evaluate the impact of the resonator

hole shape. A straight hole model was compared to models with three di�ering hole

pro�les (small chamfer, convergent-divergent and conical). The hole pro�les are shown
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on the right hand side of Figure 5.9. The chamfer model contains a chamfer of 1/10th the

facing sheet thickness with the same minimum diameter as the straight model hole. The

convergent divergent model has the minimum diameter equals the straight model and

45◦angle of aperture, the same as the conical model. The straight hole model geometry

is shown on the left hand side of Figure 5.9, considering the dotted dashed red line as

the axisymmetric axis.
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Figure 5.9: 2D liner multiphysics model geometry and hole pro�les.

The modelled hole diameter, d, facing sheet thickness, l, and cavity depth, h, are the

nominal values of the punched aluminium sample shown on the left hand side of Figure 3.1

(samples provided by Alenia Aermacchi). The virtual pressure taps positions, p1 and p2,

are located at the same positions as in the PIM in order to replicate the ASTM impedance

calculation method. The solid red lines show the positions of the control planes. The

dash-doted line represents the axisymmetric axis. The POA used in the model is based

on the calculated POAeff de�ned by Equation 3.15 which was obtained by using pure

tone experimental data and TMM on the punched aluminium liner in the sample holder.

The computational domain was reduced compared to the slit case by de�ning a circular

hole shape and cylindrical domain with the same POA as the full 2D slit liner. This

reduced the computational time by around one order of magnitude.

Other authors have studied Helmholtz resonators also exploring the e�ect of the hole

shape on liner impedance [34][17]. The COMSOL model is an idealised version of the

actual liner geometry. Figure 5.10 contains four pictures of cross-sections of punched

aluminium SDOF liners. The liners show the facing sheet on the left and the honeycomb

on the right of each picture.
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Figure 5.10: Hole shapes of a punched aluminium liner facing sheet cross section
having POA=5.18%,d=0.99 mm, l=0.635mm.

It is clear that the holes are not perfectly straight. Some holes look conical and some

seem to have small chamfers or rounded edges. Also, the picture on the right hand side

shows an alternative punched aluminium liner, not used in the experiments, which has a

honeycomb wall in front of a facing sheet hole. This is expected to cause higher resistance

due to a decrease of the POA and also by viscous dissipation at the honeycomb walls.

Furthermore, alternative manufacturing procedures use adhesive which blocks some of

the holes, thereby reducing the e�ective open area. So, it is possible to have two liners

with the same POA but with completely di�erent POAeff . Hence, di�erent geometries

were modelled in the axi-symmetric model in order to address the e�ect of such features

on the impedance.

5.4.1 Mesh design

The FEM unstructured mesh is composed of triangular elements in the Navier Stokes

domain which are smaller than 24∆xStokes. A variable element Growth Ratio (GR),

which corresponds to the multiplication factor of the element size in respect to the

adjacent element, was optimized. The mesh design for a pure tone at 2100 Hz is shown in

Figure 5.11 as an example for a GR=1.5 in the laminar �ow domain. Further re�nement

by using GR=1.05 was used in order to obtain an improved representation of the vortex

near the liner hole. At the rectangular and triangular domains in the hole region, which

in fact are axisymmetric volumes, the maximum element size set is ∆xStokes. On the
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other adjacent domains the element size grows until 24∆xStokes by using the GR as a

scale factor until it reaches the acoustics domain.

Figure 5.11: Single resonator 2D multiphysics mesh design. Straight model for
a single tone excitation at 2100 Hz.

Rectangular elements are used on the acoustics domain, where 20 elements per wavelength

are used for pure tone and multiple tone excitation. This means that the mesh is fre-

quency dependent and its resolution is determined by the highest tone frequency com-

ponent of the excitation signal.

Figure 5.12 shows a comparison of four di�erent meshes created to perform simulations

at 2100 Hz for pure tone excitations. All of the geometries used the GR=1.05 criteria

and the dimensions are in millimetres.
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Figure 5.12: Mesh comparison near the hole for di�erent hole geometries and
GR=1.05 at 2100 Hz.
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Impedance results for pure tones at 155 dB were used to evaluate the mesh convergence.

A range of 21 frequencies from 600-5100Hz were calculated one at a time. The simulations

were performed on a Dell Precision M4700, 2.80 GHz i7 CPU with 8GB of RAM. The

most expensive calculation is in the situation with highest non-linearity and most re�ned

mesh. The time taken to perform the straight hole model calculation for each GR was:

• GR=1.05 -> total solution time = 9h27min,

• GR=1.10 -> total solution time = 5h56min,

• GR=1.30 -> total solution time = 3h55min,

• GR=1.70 -> total solution time = 2h44min.

Figure 5.13 shows the impedances calculated by using the di�erent approaches described

in Section 5.1 for a pure tone at 2100 Hz and 155 dB OASPL. The straight hole model

was used, that corresponds to the left hand side of Figure 5.12, with GR=1.05. Data was

acquired at the probes and planes illustrated in Figure 5.9, where "Mic1" corresponds

to P1 at x = 133 mm, and "Mic2" correspond to P2 at x = 101 mm. The result

"Liner" corresponds to the spatial average values calculated at x = 0.0mm. "Plane

1" corresponds to the spatial average values calculated at x = 33.2 mm. "Plane 2"

corresponds to the spatial average values at x = 69.9 mm. Finally, "Inlet" correspond

to the plane at the top of the acoustic domain, x = 208.2 mm above the liner surface.

Each method is represented by its acronym as named in the titles of each corresponding

subsection in section 5.1.

One cycle corresponds to one period of the driving frequency, consequently T = 1/f =

4.76E−4 seconds. Two particular methods, FFT(Liner) and FC(Liner) show systematic

resistance di�erences in respect to the other methods. However, all methods agree within

0.2ρc for resistance and reactance. Also, all methods converge after approximately 15

cycles. This means that the sample size of the pressure time history collected at the

points excluding the transient solution can be as small as 15 cycles in order to perform

the impedance calculation methods. Some methods are more dependent on the sample

size then the others, but 15 cycles is shown to be a conservative convergence parameter.

The FFT impedance calculation method on the liner surface, FFT(liner), was chosen as

the preferred approach because it shows the lowest impedance variation with number of

cycles among all the methods evaluated. This means that after a few cycles this method

produces the same results as for a larger time history. The position of the probes strongly

in�uences the precision of the pressure and velocity results due to the standing waves

present in the impedance tube. If a virtual microphone or plane is positioned in a zone

with minimum total pressures the numerical errors will be more evident, causing errors

in the impedance calculated. The convergence of each impedance calculation method

was analysed for all of the test cases for di�erent frequencies. The number of cycles
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Figure 5.13: Convergence analysis of impedance calculation methods for 2100
Hz pure tone at 155 dB OASPL and GR=1.05.

used to calculate the impedance was varied to check the convergence of each method by

using di�erent sample sizes. Only the steady state pressure Pp(t) and velocity Up(t) were

considered during the impedance calculation.

5.4.2 Pure tone excitation

Several analysis were performed in order to validate the numerical models against exper-

imental data for pure tone (PT) excitations. Di�erent hole geometries (straight hole, 1

side chamfer, convergent-divergent, and conical) were included in the study. The COM-

SOL numerical predictions were evaluated by comparing them to the punched aluminium

SDOF liner in-tube TMM measurements (POAeff = 3.5%). The iterative process de-

scribed in section 5.2 was used to match the experimental pressure measured at the liner

surface with the spatially averaged pressure calculated by the COMSOL models. The
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comparisons were made using the liner surface impedance. The facing sheet mass react-

ance was also extracted by using mf = χ+ cot(kh), were k is the wave number and h is

the cavity depth.

Figure 5.14 shows a comparison of spatially averaged SPLs measured at the sample

surface and the COMSOL calculated values for the straight hole model. The tolerance

criteria of 0.5 dB used in the SPL control algorithm provided good results at all of the

SPLs simulated, as shown in Figure 5.14.

1000 2000 3000 4000 5000 6000

Frequency [Hz]

125

130

135

140

145

150

155

160

S
P

L

Exper. 130 dB
COMSOL 130 dB
Exper. 135 dB
COMSOL 135 dB
Exper. 140 dB
COMSOL 140 dB
Exper. 145 dB
COMSOL 145 dB
Exper. 150 dB
COMSOL 150 dB
Exper. 155 dB
COMSOL 155 dB

Figure 5.14: SPL Validation: Straight hole COMSOL model against TMM ex-
perimental data for the punched aluminium SDOF liner in the sample holder.

Each point on the graph corresponds to one measurement (Exper.) and one numerical

simulation (COMSOL). A parametric analysis was performed for 22 pure tone frequencies

at 6 di�erent SPLs. Any optimization method could be used instead of the suggested ap-

proach, however, 2 or 3 iterations were su�cient to achieve good correspondence between

the experimental SPL and the numerical model.

Each combination of pure tone excitation frequency and SPL provide a liner impedance

and a re�ection coe�cient, for which the measured amplitude and phase values could be

compared. The calculated re�ection coe�cient using the FFT(liner) method is shown in

Table 5.1.

