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Kurzfassung

Lärm in von Menschen bewohnten Räumen ist zu einer immer größeren Herausforderung
geworden. Bei der Auslegung von Maschinen spielt die Betrachtung der Schallemissionen
in der Regel eine untergeordnete Rolle, und erst wenn sie im Betrieb als ”zu laut” wahrge-
nommen werden, kommt die Akustik ins Spiel. In solchen Fällen werden üblicherweise die
standardmäßigen schaum- oder faserbasierten Dämpfungsmaterialien in zu großem Maße
eingesetzt. Besonders bei Anwendungen in Klimaanlagen können diese Materialien unter
starken Nutzeneinbußen leiden, wenn sie Wasser und Staubpartikeln ausgesetzt sind, und
das Anbringen von Schutzmaßnahmen, welche die Langlebigkeit erhöhen sollen, die akusti-
sche Performance deutlich reduziert. Metallbasierte mikroperforierte Absorber (MPA) bieten
eine Alternative, um Lärmprobleme vor Ort oder generisch zu lösen. Sie können in gefährli-
chen Umgebungen eingesetzt und umweltfreundlich aus Metallschrott recyclebar hergestellt
werden. Um eine generische und genaue Auslegung der Absorber für spezifische Lärmpro-
bleme zu ermöglichen, sollte die akustische Leistung im Voraus durch Simulationen mit nur
geringer Abweichung von der gemessenen Schallreduzierung bewertet werden. In dieser Ar-
beit wurde ein auf dem Johnson-Champoux-Allard-Lafarge-Modell basierender Ansatz ent-
wickelt und auf MPAs angewandt. Die Grundlage bildet die Ermittlung äquivalenter akusti-
scher Materialparameter aus Impedanzrohrmessungen durch inverse Anpassung mit einem
genetischen Evolutionsalgorithmus. Mit diesen Parametern werden dedizierte MPA-Designs
in hochdiffusen Schallfeldern bis zu 8 kHz getestet. Die Anwendbarkeit des Ansatzes und die
Leistung verschiedener MPA-Konfigurationen werden anhand von Simulationen und Bei-
spielen demonstriert. Die Untersuchungen erlauben es auch, bestimmte Designempfehlun-
gen in Abhängigkeit vom Frequenzbereich zu geben.
Da eine der möglichen Anwendungen mikroperforierter Absorber in Klimaanlagen liegt,
wurde die Dämpfungsleistung eines MPA unter Strömungsbedingungen und in direkter Nä-
he zu einem Niedrigdruck-Axialventilator untersucht. Die Messungen ergaben, dass sich die
Wirksamkeit des MPA in Abhängigkeit von der relativen Position zum Ventilator stark ver-
ändert. Auch die aerodynamische Leistung des Ventilators hängt von den konstruktiven De-
tails des MPA ab. Unter bestimmten Bedingungen emittiert der mikroperforierte Absorber
auch Schall. Diese Bedingungen wurden untersucht und es zeigte sich, dass das akustische
Leistungsspektrum des Absorbers auch den Pegel der Eigengeräuschemissionen unter Strö-
mungsbedingungen bestimmt.
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Abstract

Noise in human-occupied areas has become an increasing challenge. Usually, in the design
process or application scenario of machines, the consideration of noise emissions plays a
minor role. Only if the experience is ”too loud” in operation, the acoustic at play is consid-
ered. In such cases, the standard foam or fiber-based attenuation materials are applied to an
excessive extent. Especially in HVAC application, these materials can suffer from severe per-
formance restraints if exposed to water, dust particles and by the protective measures used
for persistence. Metal based micro-perforated absorbers (MPA) offer an alternative means
for solving noise challenges in situ or generically. They can be applied in hazardous envi-
ronments and can be produced eco-friendly from scrap metal. In order to allow a generic
accurate absorber design for specific noise challenges, the acoustic performance should be
pre-evaluated by simulations with only a small disparity to the measured sound reduction.
In this thesis, a simulation framework based on the Johnson-Champoux-Allard-Lafargemodel
has been developed and applied to MPAs. The basis is obtaining equivalent acoustic mate-
rial parameters from impedance tube measurements by inverse-fitting with a evolutionary
genetic algorithm. With these parameters, more dedicated MPA designs are tested in highly
diffuse sound fields up to 8 kHz. The applicability of the approach and the performance of
several MPA configurations will be demonstrated through simulations and examples.The in-
vestigations also allow to give specific design recommendations depending on the frequency
range.
Since a possible application involves HVAC ducts, the performance of an MPA under graz-
ing flow conditions and next to a low-pressure axial fan has been investigated. The mea-
surements showed severe changes in MPA effectiveness depending on the relative position
to the fan. The fan’s aerodynamic performance is also sensitive to the constructive details
of the MPA. Under certain conditions, the micro-perforated absorber will emit sound. These
conditions have been investigated, and it is shown that the absorber’s acoustic performance
also determines its self-noise emission level in a grazing flow scenario.
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Notations and Abbreviations

In this thesis, scalars are represented by normal letters (b), Cartesian or data vectors, matrices
and tensors are set in bold-italic letters b.

Abbreviations
¬MPP Configuration without a micro-perforated panel
ABC Absorbing Boundary Condition
Al Aluminum
B Backward skewed axial fan
BPF Blade passing frequency
CAA Computational Aeroacoustics
CAD Computer-aided design
CFD Computational Fluid Dynamics
DES Detached Eddy Simulation
F Forward skewed axial fan
FE Finite Element
FFT Fast Fourier Transform
HVAC Heating, Ventilation and Air Conditioning
IL Insertion loss
JCAL Johnson-Champoux-Allard-Lafarge
JCAPL Johnson-Champoux-Allard-Pride-Lafarge
MCFS Short MPA duct with free inflow, reduced backvolume, Lc = 35 mm
MCTS Short MPA duct with turbulent inflow, reduced backvolume, Lc = 35 mm
MDFS Short MPA duct with free inflow, DMPA = Dduct, Lc = 140 mm
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Notations and Abbreviations

MDTS Short MPA duct with turbulent inflow, DMPA = Dduct, Lc = 140 mm
MFL Long MPA duct with free inflow, Lc = 140 mm
MFS Short MPA duct with free inflow, Lc = 140 mm
MHFS Short MPA duct with free inflow, honeycomb backvolume, Lc = 40 mm
MHTS ShortMPA duct with turbulent inflow, honeycomb backvolume,Lc = 40 mm
MLS Maximum Length Sequence
MMFS Short MPA duct with free inflow, Lc = 140 mm, azimuthal and axial back-

volume segmentation, MPP with double thickness added in fan segment
MMTS Short MPA duct with turbulent inflow, Lc = 140 mm, azimuthal and axial

backvolume segmentation, MPP with double thickness added in fan segment
MPA Micro-perforated absorber
MPP Micro-perforated panel
MTL Long MPA duct with turbulent inflow, Lc = 140 mm
MTS Short MPA duct with turbulent inflow, Lc = 140 mm
MXFS Short MPA duct with free inflow, Lc = 140 mm, azimuthal and axial back-

volume segmentation
MXTS Short MPA duct with turbulent inflow, Lc = 140 mm, azimuthal and axial

backvolume segmentation
NACA National Advisory Committee for Aeronautics
openCFS Open Finite Element solver for Coupled Field Simulation
PML Perfectly Matched Layer
RFL Long reference duct with free inflow
RFS Short reference duct with free inflow
RTL Long reference duct with turbulent inflow
RTS Short reference duct with turbulent inflow
SPL Sound pressure level
SS Stainless steel
TL Transmission loss