The re�ection coe�cient was calculated for each combination of frequency and SPL.

This is not the design operating condition of the liner in �ight, as the liner is exposed to

grazing �ow and consequently needs to meet higher resistances. However, it is possible

to observe that as the SPL on the pure tone increases, the re�ection coe�cient decreases,

except near the resonant frequency. At high SPL the liner acts as a broadband attenuator

with moderate absorption.

Figure 5.15 shows a comparison of normalized resistances from the experimental data

and from four di�erent COMSOL numerical models implemented for pure tone (PT)
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Table 5.1: Re�ection coe�cient calculated by COMSOL Straight hole model
excited by pure tones.

130 135 140 145 150 155

600 0.98 0.98 0.97 0.96 0.94 0.90

700 0.97 0.97 0.96 0.94 0.90 0.85

850 0.95 0.95 0.93 0.88 0.83 0.77

1000 0.92 0.91 0.87 0.81 0.73 0.68

1100 0.90 0.87 0.82 0.74 0.66 0.62

1350 0.78 0.72 0.64 0.55 0.50 0.50

1600 0.57 0.48 0.41 0.36 0.37 0.43

1850 0.37 0.26 0.19 0.20 0.30 0.41

2100 0.38 0.24 0.05 0.09 0.26 0.40

2350 0.62 0.47 0.26 0.16 0.26 0.39

2600 0.76 0.65 0.47 0.30 0.29 0.40

2850 0.84 0.77 0.65 0.46 0.35 0.41

3100 0.88 0.84 0.75 0.60 0.45 0.44

3350 0.91 0.89 0.82 0.73 0.55 0.47

3600 0.93 0.91 0.87 0.80 0.65 0.52

3850 0.94 0.93 0.90 0.84 0.76 0.57

4100 0.95 0.94 0.92 0.87 0.80 0.65

4350 0.96 0.96 0.94 0.90 0.84 0.72

4600 0.97 0.96 0.95 0.92 0.87 0.80

4850 0.97 0.96 0.96 0.93 0.89 0.84

5100 0.97 0.97 0.96 0.95 0.91 0.87

Freq [Hz]

SPL aimed [dB]

excitations. Four di�erent geometries were simulated in order to evaluate the e�ect of

the hole shape on the impedance. Three di�erent OASPLs are presented, where the

OASPL measured at the liner surface was compared to the numerical spatial average

OASPL in each model and calibrated by using the algorithm to ensure an error of less

than 0.5 dB. The resistances of the experimental data for the punched aluminium SDOF

sample in the sample holder were obtained by the TMM. The FFT impedance calculation

method described in the section 5.1.4 was used to extract the impedances at the liner

surface of the numerical models.

The COMSOL resistance predictions follow the trends of the experimental data. In

general, the resistance non-linearity is underestimated at low SPL, and over-estimated

at high SPL, for each of the modelled hole shapes. However, the COMSOL results clearly

demonstrate the importance of hole shape.

At 130 dB OASPL the numerical models show relatively poor agreement with the ex-

perimental data. At 140 dB OASPL the straight hole model shows excellent agreement

with experimental data. At 150 dB OASPL the convergent-divergent model, shows good

agreement with experimental data from 1.0 kHz until 2.0 kHz. In general, the model with

a Chamfer on one side shows reasonable agreement with experimental data for di�erent

OASPLs.

The experimental resistances from 3.0 kHz to 5.0 kHz at 130 dB and 140 dB gives values

that does not correspond to any of the models, which suggests that TMM is not providing

reliable results. The relative increase in resistance at high frequencies reduces as SPL
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Figure 5.15: Normalized resistance comparison for di�erent geometries of the
COMSOL model against experimental data for pure tones at 130 dB, 140 dB
and 150 dB OASPL.

increases. This may suggest some gaps in the sample which close o� acoustically as the

resistance of the gap increases.

The comparisons between the TMM and Dean's in situ method shown in Figure 3.27

and Figure 3.28 show a lack of agreement from 3.0 kHz until 5.0 kHz for two di�erent

3D printed samples. This corroborates the hypothesis that the experimental results are

questionable in this frequency range.

Figure 5.16 shows the experimental resistance obtained by the TMM at 130 dB compared

with the straight hole model results in COMSOL, obtained by using all of the impedance

calculation methods described in Section 5.1. All methods show di�erent results for

higher frequencies and agree near the resonant frequency. The IRW method (which uses

the incident and re�ected waves of the inlet to calculate the re�ection factor) produced

the same behaviour as the experimental result obtained from TMM. It is clear that, at 130

dB, TMM and other impedance calculations produce uncertainties at high frequencies

so the data below 3.0 kHz is considered more reliable.

Figure 5.17 shows the same analysis for di�erent impedance calculation methods at 150

dB OASPL. A large increase at high frequencies is observed when the IRW method

is used. However, the experimental data show a much reduced increase in resistance

compared to the 130dB case, with the increase seen at frequencies above 4.5KHz rather

than above 3KHz. The ASTM method is overlaid with FC(Mic2) method and both
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Figure 5.16: Normalized resistances of various impedance calculation methods
implemented in the straight hole COMSOL numerical model against experi-
mental data calculated by TMM and measured on a punched aluminium SDOF
liner in the sample holder, POA=3.5%, d=0.990 mm, l=0.635 mm, h=19.1 mm,
for pure tones at 130dB OASPL.

deviate from experimental results at high frequencies but show similar trends. The

majority of the methods shows good agreement from 0.6 kHz up to 2.0 kHz, but diverge

at high frequencies. The FFT(Liner) shows the expected trend, so it is likely to be the

most reliable method and agrees with FC(Liner).

0.00

0.50

1.00

1.50

2.00

2.50

500.00 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00 4000.00 4500.00 5000.00

N
o

rm
al

iz
ed

 R
es

is
ta

n
ce

, θ
[-

]

Frequency [Hz]

FC(Liner)

FFT(Plane1)

IRW(Inlet)

ASTM

Experimental

FFT(Mic2)

FFT(Mic1)

FFT(Liner)

FFT(Plane2)

FC(Mic2)

Figure 5.17: Normalized resistances of various impedance calculation methods
implemented in straight hole COMSOL numerical model against experimental
data calculated by TMM and measured on a punched aluminium SDOF liner
in the sample holder, POA=3.5%, d=0.990 mm, l=0.635 mm, h=19.1 mm, for
pure tones at 150dB OASPL.

Figure 5.18 shows the reactance predictions for the four di�erent hole geometries simu-

lated in COMSOL model for pure tones at 130 dB OASPL. The straight and chamfer

models show good agreement with each other, and with experimental data for frequencies

up to 3.0 kHz. The convergent-divergent and conical models show signi�cantly higher
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resonant frequencies than the straight and chamfer models which diverge from the ex-

perimental results. Higher resonant frequencies is consistent with lower inertance in

convergent-divergent and conical models.
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Figure 5.18: Normalized reactance comparison for di�erent geometries of the
COMSOL model against experimental data calculated by TMM and measured
on a punched aluminium SDOF liner in the sample holder, POA=3.5%, d=0.990
mm, l=0.635 mm, h=19.1 mm, for pure tones at 130dB OASPL.

Figure 5.19 shows the reactance predictions for four di�erent hole geometries simulated

in COMSOL for pure tones at 150 dB OASPL. The chamfered model shows excellent

agreement with the experimental data up to 3.0 kHz. The straight model shows excellent

agreement up to 4.0 kHz.The convergent-divergent and conical models again diverge from

the experimental data.

Three main types of �ows within and near the hole were observed in the numerical

results. The �rst type occurs for ω0 < 1 and is characterized by a jet during both in�ow

and out�ow phases of the cycle as observed by Ingard and shown in Figure 2.1.(c).

The second type is characterized by a pulsation that causes strong vortex shedding for

excitations near the resonant frequency ω0 ≈ 1, as observed in Figure 2.1.(b). The third

type occurs at higher frequencies ω0 > 1 where the velocity magnitudes are smaller but

interact more with the walls of the hole creating increased localized shear stresses, as

observed in Figure 2.1.(a).

When the pressure outside the resonator is higher than the pressure inside the cavity,

the sound wave accelerates the �uid particles through the hole from outside into the

liner cavity. If the geometry of the hole is symmetric, the jet changes direction during

the other half cycle when the pressure di�erence reverses, showing the same behaviour
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Figure 5.19: Normalized reactance comparison for di�erent geometries of the
COMSOL model against experimental data calculated by TMM and measured
on a punched aluminium SDOF liner, POA=3.5%, d=0.990 mm, l=0.635 mm,
h=19.1 mm, for pure tones at 150dB OASPL.

outside the resonator. The particle displacement in the hole also depends on this pressure

di�erence, and on the excitation frequency.