Fluid mechanics
()	 Hydraulic (random) field quantity fluctuation
()0 Ambient field quantity or transport property at ambient conditions
βex Bulk expansion coefficient
σ Total stress tensor
τ Viscous stress tensor
x Cartesian coordinates vector
δ∗ Displacement thickness

xv



Notations and Abbreviations

δ99 Boundary layer thickness
V̇ Volume flow rate
γ Isentropic exponent
κ Thermal conductivity
κT Isothermal compressibility
µ Dynamic viscosity
ν Kinematic viscosity
Ωfan Angular speed of the fan
Φbot Power spectral density of the acoustic pressure at the MPA cavity bottom
Φf Power spectrum of fluctuation force in slits
Φsurf Power spectral density of the hydraulic pressure at the wall beneath the

boundary layer
Ψ Additional function for modulating the Rayleigh conductivity
ρ Density
σ1, σ2 Kelvin-Helmholtz wavenumbers
τw Wall shear stress
Θ Momentum thickness
ϑ Circumferential incremental angle
Aduct Cross section of the fan duct
Cfan Circumference of the fan
cp Specific heat of air at constant pressure
cv Specific heat of air at constant volume
Dduct Duct diameter
Dfan Total fan diameter
DMPP Duct diameter of MPP duct
e Specific inner energy
h Specific enthalpy
KR Rayleigh conductivity
Ks Adiabatic bulk modulus
KT Isothermal bulk modulus
Ld Distance from nozzle to fan hub center
LMPA Length of MPA section (expansion chamber)
lcorr,H-S Length correction function
lpore Slit length
N Number of apertures in the screen
nblade Number of fan blades
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Notations and Abbreviations

nrot Number of revolutions
p Pressure
pstat Static pressure
Pr Prandtl number
Q(ω) Volume flux across an aperture
Qmono, Q(ω)i Mass flux across an aperture, monopole source strength
R Universal gas constant
Rduct Duct radius
rap Radius of circular aperture
rcorr,H-S Radiation correction function
Re Reynolds number
s Specific entropy
Sap Cross section area of singular circular aperture
Sneck Slit area cross section
Spiston,rigid Weighting, correlation function
Splate Surface area of micro-perforated plate
Sr Strouhal number
T Absolute temperature
trough Average height of MPP surface waviness
Tu Turbulence level
u Velocity
U0 Flow velocity far from the wall
Uc Convection velocity
Ue Flow velocity at the edge of the boundary layer
Ufan,tip Velocity of the fan’s blade tips
unorm Velocity within the hydraulic boundary layer, normalized with U0

v Specific volume
v Velocity component perpendicular to a single aperture
wpore Slit width

Mathematics
ei Unit vector in i-direction
� Imaginary part
e Natural exponential function
i Imaginary unit
� Real part
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Notations and Abbreviations

a Unspecified field variable
Ji Bessel function of the first kind and ith order

Acoustics
()	 Thermal acoustic model parameter
(a, b, c)JCAL Additional fitting parameters for JCAL model
α Absorption coefficient
α(ω) Dynamic tortuosity
α∞ High frequency limit of tortuosity
α± Acoustic wave attenuation due to convective flow effects
αcl, αwalls Attenuation coefficient in the unbounded fluid and at the walls of a duct
β(ω) Dynamic compressibility
βmr Argument of the Bessel function solution to the wave equation in the duct
T() Transfer matrix
δt Thermal acoustic boundary layer thickness
δv Viscous acoustic boundary layer thickness
γmod Density coupling factor
Λ Viscous characteristic length
λ Wavelength
Λ	 Thermal characteristic length
ω Angular frequency
Lp,sim Simulated overall sound pressure level
Lp Overall sound pressure level
φ Porosity
Φmic Angle between microphones
ρ() Density depending on material
ρeq,scr Equivalent density of the semi-infinite extended MPP
σ Static air flow resistivity
τ Transmission coefficient
τdrag Time constant of exponential decay of fluid particle velocity
τent,vor Relaxation time of the entropy and vorticity mode
Z0 Characteristic impedance of air at ambient conditions
(̃) Coherent field quantity fluctuation, acoustic quantity
τ̃w Coherent part of the wall shear stress
k̃() Wave number
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Notations and Abbreviations

k̃mr Modal wavenumber in circumferential m and radial direction r with order
(m, r)

ai Source strength of source i

aex, bex, lex Dimensions of the small-scale expansion chamber setup
bform Pore shape drag fitting parameter
c0 Speed of sound at standard ambient conditions
d General acoustic characteristic length, diameter of circular MPP pores
Dimp Inner diameter of impedance tube
f Frequency
F (#) Fok-like power series [135] with weighting parameter #

fBPF Blade passing frequency of the axial fan
fc Cut-off frequency
fλ/4,i ith resonance frequency due to expansion chamber cross-section jumps, mul-

tiples of chamber length lex

fc,f1,f2 Frequency limits separating different sound fields
fd Decoupling frequency
flow Low frequency limit
fmid Center frequency of noise frequency band
ft Thermal Biot frequency
fup High frequency limit
fv Viscous Biot frequency
h Mesh size for FE simulation
He Helmholtz number
k0 Static viscous permeability
k	

0 Static thermal permeability
Keq,scr Equivalent bulk modulus of the semi-infinite extended MPP
kper Viscous permeability
k	
per Thermal permeability

l Unspecified symbol for length scale of acoustic and hydraulic order
Lc Cavity length
Lp Sound pressure level, referenced with pref

n Integer multiples
Nnear Near field length
p0 Ambient pressure
P(a,) Sound power portion
pref Reference sound pressure at ambient conditions, pref = 20 µPa
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q Element order of FE ansatz functions
r Reflection coefficient
Rimp Radius of the impedance tube
Rmic Radius of the microphone setup, distance of microphones
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St Stokes number or acoustic Reynolds number
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zτ Normalized shear stress impedance
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Data fitting
x Vector of design variables
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ftol Function tolerance
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Gmax Maximum number of generations
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CHAPTER 1

Introduction

Long-term exposure to elevated noise can bring about several adverse consequences to in-
dividual human health (e.g. cardiovascular diseases, hearing loss) and psyche (e.g. sleep
disorder) [156] [63] [51]. Unwanted sound is omnipresent in inner city living and workspace
areas and is caused by many different source mechanisms [42]. The sound emission into en-
closed spaces is especially important, since there, people go about their daily lives for a fair
amount of the day. Fans in duct systems, mostly for application with low-pressure rises and
high volume flow rate (e.g. HVAC systems) are such noise contributors in e.g. office areas or
daily commuting. Many people have experienced background noises caused by the emission
of small scale fans in 3D-printers, PC cooling systems or beamers at lower dB levels, but long
exposure time, and the accompanying feelings of annoyence and of uncomfort.
Therefore, best-practice guidelines [157] for low noise levels exist in the EU. Mainly con-
cerned with traffic and aircraft noise, there exist no thresholds for the sound emission of
fans or from duct systems. Nevertheless, the determination of sound power radiated into a
duct by fans or other air-circulating devices is an ISO standard [52]. When faced with the
challenge of lowering threshold sound exposure in human occupied areas, the acoustic en-
gineer has two solution strategies. On the one hand, he or she can identify the sources of the
unwanted sound emissions and try to mend them. For example optimize the blade geome-
try of a fan or study the tyre noise mechanisms and make re-design recommendations. But
in a lot of cases, e.g. in HVAC systems or living space areas, the potential of sound source
reduction is limited: physically - acoustic measures demand space which has a worsening in-
fluence on the aerodynamics - and monetary - reworking the fan-duct system, the operating
fan (characteristics) conditions might be unchangeable for thermodynamic and efficiency
reasons, or the inflow boundary conditions are not ideal and thus adding to aerodynamic
sound production. Traffic noise sources are more or less unswayable by the individual in its
quest for lowering noise exposure in enclosed spaces.
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1 Introduction