Figures 5.20 and 5.21 show the vorticity magnitude �eld, and axial velocity �eld for the

four di�erent hole geometries. The gross parameters of these three models are those for

the punched aluminium SDOF liner, POA=3.5%, dmin=0.990 mm, l=0.635 mm, h=19.1

mm; apart from the hole shape. The same time frames were selected for the upper and

lower plots. The outward jet ejection is shown in Figure 5.20. The inward jet ejection

is represented in Figure 5.21. A pure tone excitation at 600 Hz and 130 dB SPL was

simulated in all cases. The vorticity magnitude is displayed on a logarithmic scale in 1/s

and the axial velocity is represented in m/s.

Signi�cant di�erences in the velocity and vorticity �elds can be seen depending on the

pulsating jet direction. Sharp edges at the exit plane causes �ow acceleration and larger

vortices that are ejected away from the hole. Chamfered edges on the exit plane cause

smaller vortices near the hole and more �ow reversal at the entrance to the hole. Sharp

edges on the entrance plane cause a pronounced vena contracta, however, chamfered

edges at the entrance plane causes lower axial velocity components.

A jet with high velocity in the core is observed when the excitation frequency approaches

the resonant frequency of the resonator, w ≈ 1, as shown in Figure 5.22. Five stream

lines are used to identify the trajectory of the �uid particles on the entrance plane of

the liner hole. The velocity pro�le on the hole creates a shear layer that extends beyond
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Figure 5.20: Vorticity (top) and axial velocity (bottom) �elds of di�erent model
geometries during the jet ejection (outward the resonator) for a pure tone at 600
Hz and 130 dB OASPL.

the hole edges and creates a vortex ring that is convected away from the resonator hole.

The �ow �eld near the resonator aperture contains �ow reversal during both the in�ow

and out�ow periods, in order to maintain mass conservation. The conical model shows a

narrow jet with more transverse velocity components, that cause larger vortices that are

convected more e�ciently than for the other hole shapes. The sharp edge model shows a

vena contracta and higher vorticity magnitudes near the hole walls, suggesting that the

shear stresses due to the boundary layer and �ow reversal are stronger in that region.

5.4.3 Axisymmetric model validation

Zhang & Bodony investigated the acoustic liner response to high SPL excitation with

and without grazing �ow by using Direct Numerical Simulation (DNS)[102][103][104]. A

benchmark case will be covered in this section, which compares the proposed COMSOL

model, the 1D semi-empirical time domain model proposed, the DNS results obtained

by Zhang & Bodony, NASA experimental results, and semi-empirical predictions in the

frequency domain by Murray & Astley [69]. Table 5.2 details the liner geometry used in

this benchmark study.
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Figure 5.21: Vorticity and axial velocity �elds of di�erent model geometries
during the jet ejection (inward from the resonator) for a pure tone at 600 Hz
and 130 dB OASPL.

Table 5.2: Benchmark liner geometry. Adapted from: Zhang & Bodony,
2011[102].

Parameter symbol value and unit

Aperture diameter d 0.99 mm
Facesheet thickness l 0.64 mm

Cavity depth h 38.10 mm
Hexagonal cavity edge length a 5.49 mm
Percentage of open area (POA) σ 6.4%

Since each honeycomb cavity has several apertures on a SDOF liner, it can be modelled

as an array of equally spaced resonators that do not interact with each other [38]. Only

one resonator modelled with the same POA of the entire liner can be modelled in order to

simplify the problem without grazing �ow. The perforated plate hole walls are straight

and perpendicular to the liner surface in this study. The 3D DNS model proposed by

Zhang & Bodony is composed by a hexagonal resonator cavity. The 2D model in COM-

SOL is composed of an axi-symmetric cylindrical resonator cavity, which signi�cantly

reduces the degrees of freedom in comparison to the 3D model.
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Figure 5.22: Vorticity (top) and velocity (bottom) comparisons among di�er-
ent model geometries for a pure tone at 2100 Hz and 130 dB OASPL. Arrows
represent the velocity directions and relative magnitudes.

The normalized impedance results for 130 dB pure tone excitation are shown in Fig-

ure 5.23. They are multiplied by the liner porosity σ for consistence with the results

published by Zhang & Bodony. It can be seen in the top graph that COMSOL resistance

shows good agreement with Zhang & Bodony DNS results, however, both models diverge

from the experimental data as the frequency increases. The proposed 1D model agrees

with experimental resistance data at 1.5 kHz and 3.0 kHz but disagrees with the exper-

imental results at 2 kHz and 2.5 kHz. The semi-empirical resistance prediction agrees

with the COMSOL predictions at all frequencies.

COMSOL reactance predictions are in agreement with the experimental results at 1500

Hz and 2000 Hz, however, both DNS and COMSOL diverge from the experimental results

at higher frequencies. The 1D proposed model shows reasonable resistance results at

1500Hz and 3000 Hz, however it disagrees with the experimental results at intermediate

frequencies. Again, the semi-empirical reactance prediction agrees with the COMSOL

prediction.

Only Zhang & Bodony DNS predictions are available at 3 kHz for high SPLs up to

160dB, as in Figure 5.24. Although the COMSOL and Zhang & Bodony DNS models

show reasonable agreement at 130 dB, the COMSOL model predicts lower resistances
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Figure 5.23: Pure tone validation of the COMSOL model and 1D proposed
model for a liner with POA=6.4%, d=0.99 mm, l=0.64 mm, h=38.10 mm, at
130dB. Experimental and DNS data from Zhang & Bodony, 2011 [102].

and higher reactances than DNS at high SPLs. The 1D semi-empirical model agrees

reasonably well with the COMSOL resistance predictions, but shows lower reactance

predictions than the DNS and COMSOL models. The semi-empirical prediction agrees

with the COMSOL predictions.

Figure 5.25 shows the vorticity �elds on the edge of the resonator aperture for 1500 Hz

and 3000 Hz pure tone excitation at 130 dB. Figures 5.25.(a) and (b) are the vorticity

magnitude snapshots during the out�ow process of DNS and COMSOL models at 3000

Hz respectively and an incident SPL of 130 dB. The vortex structures captured by

the COMSOL model are of similar size and magnitude to the Zhang & Bodony DNS

simulation.

The acoustic �ow creates a shear layer near the wall, which is the main dissipation

mechanism at 3.0 kHz as shown in Figures 5.25.(a) and (b). Figures 5.25.(c) and (d)

are the vorticity snapshots during the out�ow process of the DNS and COMSOL models

at 1500 Hz respectively, a frequency near the resonance frequency of this sample, with

higher acoustic velocity than at 3 kHz. Both modelling approaches clearly show two

distinctive shear layers, one at the wall and one located away from the wall, meaning

that in this time step there is �ow reversal on the hole creating the vortex. The �ow

direction is upwards at the center of the aperture, and downwards near the edges of the
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Figure 5.24: Pure tone COMSOL model, 1D proposed model, DNS and Ex-
perimental impedances for a liner with POA=6.4%, d=0.99 mm, l=0.64 mm,
h=38.10 mm, at 3.0 kHz. DNS data from Zhang & Bodony, 2011 [102].

aperture. This additional shear layer occurs during a limited period of time in each cycle,

and it is more pronounced for ω0 ≈ 1.

A �ner mesh is essential to observe the details in the �elds calculated by the numerical

model, costing computational time but allowing better understanding of the physical

mechanisms. The element growth ratio was used to control the re�nement near the

aperture. A comparison between three di�erent growth ratios is shown in Figure 5.26 for

5100Hz excitation at 155 dB. The vorticity magnitude is plotted in a logarithmic scale.

It is clear that a second shear layer is formed in the aperture and that the magnitude

and size of the vortex ring and the shear layers are comparable. The vortex size becomes

smaller as the excitation frequency increases above the resonant frequency ω > 1, showing

velocity pro�les with lower magnitudes and consequently lower kinetic energy. Pure tones

at high frequencies ω >> 1 causes localized vorticity, which reduces the resistance and

increases the inertance.
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(a) DNS 3000 Hz (b) COMSOL 3000 Hz (c) DNS 1500 Hz (d) COMSOL 1500 Hz

Figure 5.25: COMSOL and Zhang & Bodony DNS [102] pure tone normalized
vorticity magnitude |ωd/c| for a liner with POA=6.4%, d=0.99 mm, l=0.64 mm,
h=38.10 mm, at 130dB.

Figure 5.26: COMSOL pure tone vorticity magnitude due to the element growth
ratio for pure tone at 5100Hz and 155 dB.

5.5 Preliminary Conclusions

Di�erent impedance calculation techniques were implemented in order to calculate the

FEM numerical impedances by using COMSOL & MATLAB. A simpli�ed 2D axisym-

metric model was calibrated to simulate the same OASPL as the measured value over

the liner surface and allow direct comparisons with the data obtained. The COMSOL &

MATLAB models show reasonable agreement with DNS for a 2D slit liner [92] and a 3D

circular aperture liner [102] used as benchmark studies. The use of a 2D axisymmetric

model signi�cantly reduces the computational time to perform the FEM calculations,

permitting the creation of several analyses at di�erent frequencies, SPLs and geometries.