Passive sound reduction by absorption (by dissipation or interference sound cancelling) is
the other strategy of dealing with noise in situ. An efficient sound absorber has a broad
frequency band application spectrum and is compact in geometric dimensions. Compact-
ness is crucial in duct acoustics with a mean background flow, since any additional pressure
drop will reduce the efficiency of the turbo-machine providing the static pressure differ-
ence. The absorber material should have a low-cost manufacturing process and be easy to
apply in rooms and ducts. Hence, a large variety of acoustic absorber materials are available
on the market. Melamin foams and fibrous materials are the standard choices for broad-
band sound reduction application, e.g. in anechoic chambers, liners and edifice sound insu-
lation. More advanced absorber design concerns the porous micro-structure, the predictive
in-situ-dedicated design with simulation tools and a broader applicability range including
hazardous environments and low Mach number duct flows.

1.1 State of the art

Application requirements for technical acoustic passive sound absorbers include the selec-
tion of a suitable and cost-efficient producible absorber material and its physical model-
ing. Most of the available absorber materials are derived from porous foams or are based
on fibers. With an in-duct acoustic wave-guide, a mean background flow is encountered al-
most all the time and not exceptionally. Specifically the perforated liner has been studied
extensively in aircraft applications.

Micro-perforated material

The basal configuration of the micro-perforated absorber (MPA) is a thin micro-perforated
plate-like structure (MPP), which is placed in front of an empty air-tight cavity of length
Lc. Preferable the semi-finished product is made of metal, due to its durability and machin-
ing quality.Thematerials that were investigated in this study are commercially available.The
production process is well-established, meaning that acoustically significant parameters can
be changed straightforward, e.g. for optimization, and the production costs per square meter
are similar to the standard porous foam or fibrous materials. However, the physical parame-
ters governing the acoustic response of these materials are either not known exactly by the
manufacturer, rather difficult to determine without significant variances or the pore geome-
try is not suitable for the established acoustic modeling.
The MPP can be categorized by its basal semi-finished good, the plate thickness, the size of
the pores, their shape and the porosity, which is the ratio of pore area to the entire plate area
(see Tab. 1.1). The micro-perforated materials that were investigated are depicted in Fig. 1.1
and Fig. 3.2 and are either based on Aluminum (Al) or stainless steel (SS).
These commercially available materials were chosen since they are rather cheap in produc-
tion due to being only plastically deformed by milling or braiding. Therefore material is con-
served. Slit shaped perforations ease the deforming procedure. However the acoustically rel-
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1.1 State of the art

evant material parameters are difficult to obtain. Either there were no parameters provided at
all or merely parameters without the necessary degree of precision for an accurate acoustic
modeling.
The investigatedMPPswere subjected to different types of sound fields and flow conditions as
they would in a common HVAC application scenario or in architectural acoustics. Therefore,
the selected basal scientific literature is categorized into a general review of porous mate-
rials and their modeling, the acoustic liner with a background mean flow and specifically

characteristic length

thickness

front view side view

(a) MPP type: Al or SS-plate based.

front view side view

(b) MASH: SS-wire based.

Figure 1.1: Close-up image of the investigated materials.

MPP type (semi-finished good) tMPP char. length shape porosity
C (Al) ≈ 1 mm < 0.5 mm slit 1 - 2 %
B (SS) ≈ 0.5 mm < 0.5 mm slit 1 - 2 %

LSE2 (Al) ≈ 1 mm < 0.5 mm slit 10 %
LSE3 (Al) ≈ 1 mm < 0.3 mm slit 3.5 %
LSE4 (Al) ≈ 1 mm < 0.2 mm slit 1.5 %
LSE7 (SS) ≈ 0.5 mm < 0.2 mm slit 1.0 %
MASH (SS) < 1 mm n/a slit n/a

Table 1.1: Investigated materials, named with an acronym, with parameter description;
porosity measured by the manufacturer and characteristic (char.) length estimated
or measured with high-resolution camera.

the application of MPPs and MPPs in-duct with flow wave-guide acoustics. The literature on
axial fan aerodynamics is referenced accordingly in the relevant chapter. So is the relevant
background scientific literature on the measurement techniques used.

Porous materials

An overview of the scientific publications on porous materials and the modeling of their
micro-scale are marked according to the focus of the investigations in Tab. 1.2, e.g. appli-
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1 Introduction

cation, development or augmentation of models (mod. type), whether an analytical or nu-
merical approach was used (analyt./num.), whether experiments were conducted (exp.) or
an absorber material parameter fitting was performed (mat. param. fit.). The development
of the presented porous material models stretches over the last four decades [12] and is still
an ongoing field of research with the advent of new ways of material production (e.g. 3D
printers). The porous media and sound attenuation modeling procedures usually make use of
electro-acoustic analogies (see [131]) for low-frequency sound transmission modeling.These
analogies are valid if the acoustic wave length and geometrical dimension of the wave guide
are of comparable scale.

source year mod. type analyt./num. exp. mat. param. fit.

Tijdeman [150] 1975 � �
Knutsson [93] 2008 � � �
Berggren [24] 2018 � � �
Allard et al. [13] 1992 � �
Lafarge [101] 1993 � � �
Lee et al. [105] 2005 � �
Atalla et al. [15] 2007 � � �
Jaouen et al. [80] 2011 � � � �
Beltman [23] 1998 � � �

Randeberg [134] 2000 � � �
Zielinski et al. [169] 2015 �

Table 1.2: Selected literature on modeling micro-scale acoustics.

Acoustic liners with flow

Liner investigations with flow use semi-infinite plate setups for far field measurements or
wave guides where the plane wave mode and a few higher order modes are calculated by
wave-decomposition [140] with the pressure data of various microphones. The literature in
Tab. 1.3 is marked according to whether liner-flow interaction modeling was used or devel-
oped (mod.), experiments were conducted (exp.), liners were investigated (liners) or merely
theoretical analyses were done; whether a numerical simulation was performed (num.) and
if the self-noise of the investigated materials has been measured (self-noise).

Application of MPPs and MPPs in duct flow acoustics

The MPP literature (Tab. 1.4) is categorized as before with the additional focus of the impact
of grazing flow or treating fan noise (flow-fans). The works include the original MPP idea
by Maa, extensive MPP-flow interaction studies in duct arrangements, optimized locally-
reacting MPAs enforced by honeycomb-segmented cavities and numerical simulations to
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1.1 State of the art

source year mod. exp. liners numeric. self-noise

Ffowcs Williams [53] 1972 � �
Tsui et al. [152] 1977 � � � �
Bauer et al. [20] 1977 � � �
Nelson et al. [125] 1982 � � � �
Liu et al. [111] 2008 � � �
Weng [155] 2013 � � �

Zhang et al. [168] 2016 � � � �
Stein et al. [146] 2019 � � �
Howe [76] 1995 � �

Jing et al. [82] 2001 � �
Knutsson et al. [94] 2010 � �

Schulz [144] 2018 � � � �

Table 1.3: Selected literature on acoustic liners (in ducts), duct acoustics with a background
flow and acoustic-flow interaction modeling.

identify the influence of flow on the real and imaginary part of the MPA’s impedance. The
lists are far from complete and additional sources are referenced throughout the text.

source year mod. exp. flow-fans numeric. mod. param. fit.