Di�erent hole shapes were considered in order to evaluate the sensitivity of the results

to hole shape and the results were compared to the experimental data collected for a

punched aluminium SDOF liner. Preliminary results show that convergent-divergent
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chamfers on both leading and trailing edges cause a reduction in resistance at low fre-

quencies (ω0 < 1) when compared to a straight hole with the same minimum diameter.

The conical model also show signi�cant reduction in resistance at low frequencies. The

reactance of the conical and convergent-divergent models are lower than the straight

model and also do not match the experimental data.

Vortex shedding is the main mechanism of dissipation at high SPLs. It occurs more

readily for excitation with frequency components near the resonant frequency. A re-

duction in vortex shedding occurs as the frequency, reactance, and impedance modulus

increase, leading to lower acoustic velocities for this cavity depth. The amount of vor-

ticity is a function of the hole wall shape, where sharp edges narrow the vena contracta

and chamfered edges causes more instabilities due to increased transverse components

of velocity. Localized vortices stay closer to the hole when chamfers are present and are

pushed away from the hole when straight edges are used. This e�ect causes the end

correction to become smaller as the vortex takes the kinectic energy away from the hole

and consequently leads to greater dissipation and acoustic resistance.



Chapter 6

Multiple tone liner response

The preceding chapters have shown that acoustic liner impedance can be successfully

predicted for pure tone excitation by using either analytical, experimental or numerical

techniques. It was also shown from experimental data presented in Chapter 3 that mul-

tiple tone excitation at non-linear SPLs signi�cantly alters the liner impedance. The

challenge is to be able to predict the impedance in the presence of multiple tones, of sim-

ilar amplitude. The presence of two tones at a fundamental and a harmonic frequency

is a signal typically experienced by installed aero engine liners. It leads to complicated

�ow patterns within a perforate hole as the �ow is being driven simultaneously by two

di�erent frequencies. To the authors' knowledge, no method exists for accurately pre-

dicting impedance under this type of signal, so this represents the primary goal of this

work.

The impedances of a punched aluminium SDOF liner and two 3D printed liners with

low porosity were measured for even harmonically related combinations of tones. The

objective of this chapter is to discuss straight hole COMSOL model impedance results

in the presence of multiple tone excitations, by using the 2D axi-symmetric numerical

model described in chapter 5. The straight hole model was chosen as it provided an

acceptable representation of the measured panel non-linear impedance.

The numerical results were compared to experimental data and analysed in order to

obtain semi-empirical predictions for multiple tone excitation. Multiple tone signals used

in the COMSOL models mimicked the signals used in the experiments. The combination

of two harmonically related tones are composed of a fundamental tone and and the �rst

even harmonic twice the frequency of the fundamental.

163
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6.1 Signal characteristics

Figure 6.1 shows analytical multiple tone signals in the time domain for a combination

of relative phases and amplitudes for two frequency components at 600 Hz and 1200 Hz,

in order to graphically evaluate the pressure signals that impinge on the punched SDOF

perforate liner surface. The graphs in the left hand column contain the pressure traces

of two frequency components at the same amplitude of 632 Pa (SPL1=SPL2=150 dB),

so ∆SPL = SPL1 − SPL2=0. The centre column graphs contain the pressure traces

of signals with more energy (150 dB) within the fundamental (600 Hz) in comparison to

the harmonic (1200 Hz, 200 Pa, 140 dB), so ∆SPL=10dB. The right hand side graphs

contain the pressure traces with more energy within the harmonic (1200 Hz) at 150 dB,

in comparison with the fundamental (600 Hz) at 140 dB, consequently ∆SPL=-10dB.

The phase between frequency components of the multiple tone signals was progressively

varied by 90◦ in each row of Figure 6.1.
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Figure 6.1: Analytical multiple tone signals for 600 Hz and 1200 Hz, with varying
relative amplitude and phase between tones.

The variations in the relative amplitude and phase of the tones cause peak level variations

(MAX), however, the RMS values are �xed for a given set of amplitudes with varyiing

phases. The RMS and MAX values are also maintained if either the fundamental or the
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harmonic is the dominant tone for the same OASPL, but the RMS is higher if both tones

have the same SPL, consequently the OASPL is higher.

The objective of this analysis was to evaluate if the time dependent signal variations

caused by a phase mismatch may cause a signi�cant impedance variation. The impact

of varying phase is discussed in section 6.3. Also, a secondary objective was to evaluate

the contribution of each frequency component to the impedance changes when compared

with pure tone excitation.

The ∆SPL obtained from the multiple tone impinging wave will be discussed as it

drives the nonlinear interaction at the liner surface. These signals were applied to the

liner samples and also used in the 2D axi-symmetric model, where the SPL di�erence

between frequency components at the liner surface can be written as

∆SPL = SPL1 − SPL2

= 20 log
(
〈P1〉
P0

)
− 20 log

(
〈P2〉
P0

)
= 20

[
log
(
〈P1〉
P0

)
−
(
〈P2〉
P0

)]
∆SPL = 20 log

(
〈P1〉
〈P2〉

)
(6.1)

where 〈P1〉 and 〈P2〉 are the RMS pressure magnitudes spatially averaged over the liner

surface of the fundamental and harmonic tones.

The relative amplitude between impinging tones was chosen to be within 10 dB because

it was observed in the experimental data for di�erent liner samples that for values of

|∆SPL|>10dB the multiple tone impedance results approach the relative pure tone

excitation result for the tone with greater SPL.

Figure 6.2 shows measured TMM impedances of the sample holder punched aluminium

SDOF liner sample inserted on the sample holder (POAeff=3.5%) for varying incident

signals; multiple tones, pure tones (PT), and white noise (BB) are plotted. The multiple

tone signals have zero phase di�erence. Figure 6.2.(a) and (c) show the fundamental tone

impedance for 135 dB and 150 dB OASPL respectively. Figure 6.2.(b) and (d) show the

harmonic tone impedances for 135 dB and 150 dB OASPL respectively. ∆SPL=10dB

corresponds to the multiple tone F>H, ∆SPL=0dB corresponds to the multiple tone

F=H and ∆SPL=-10dB corresponds to the multiple tone H>F.

The impedance results of the punched aluminium SDOF liner are similar to those for S1

and S2, which are the 3D printed samples, as shown in Figures 3.29, 3.30. The di�erence

in SPL between the frequency components for a BB signal is small, around ∆SPL=0dB

and the SPL of each frequency component is signi�cantly lower than the SPL of a pure

tone signal.

The BB and PT impedances show reasonable agreement at 135 dB OASPL, as shown in

Figure 6.2.(a). On the other hand, the BB resistance diverge from the PT values at 150
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(a) 135 dB OASPL - Fundamental tone
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(b) 135 dB OASPL - Harmonic tone
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(c) 150 dB OASPL - Fundamental tone
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(d) 150 dB OASPL - Harmonic tone

Figure 6.2: Punched aluminium SDOF liner TMM impedance in the sample
holder (POAeff=3.5%)for di�erent signals. BB - White noise, PT - pure tone,
F>H - multiple tone with fundamental input level 10 dB higher than the har-
monic, F=H - multiple tone with both tones at the same input level, H>F -
multiple tone with the harmonic input level 10 dB higher than the fundamental.

dB, as shown in Figure 6.2.(b). This is expected as at 150 dB all of the incident energy

is carried at a single frequency.

The impedance response changes dramatically when the incident signal contains multiple

tones. When a second tone is present, the resistance of the fundamental increases as the

energy in the harmonic also increases, and vice-versa. This resistance trend is evident

even at the relative low OASPL of 135 dB, and it is accentuated at 150 dB OASPL. It

is also seen even when tone levels are equal.

In general, the resistance is more sensitive to the multiple tone signal than the reactance.

However, the mass reactance is also a�ected by the introduction of a multiple tone source.
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In general, the mass reactance reduces for the fundamental when the harmonic carries

additional energy, and vice-versa.

In conclusion, the multiple tone e�ect is both frequency and ∆SPL dependent for a

non-linear perforated SDOF liner. For frequencies away from the resonant frequency the

resistance of the fundamental increases when more energy is carried in the harmonic for

ω0 < 1. The resistance of the harmonic increases when more energy is present in the

fundamental for ω0 > 1. The mass reactance shows a reduced change in the presence of

multiple tones, but, in general, it reduces in tandem with an increase in resistance.

6.2 COMSOL model validation for multiple tones

The straight hole model was selected to perform the multiple tone predictions because

it was shown in the previous chapter that this hole geometry provided good agreement

with experimental data for a pure tone source. The FFT(Liner) method applied to the

straight hole geometry showed the best agreement with the experimental data calculated

by TMM, compared to the other impedance calculation methods. The 2D axisymmetric

COMSOL model was used to model the multiple tone experiment for the punched alu-

minium SDOF liner in the sample holder. The impedance was modelled as a function of

pressure amplitude di�erence between frequency components, ∆SPL = SPL1 − SPL2.

Zero phase di�erence was applied between the tones. The numerical results were then

compared with experimental data.

The multiple tone signals contain frequency components within a range from 0.5-5.0 kHz.

This frequency range relates to the fan blade passing frequency and its �rst harmonic

for small and large engines commonly installed in commercial aircraft.

The spatially averaged pressure simulated by the COMSOL model at the liner surface

for the strongest tone was calculated and compared to the error criteria. The impinging

wave amplitude was iterated until it matched the experimental pressure measured at

the same position using the TMM. In the case of both tones having the same incident

amplitude, SPL1, which corresponds to the fundamental tone, was adjusted to match the

experimental data. The values of SPL1 at the liner surface for both the experimental and

the COMSOL model are plotted for each frequency, in the presence of the harmonic at the

same incident amplitude (F=H) in Figure 6.3. Both tones of the excitation signal applied

in the experimental and in the numerical COMSOL model are in phase. The OASPL

was allowed to vary in order to match the measured spatially averaged pressure, related

to the fundamental (SPL1) at the virtual surface of the model, with the experimental

data.

Despite the fact that the fundamental tone SPL, SPL1, was modelled with good accuracy,

the SPL of the harmonic, SPL2, predicted by the COMSOL model shows less good
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Figure 6.3: SPL1 calculated at the liner surface for a multiple tone signal with
the same amplitude in each tone (F=H, ∆SPL = 0 dB) and zero phase, at 6
distinct OASPLs and frequencies. The experimental data is the solid line with
dots on the data points, COMSOL is the dashed line with squares.

agreement with experiment, with an error up to 5 dB as shown in the Figure 6.4. The

maximum di�erence between experimental and numerical results is about 7 dB at high

frequencies, where the experimental data shows more uncertainties due to the use of the

TMM. The experimental SPL for the harmonic also lies below the COMSOL value in

the region of the panel resonance ( 2200 Hz). The reason for these discrepancies requires

further study.
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Figure 6.4: SPL2 comparisons of two tones with the same amplitude (F=H,
∆SPL = 0 dB) and zero phase, at 6 distinct OASPLs and frequencies. Ex-
perimental data is the solid line with dots on the data points, COMSOL is the
dashed line with squares.

The time domain pressure and velocity of each test case was observed at a number of
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di�erent points in the numerical domain of the COMSOL axi-symmetric model. The

incident, re�ected and total pressures were evaluated at the inlet (impedance tube ex-

citation boundary), corresponding to the loudspeaker position on the physical portable

impedance tube.

Figure 6.5 illustrates the time domain pressure traces for a signal composed of tones at

2145 Hz and 4290 Hz, at SPL1=151 dB and SPL2=152 dB respectively. It is noted that

the analytical expression used to create the input waveform in the COMSOL model is

overlaid by the incident wave, showing that there is no re�ection at the inlet. The wave

fronts take 1.2 ms to go from the inlet to the liner surface and then to be re�ected back

to the inlet. The transient solution lasts for less than 1 ms at this frequency, and the

steady state total pressure is shown after approximately 2 ms.
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Figure 6.5: Pressure time trace at the inlet of the straight model in COMSOL
using multiple tones at 2145 Hz and 4290 Hz, and same relative amplitude of
excitation. SPLd = 151 dB at 2145 Hz.

The spatially averaged pressure over the liner surface in the COMSOL model is plotted

in Figure 6.6 for two tones at 2145 Hz and 4290 Hz at SPL1=151 dB and SPL2=152 dB

respectively. The time step used provides 10 points per period for the highest frequency

component, which is T=1/4290 s in this case, giving the time step of ∆t =2.33E-5 s. The

numerical solutions converged for all the test cases, showing stable steady state results.

The RMS value of pressure was calculated in order to obtain the OASPL at the liner

surface.

The spatially averaged velocity at the liner surface is plotted in Figure 6.7 for the same

case as for the previous spatially averaged pressure plot (Figure 6.6). The RMS value of

velocity was calculated from the time trace.

The impedance spectra of the liner exposed to a multiple tone signal can be calculated

using the pressure and velocity spectra. The spectra of pressure, velocity, resistance and

reactance of the numerical solution can be compared with the experimental data. It

is noted that low levels of excitation at frequencies other than the speci�ed excitation
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Figure 6.6: Spatially averaged pressure at the liner surface for the straight hole
model using multiple tones at 2145 Hz and 4290 Hz, and the same relative
amplitude of excitation. SPL1 = 151 dB at 2145 Hz and SPL1 = 152 dB at
4290 Hz.
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Figure 6.7: Spatially averaged velocity at the liner surface for the straight hole
model using multiple tones at 2145 Hz and 4290 Hz, and the same relative
amplitude of excitation. SPL1 = 151 dB at 2145 Hz and SPL1 = 152 dB at
4290 Hz.

frequencies lead to erratic values of impedance. Therefore, only the impedance values

calculated at the excitation frequencies were compared with experimental data.

Figure 6.8 shows the OASPL for each multiple tone signal calculated in the straight hole

COMSOL model. Each group of three bars in Figure 6.8 correspond to the OASPLs

of three signals (F>H, F=H, F<H), composed of two harmonically related tones. The

simulated OASPLs are within the tolerance of 0.5 dB for all combinations of frequencies

and ∆SPLs simulated. The majority of the test cases produce good agreement with

experimental data for the punched aluminium SDOF liner.

Figure 6.9 shows the straight hole COMSOL numerical resistance and the associated

experimental resistance for three types of excitation signals that contain multiple tones.
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Figure 6.8: Multiple tone OASPLs calculated on the liner surface of the straight
hole COMSOL model for all the combinations of frequencies and amplitudes
between tones simulated.

The �rst type of signal is composed of tones at 600 Hz and 1200 Hz. The second type of

signal is composed of tones at 1100 Hz and 2200 Hz. The third type of signal is composed

of tones at 2100 Hz and 4200 Hz. The amplitude between frequency components of the

incident wave was varied for each signal; F>H ∆SPL = 10 dB, F=H ∆SPL = 0 dB,

and H>F ∆SPL = -10 dB (F=fundamental, H=harmonic). There are large measured

and predicted changes to the resistance for a �xed OASPL with varying tonal content. In

general, there is very good agreement between the COMSOL and experimental resistance

results and trends for the majority of signals, apart (e.g. poorest agreement is at 4200

Hz for the H>F signal).
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Figure 6.9: Multiple tone resistances of the straight hole COMSOL model com-
pared against experimental TMM punched aluminium SDOF liner in the sample
holder using two even harmonically related tones at approximately 150 dB
OASPL. Top, fundamental tone resistances; bottom, harmonic tone resistances.
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Figure 6.10 shows the straight hole COMSOL reactance and the experimental reactance

for the same combinations of frequency and amplitude as shown in Figure 6.9. The

COMSOL model reactances show excellent agreement with the experimental reactances.

The resonant frequency of the liner occurs at 2200 Hz. Varying the tone SPL content

does not provide signi�cant changes to the reactance, suggesting that the non-linear e�ect

arising from changes of tone energy for a �xed OASPL is most evident in the resistance,

and negligible for reactance. However, it is noted that for high amplitude pure tones

around the resonance frequency, the mass inertance is gradually reduced as the SPL is

increased (see Figures 3.12 and 3.20).
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Figure 6.10: Multiple tone reactances of the straight hole COMSOL model
compared against experimental data (TMM, punched aluminium SDOF liner
in tube) using two even harmonically related tones at approximately 150 dB
OASPL. Top, fundamental tone reactances; bottom, harmonic tone rectances.

The COMSOL resistance predictions are very promising. Both pure tones and multiple

tones predictions capture the complex response of a highly non-liner liner, providing a

platform for improved understanding and prediction of a liner response to a typical aero

engine signal with multiple tone content.

6.3 E�ect of varying the relative phase between tones

Multiple tone signals composed of two harmonically related tones with di�erent relative

phases were evaluated by using the 2D axi-symmetric COMSOL model presented in the

previous sections. The relative phase between frequency components of the excitation

signal was varied in separate models and compared in order to evaluate the phase e�ect

on the liner response.
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Figure 6.11 shows the resistance, reactance, and velocity results of the numerical chamfered

model at di�erent OASPLs. The resistance, velocity and reactance results for the funda-

mental at 600Hz and the harmonic at 1200Hz are plotted in Figure 6.11. Three di�erent

relative phases between tones were chosen: 0◦, 180◦ and 270◦. The simulations show

minimal variations for di�erent phases between frequency components, suggesting that

the time dependent RMS value of pressure and velocity determine the resistance and

reactance of the liner. This conclusion remains valid for multiple tone combinations at

higher frequencies.
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Figure 6.11: Chamfer COMSOL model resistance, reactance and velocity at
the liner surface simulations using multiple tone signals having the fundamental
(600 Hz) and harmonic (1200 Hz) tones at the same amplitude and varying the
relative phase between them.

Figure 6.12 shows the results of multiple tones at 2145 Hz and 4290 Hz, noting that 2145

Hz is near the resonance frequency of the liner. At the highest SPLs there is a variation

in resistance at the fundamental and harmonic frequencies, but the deviations do not

exceed 0.25ρc.

6.4 Liner resistances using multiple tones

Seven di�erent multiple tones composed of two frequency components were simulated

using the straight hole COMSOL model. The frequency of the fundamental tone of

each signal varied from 600 Hz until 3600 Hz in 500 Hz steps. The even harmonic of

these signals was varied in amplitude in order to evaluate the e�ect of the harmonic
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Figure 6.12: Chamfer COMSOL model resistance, reactance and velocity at the
liner surface results using multiple tone signals having the fundamental (2145 Hz)
and harmonic (4290 Hz) tones at the same amplitude and varying the relative
phase between them.

tone ∆SPL on the liner impedance. The resistances calculated at the fundamental

and harmonic tones for each multiple tone signal were normalized by the resistances

calculated at the same frequencies using pure tone excitation. This comparison allows

the evaluation of the relative resistance change due to the e�ect of the addition of an

even harmonically related tone.

Figure 6.13 shows the resistance ratios for multiple tone and pure tone responses at the

fundamental tones that were simulated using the COMSOL model, at 150 dB OASPL.

The F>H bars on the left hand side show that if the fundamental tone is 10 dB higher

than the harmonic, as expected the resistances for multiple tone excitation approach the

resistances for pure tone excitation at all frequencies. For F=H and H>F, an increase in

resistance of the fundamental is predicted for low frequencies and a decrease in resistance

is predicted at high frequencies for the fundamental, due to the presence of the harmonic

tone at the same amplitude of the fundamental (150 dB). As the amplitude of the har-

monic increases, the multiple tone e�ect is more evident, causing higher resistances at

low frequencies and low resistances at high frequencies. It may be that this multiple tone

e�ect on resistance is correlated with the resonant frequency of the liner, which is around

2200 Hz. Ultimately, in order to con�rm this, simulations would need to be performed

for a liner with alternative resonance frequency.

The resistances simulated for multiple tones, and evaluated at the harmonic, show almost
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Figure 6.13: Straight hole COMSOL model resistances for multiple tone excita-
tions normalized by the resistances for pure tone excitations at the fundamental
for 150 dB OASPL. F>H - excitation signal with fundamental 10 dB higher than
the harmonic, F=H - fundamental with the same level of the harmonic, H>F -
fundamental 10 dB lower than the harmonic.

the reverse behaviour to that observed for the fundamental. The harmonic resistance

predictions are shown in Figure 6.14. The impedances near the resonant frequency, at

2200 Hz, are practically the same for pure tone or multiple tone excitations. The resist-

ance decreases at low frequencies as the energy at the fundamental frequency increases

(F>H). However, the resistance increases for F>H at high frequencies. As expected, the

H>F case shows values that approach the pure tone resistance values, when the harmonic

is 10 dB higher than the fundamental.

These studies con�rm that the presence of a harmonically related tone has a signi�cant

and progressive impact on the liner resistance of both the fundamental and harmonic

tones. The evidences were measured and the simulations agree with these �ndings as

shown in Figure 6.9.

6.5 Proposed resistance correction for multiple tones

The numerical results for multiple tone excitation shown in Figures 6.13 and 6.14 were

used to correlate the resonant frequency of the liner ω0 and the amplitude di�erence

between tones, ∆SPL, with the resistance ratio between the multiple tone and pure

tone excitations. These normalized factors were chosen in order to clearly represent the

relative di�erences between multiple tone and pure tone resistances. An expression that

adjusts the impedance calculated using a pure tone prediction model was developed in

order to account for the presence of signi�cant multiple tone excitation.
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Figure 6.15 shows the resistance ratios between multiple tone and pure tone excitations

at a given frequency relative to the normalized frequency ω0 =2200 Hz, where ω0 ap-

proximates te resonance frequency. It is recognized that the resonance frequency changes

with SPL and tonal content, but it may be considered second order for the purposes of

this exercise. A semi-empirical �t was applied in order to provide a correction to the

pure tone impedance predicted by traditional liner impedance models. The �t is plotted

in Figure 6.15 with the correspondent equations and correlation coe�cients.

It is clear from the numerical results shown in Figure 6.15, as it was clear in the ex-

perimental data shown in Figure 3.20 and also in Figure 3.21, that the resistance of a

frequency component is strongly in�uenced by the pressure amplitude of other harmonic-

ally related tone. Considering the SPL di�erence between the fundamental and harmonic

tones as ∆SPL = SPL1 − SPL2, if this di�erence is higher than 10 dB |∆SPL| > 10,

the nonlinear interaction between tones will be small, as the response of the liner at a

given frequency is dominated by the SPL at that frequency. Consequently, the resistance

of the highest tone will be similar to the resistance of a pure tone excitation, so that

θMT /θPT ≈ 1. On the other hand, if the SPL di�erence is below 10dB (|∆SPL| < 10),

then the non-linear interaction is strong and it will a�ect the impedance in both tones.

Considering a multiple tone excitation so that SPL1 is the spatial average sound pressure

level of the fundamental tone at the liner surface, and SPL2 is the spatial average sound

pressure level of the �rst even harmonic at the liner surface, it is possible to predict the

resistance of each frequency component using the following proposed equation

θMT

θPT
= ±∆SPL− 10

20
ln(ω0) + C1, (6.2)
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Figure 6.15: Resistance ratio of a COMSOL numerical result between MT
and PT excitations for a liner with POA=3.5 %, d=0.990 mm, l=0.635 mm,
h=19.100 mm. Green solid lines - F>H, Orange solid lines - F=H, Black solid
lines - H>F. Squares are the fundamental resistance ratios, and circles are the
harmonic resistance ratios. Dotted lines are the curves �tted to perform a semi-
empirical analysis.

where the sign ± is positive for ω0 < 1, and negative for ω0 > 1. ∆SPL = SPL1 −
SPL2 when ω0 < 1, or ∆SPL = SPL2 − SPL1 when ω0 > 1. The coe�cient C1 is

approximately equal to 1. Observe that this equation is valid only for harmonically-

related tones in the nonlinear regime of liner excitation within |∆SPL| < 10.

By using Equation 6.1, Equation 6.2 can be written in terms of two frequency components

with root mean square pressures P1 and P2 as

θMT

θPT
= ±∆SPL−10

20 ln(ω0) + C1

= ±
20 log

(
〈P1〉
〈P2〉

)
−10

20 ln(ω0) + C1

θMT

θPT
= ±

(
log
(
〈P1〉
〈P2〉

)
− 1/2

)
ln(ω0) + C1 (6.3)

The logarithmic regressions produce di�erent slopes depending on the sound pressure

level di�erence between frequency components of the signal. The curves are also fre-

quency dependent. The resistance at the fundamental tone will be higher than the PT

resistance for ω0 < 1 in a presence of an even harmonic with signi�cant energy (H>F).

On the other hand, the resistance at the fundamental tone will be lower than the PT
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resistance for ω0 > 1 when the harmonic has more energy (H>F). The opposite beha-

viour occurs at the harmonic, where the resistance will be higher than the PT resistance

when ω0 > 1 and the fundamental has more energy (F>H), and the resistance of the

harmonic will be lower when ω0 < 1 using the same signal (F>H).

This �t provides a reasonable �rst order correction to the pure tone resistance predicted

at either tone for a given combination of multiple tone amplitudes at high SPLs. The

application of the proposed correction for experimental data collected for the punched

aluminium SDOF liner by using the TMM, is in Figure 6.16. It is possible to observe

quite good agreement that may be improved by using a quadratic �t rather than a linear

�t to the measured data. Also, it is likely that the resonance frequency changes with the

frequency content of the signal.
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Figure 6.16: Validation of the proposed semi-empirical correction for multiple
tone resistance based on pure tone experimental data, using three signals (F>H,
F=H, H>F) with di�erent ∆SPL at 150 dB OASPL.



Chapter 7

Conclusions and Future Work

This chapter summarizes the research outcomes, the main conclusions related to the

�ndings, and suggests future work.

7.1 Summary of outcomes

Acoustic liners are used in aircraft engine nacelles to attenuate fore and aft propagating

noise in the inlet, bypass, and core ducts. Liner impedance models are needed to allow

the de�nition of liner constructions which most closely match the optimum impedance

for maximum attenuation in each duct. While previous experimental and theoretical

work has led to the development of good quality impedance models for pure tone, and

fully random sources, the non-linear response of these liners to combinations of tones

containing high SPLs at the frequencies seen in aero engine ducts is not well understood.

This thesis has reported on experimental and theoretical work to measure and model

the response of SDOF perforate liners to high amplitude multiple tones. Initial studies

con�rmed the highly non-linear response of these liners to pure tone signals. Impedance

measurements made using an impedance tube, the in-situ technique, and an eduction

rig, were used to develop a time domain impedance 1d semi-empirical model.

A COMSOL DNS time domain model was constructed. This 2D FEM model for a slit

liner was compared with literature data (Tam/NASA [92]) for pure tones. An improved

2D axi-symmetric FEM model was then validated against the experimental data, along

with other DNS data in the literature (Zhang & Bodony [102]) and a liner semi-empirical

prediction model [69] for pure tone signals. The model was re�ned to run signi�cantly

faster than 3D DNS models, while retaining excellent accuracy and agreement with other

prediction models proposed. It was also used to evaluate the signi�cant in�uence of hole

shape on non-linear impedance, showing the high sensitivity of the liner impedance to

the hole pro�le.

179
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As stated, the main goal of this thesis was to investigate the response of aero engine liners

to multiple tone signals. The COMSOL model was used to model the complex �ow pat-

terns within perforate sheets for multiple tone signals. The model predictions were again

validated against experimental data. The modelling showed that the large variation in

acoustic resistance of each tone is a function of the relative tone amplitude and their fre-

quencies. Finally, the COMSOL results were used to develop a semi-empirical correction

to tone resistance to account for the presence of multiple tones.

7.2 Speci�c technical conclusions

The main conclusions can be itemized and summarized as:

• The edge e�ect using impedance tube techniques

Flanged experiments using impedance tubes over liner panels are important to al-

low quality control. The main advantages are the �exibility to test di�erent parts

of the same panel and evaluate the blockage as well as localized impedance val-

ues. The disadvantages are related to the edge e�ect that degrades the impedance

measurement precision, especially at low frequencies, as discussed in Chapter 3,

and illustrated in Figures 3.10 and 3.11. In tube measurements using sample hold-

ers can be used to reduce the edge e�ect and obtain better impedance results at low

frequencies. However, the disadvantages include sample destruction and it might

cause di�erent POAeff which strongly a�ects the liner resistance.

• Discharge coe�cient frequency dependence

The procedure to obtain the POAeff was described and it was used to obtain

the frequency dependent discharge coe�cient for the punched aluminium SDOF

liner using measurements from the �anged and in-tube set-ups. The data was used

to re�ne the description of the mass reactance and aided the development of a

proposed 1D semi-empirical model for liner impedance. The frequency dependence

of the discharge coe�cient could be visually evaluated for di�erent pure tones using

the COMSOL 2D axi-symmetric model.

• The importance of obtaining the e�ective percentage of open area

A single resonator hole impedance can be calculated using an impedance model and

then multiplied by the POAeff in order to obtain a value corresponding to the

liner impedance. This may be normalized by the characteristic impedance of air.

This liner normalized impedance corresponds to the spatially averaged values of

pressure and velocity over the liner surface and usually di�ers from the impedance

predicted using the geometric POA. This was shown in Chapter 3, where the

same sample experimented using FTMM and TMM shown signi�cant changes in

resistance, as observed in Figure 3.11 and Figure 3.12. It was also found that the
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non-linearity is also a function of the hole geometric pro�le, by experimenting two

similar 3D printed samples with almost identical geometric features produced by

alternative prototyping techniques.

• 3D printing prototyping challenges to produce liner samples

3D printed samples production is technically challenging in terms of geometry

tolerances and �nishing process. Good tolerances were achieved comparing the

nominal and produced features, that allow an evaluation about the quality of laser

sintering and photopolymerization processes. The perforated plate thickness was

the most di�cult parameter to control, followed by the POA which is related to

the diameter of the holes. Laser sintering was shown to produce hole diameters

with good accuracy, in contrast to photopolymerization that required drilling. The

correct design of a support structure to hold the 3D printed sample while printing

is critical to obtain good quality samples.

• Limitations of in-tube impedance techniques (in situ x TMM)

Similar 3D printed ABS samples were produced in order to compare the in-situ

and the TMM experimental techniques simultaneously, which is an innovative ap-

proach to the problem. A dedicated sample holder was developed to allow in-situ

instrumentation. The in situ and TMM experimental techniques agree only for

a limited bandwidth from approximately 1.5 kHz until 4.0 kHz. The agreement

degrades at high frequencies. This may be due to non perfect sample installation

in the impedance tube or reduced accuracy of the Kulite microphone calibration

at high frequencies. This requires further study.

• Sound wave frequency content implications on impedance

The impedance of the SDOF liners evaluated was shown to be a strong function

of the signal content. The impedance response to varying types of broadband

signal was shown to di�er from pure tone results at the same OASPLs. Above

a certain OASPL, the odd harmonic dominance over even harmonics is reversed

for a SDOF liner. The even harmonics interact and there is exchange of energy,

causing impedance values that are di�cult to predict with current liner impedance

models (Figure 3.18). This can be investigated further using the developed 2D

axi-symmetric model in COMSOL.

• E�ects of even harmonics on liner impedance

Multiple tones were evaluated using two even harmonically related tones for a num-

ber of liner samples and amplitude combinations between frequency components.

A signi�cant resistance change from the pure tone value was observed for di�erent

samples and for various signals, both experientially and numerically. The reactance

also varied due to multiple tone excitation, but to a lesser degree. It was shown in
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Figure 3.30 and 3.31, that non-linear interaction occurs from low to high frequen-

cies, and vice-versa. The impedance change is related to the relative amplitude of

the dominant tones, and to the resonant frequency of the liner.

• Grazing �ow e�ect and eduction technique limitations

The grazing �ow has a very signi�cant impact on liner impedance in aircraft en-

gines. The approach condition of an aircraft was simulated at UFSC rig for pure

tone excitations and grazing �ows up to 0.26 Mach. Di�erent impedance educ-

tion techniques were performed and cross validated with in-situ measurements

performed on a punched aluminium SDOF liner. The experimental eduction tech-

niques show limitations in terms of frequency range, SPL and Mach number. How-

ever the educed impedance show reasonable agreement with in-situ measurements

[88]. Also, the in-situ results with and without grazing �ow at the UFSC rig show

reasonable agreement with the proposed 1D model as seen in Figures 4.17, 4.18,

and 4.19.

• 1D semi-empirical model implementation and validations with and without

grazing �ow

The proposed 1D semi-empirical model was improved using the assumptions from

time domain models developed by other authors[78][20][7]. The end correction

description was simpli�ed in order to be expressed in terms of the Strouhal number,

and the frequency dependent discharge coe�cient. The Rice description of the non-

linear term related to the velocity was shown to agree with experimental data for

the punched aluminium SDOF liner. This was incorporated into the proposed 1D

model with excellent agreement at di�erent SPLs, as shown in Figure 4.10 (Mach

0) and subsequent graphs in Chapter 4.

• 2D COMSOL model implementation and validations

A slit liner 2D model and an axi-symmetric COMSOL model showed good agree-

ment with experimental and DNS data available in the literature [102]. The valid-

ation emphasises the innovative approach by using a model with two domains, that

solve di�erent equations that describe the physics near and far from the liner per-

forate hole. The FEM model solves the full Navier Stokes Equations but remains

computationally e�cient. The model provides accurate results in comparison with

literature data and other semi-empirical models. The �exibility and the speed of

the model allow the evaluation of di�erent liner geometries and multi-tonal har-

monic signals faster than costly 3D DNS models.

• E�ect of the hole pro�le

The 2D axi-symmetric model developed in COMSOL & MATLAB was used to

evaluate di�erent hole pro�les for pure tone excitations at various frequencies and

SPLs. The impedance sensitivity to the hole pro�le showed that this evaluation is
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critical, in order to correctly design acoustic liners at high SPLs. The frequency

content of the impinging sound wave changes the velocity pro�le at the hole leading

and trailing edges. The velocity pro�le is also dependent on the hole pro�le. In gen-

eral, chamfered edges and conical sections alter the resonant frequency of the liner

and reduce the inertance, which is desirable in terms of broadband attenuation.

The �ow velocity and vorticity �elds are similar for all hole pro�les. However, it

was observed that a divergent hole exit creates local vortex rings that are shed

and stay close to the hole edge. Straight edges accelerate the �uid creating a more

distinct vena contracta than the divergent hole exits at the frequencies analysed.

• E�ect of phase between multiple tone frequency components on liner

impedance

The phase between multiple tone frequency components alters the peak magnitude

of the pressure waves for an incoming sound wave. The RMS pressure is phase

independent, and there is only small change in impedance due to phase di�erence

near the resonance at high SPL, as shown in Figure 6.12.

• Multiple tone experimental �ndings, numerical predictions and pro-

posed corrections

A proposed semi-empirical correction of pure tone resistance to obtain multiple

tone resistance was developed and based on COMSOL numerical predictions. The

correction is frequency dependent and linked to the resonant frequency of the liner.

It uses the relative amplitude between two even harmonically related tones to

calculate a value that can be multiplied by the pure tone resistance in order to

obtain the predicted multiple tone liner impedance at the tones evaluated.

7.3 Future Work

The list of suggestions below aim to guide future studies on this topic, in order to explore

the e�ect of multiple tone excitation in liner impedance even further, and allow better

understanding about the physical phenomena. The suggestions are:

• Explore the e�ects of grazing �ow with multiple tones in SDOF liners;

• Explore the e�ects of odd harmonics in SDOF liners at high SPLs;

• Explore the complex �ow patterns and energy dissipation mechanisms for pure tone

and multiple tone excitation;

• Explore the impact of bias �ow on acoustic impedance for pure tone and multiple

tone excitation;

• Explore the non-linear multiple tone impedance of 2DOF liner;
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• Develop a simpli�ed description of the end correction based on the inverse of

Strouhal number;

• Incorporation of the ∆SPL between multiple tone frequency components in a

SDOF liner impedance model.
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7

Specifications – Portable Impedance Tube WA-1599-W-005

FREQUENCY RANGE
Tube: 500 Hz to 6.4 kHz

ZERO ABSORPTION
(calculated in 1/3-octave bands)
50 Hz to 4 kHz: < 4%
5 kHz to 6.3 kHz: < 10%

¼″ CONDENSER MICROPHONE CARTRIDGE TYPE 4187
To optimise the measurement accuracy of the microphones have a non-
removable protection grid that forms an airtight front cavity. This gives a 
coupling between the tube and the microphones that is well-defined with 
respect to phase
Open-circuit Sensitivity (250 Hz): 4 mV/Pa (–48 ± 3 dB re 1 V/Pa)
Capacitance (250 Hz): 6.4 pF, typical
Frequency Response Characteristic (Flush-mounted) ± 1 dB: 1 Hz to 
8 kHz
Polarization Voltage: 200 V

PREAMPLIFIER
Type 2670-W-012

ENVIRONMENTAL SENSORS
Integrated sensors measure temperature pressure and relative humidity

LOUDSPEAKER
Max. RMS Power: 50 W at 20°C (68°F)
Impedance: 8 Ω
Diameter: 35 mm (1.38″)

OPERATION
Sound source activation and status indicator integrated in handle

DIMENSIONS
Tube Inner Diameter: 29 mm (1.14″)
Tube Length: 208.2 mm (8.2″)

ASSEMBLED DIMENSIONS (EXCL. CABLE)
356.5 × 184 × 150 mm (14 × 7.2 × 5.9″)

WEIGHT (WITHOUT ACCESSORIES)
4.2 kg (9 lb. 4 oz.)

Specifications – Impedance Meter Program WT-9888

System Requirements
WT-9888 is a software application for use with PULSE LAN-XI System
• The PC requirements for PULSE LAN-XI System Type 3160 must be 

fulfilled
• FFT & CPB Analysis Type 7700-N2 or FFT Analysis Type 7770-N2 

must be installed
• PULSE Material Testing Type 7758-N must be installed

Application Projects
WT-9888 includes a number of predefined application projects for 
material testing

Measurement
Measurements are based on the two-microphone transfer-function method 
as described in the ISO 10534–2 and ASTM 1050–98 standards. A group 
or batch of measurements can be made in a project and measurements 
from previous projects can be imported into the current project 
• Measurement with broadband, pure-tone, or user-defined source
• Automated pass/fail impedance Quality Control routine for use by non-

acoustic specialists
• Impedance spectra for broadband OASPLs up to 150 dB
• Perform automated tracking of Resonance Frequency variation with 

Pure Tone SPL for non-linear materials
• Option for non-linear resistance versus velocity characteristic (pure -

tone or broadband up to 150 dB OASPL)

MEASUREMENT TUBES
WT-9888 supports WA-1599 and all tube setups included in Impedance 
Measurement Tubes Types 4206 and 4206-A and up to three user-
defined tube setups in a single project

FFT ANALYSIS
Measurements in WT-9888 are based on FFT analysis
Parameters
• Baseband and Zoom: 50 – 6400 lines
• Frequency Span: 1.56 Hz – 25.6 kHz (tube dependent)
• Centre Frequency Resolution: 1 mHz
• Averaging Mode: Linear, Exponential and Peak hold
• Number of Averages: 1 – 100000

SIGNAL GENERATION
Waveforms: Sine, Random and Pseudo-random
Level: Fixed, Level automation

POST-PROCESSING
Post-processing can be performed on the following results:
• Absorption coefficient
• Reflection coefficient
• Normalised impedance
• Normalised admittance
Individual measurements can be post-processed as follows:
• Averaging of multiple individual results
• Automated procedure for calculation of the distance from the sample to 

the acoustic centre of microphones
• Calculation of the pressure at the sample facing sheet
• Combining measurements from two different tubes 
• Combining measurements from multiple measurements to create 

resistance versus test level analysis at selected frequency
• Combining measurements from multiple measurements to create 

resistance versus test level analysis at selected frequency at surface of 
test object.

• Extraction of 1/n-octave centre frequency information
• Acoustic pressure and acoustic velocity spectra at sample surface
• Calculation of non-linear resistance variation with acoustic velocity (for 

broadband, pure-tone or user-defined source)
• In-tube sample holder for flanged tube correction routine

RESULTS
WT-9888 offers a large number of task-dependent intermediate and final 
result types.
Channel Calibration
Sound pressure level at each microphone position
Signal-to-Noise Ratio
Signal-to-Noise Ratio (SNR) at each microphone position
• As measured
• User-defined SNR threshold level
Sound Pressure Level at each Microphone Position
• With generator off (background noise)
• With generator on
Transfer Function Calibration
• Calibrator factor
• Coherence
• Transfer function H1, H2 and H3
• Sound pressure level at each microphone position and at facing sheet
Measurements
• Absorption coefficient
• Acoustic resistance as a function of acoustic velocity (pure-tone or 

broadband)
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HEADQUARTERS: Brüel & Kjær Sound & Vibration Measurement A/S · DK-2850 Nærum · Denmark
Telephone: +45 7741 2000 · Fax: +45 4580 1405 · www.bksv.com · info@bksv.com

Local representatives and service organisations worldwide

B
N

0
29
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–

14
20

14
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2

• Acoustic velocity as a function of frequency
• Coherence
• Corrected transfer function
• Normalized impedance ratio
• Normalized admittance ratio
• Reflection coefficient
• Resistance vs. test level at selected frequency at surface of test object

• Sound pressure level at each microphone position
• Transfer function

REPORTING
• Integrated reporting with Microsoft® Word
• Automated export of data to Microsoft® Excel®

Ordering Information

Type 9737
PULSE Impedance Meter System Type 9737 includes the following:
• WT-9888: Impedance Meter Program
• Type 7758-N: PULSE Material Testing Program
• Type 7770-N2: PULSE FFT Analysis, 2-channel license
• Type 3160-A-042: Generator, 4/2-ch. Input/Output Module LAN-XI, 

51.2 kHz (Mic, CCLD,V)
• WA-1599-W-005: Portable Impedance Tube (500 Hz – 6.4 kHz, max. 

150 dB SPL) including:
– Power Cable, 10 m (32.8 ft.)
– 2 × Microphone Type 4187 with Preamplifier Type 2670-W-012
– 5 × WS-4929-W-002: Flat Flange for machining to curved surface
– WB-3592: Power Amplifier
– AO 0087-D-002: BNC Cable, 0.2m (0.66 ft.) (cable between Type 

3160-A and WB-3592 input)
• WE-0214-W-005: Carrying Case for Type 9737 System to carry all 

elements of the system (except the lap-top computer) plus optional 
Pistonphone, Sound Calibrator and accessories. WE-0214-W-005 is 
fitted with wheels and an extendable handle

• WP-4808: Hard-wall Calibration Sample (150 × 150 × 10 mm [5.91 × 
5.91 × 0.39″]) Aluminium

• WA-1706: Sample Holder
• WQ-2927: 12 m (39.4 ft) Mains Extension Lead incl. four-way mains 

distributor 
• WQ-1245: Mains Adaptor for Europe and USA 
Dimensions (Ext.): 625 × 500 × 297 mm (24.5 × 19.5 × 11.7″)
Total Weight:
Full Case: 21.25 kg (46.8 lb.)

OPTIONAL ACCESSORIES
Type 4228 Pistonphone
Type 4231 Sound Calibrator
DP-0775 Adaptor for ¼″ Microphones (for Type 4231)
Type 4206 Impedance Tube Kit (50 Hz – 6.4 kHz)
Type 4206-A Impedance Tube Kit (100 Hz – 3.2 kHz)

AVAILABLE SPARES
Type 2670-W-012 Short Preamplifier Type 2670 with 10 m (32.8 ft.) 

cable
Type 4187 ¼″ Microphone
WC-0015 Microphone Fixing Knob

REQUIRED SOFTWARE
Microsoft® Windows® 7 SP1 (all editions), Windows® XP Professional 
(SP3, 32-bit), Windows® 8 (64-bit)
Microsoft® Office 2013 (32-bit), Office 2007 (SP2) or Office 2010 (SP2, 
32-bit version only)

Service Products
M1-WT-9888 Impedance Meter Program Software Maintenance 

and Support Agreement
M1-7758-N PULSE Material Testing Program Software 

Maintenance and Support Agreement
M1-7770-N2 PULSE Annual Software Maintenance and Support 

Agreement

TRADEMARKS
Microsoft, Windows, Windows Vista and Excel are registered trademarks of Microsoft Corporation in the United States and/or other countries

Brüel & Kjær reserves the right to change specifications and accessories without notice. © Brüel & Kjær. All rights reserved.
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