Maa [112], [113] 1975/1998 � �
Liu et al. [110] 2013 � � �

Denayer et al. [48] 2016 � � �
Laly et al. [103] 2017 � � �
Bolton et al. [31] 2017 � � � �
Allam et al. 2011/14/15 � � � �
[9], [10], [11]

Sacks, Kabral [141], [86] 2016 � � � �
Bravo et al. [32] 2017 � � � �
Xiaoqi et al. [164] 2019 � � � �
Xiaoqi et al. [165] 2020 � �
Xi et al. [163] 2014 � � �
Lee et al. [104] 2015 � � �

Table 1.4: Selected literature on application of MPPs, MPPs in duct acoustics with and with-
out fans.
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1.2 Motivation for the thesis

As discussed above, the scientific background leading to now available micro-perforated ma-
terials and absorbers is substantial. There have been individual studies covering certain as-
pects of the MPA, but so far no comprehensive studies by simulations and in situ evaluation
in various sound fields have been performed.
The purpose of the thesis is to give detailed description of the design framework and appli-
cation considerations of the MPA based on metal micro-perforated plates. Porous material
modeling in combination with Finite Element simulation forms the basis for more dedicated
absorber designs. A systematic experimental study of three application scenarios in different
sound fields (free field with flow, wave guides with flow and diffuse field without flow) was
conducted and allowed to assess the absorbers’ acoustic behavior with and without flow and
its impact on the aerodynamics of an adjacent axial fan. The considered flow velocities are
of a low Mach number (Ma < 0.3). The main questions that guided the MPAs’ scrutiny imply:

• Suitability of efficient and accurate numerical simulation in a wide frequency range
for sound reduction and space requirement optimization.

• Robustness and accuracy of the material parameter fitting procedure.

• Influence of sound field character in front (direct and plane wavefronts vs. diffuse) and
within the MPA (local vs. non-local).

• Aerodynamic effects of an MPA adjacent on an axial fan in a duct.

• MPA characterization under grazing flow concerning self-noise and the influence of
flow-MPP-interaction on effectiveness of the MPA.

• Derivation of recommendations for MPA usage in various sound field and flow field
scenarios.

1.3 Structure of the thesis

The literature presented above shows the initial situation for the following investigations.The
outlined research represents duct acousticswave propagation andmeasurement theory, acous-
tic liner characterization experimental and simulation results as well as theoretical and ex-
perimental investigations on the equivalent fluid based Finite Element framework.
Chapter 2 deals with the governing equation describing the acoustic field quantities inside
and outside of porous materials with or without a background mean flow field. Thereby,
the equations are simplified and modeling solutions for the acoustic pressure field are pre-
sented. The influences of flow on the acoustic field are discussed. The porous material pa-
rameter determination and a discussion of the occurring modal fields conclude the chapter.
Chapter 3 elaborates the equivalent fluid based simulation approach. The fitting procedure
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based on a genetic evolutionary algorithm is presented [115]. The impact of various mod-
els and number of fitting parameters on the simulated sound field is discussed. Differently
modeled MPA structures and geometrical sensitivity studies show the robustness of the FE
framework and its limits. The simulations were carried out with the open source Finite Ele-
ment code openCFS [5, 87]. By variation of MPPs arrangements relative to the sound source,
measurement and simulation studies show how frequency range and absorber morphology
determine its efficacy in terms of sound mitigation. The MPPs investigated are type C, B and
MASH. Some parts of the content haven been published in two papers: [56, 89].
Chapter 4 summarizes investigations of a circumferential MPP arrangement in the direct
vicinity of an axial fan. The measurements were performed at an axial fan test rig that al-
lowed to measure fan characteristic curves with and without the circular MPP liner.The used
MPP was type B. Major parts of the content have been published in two papers: [46, 57].
Chapter 5 deals with investigations of flow grazed compact MPP liners under free field
acoustic boundary conditions. Flow induced self-noise and flow velocity profile measure-
ments were used to characterize the impact of flow direction, flow velocity and MPP param-
eters on the acoustic behaviour of the MPA under laminar and turbulent flow conditions.The
investigated MPPs are type LSE2, LSE3, LSE4 and LSE7.
Chapter 6 contains the summary of the general findings and conludes the thesis with rec-
ommendations for future work on MPAs.
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CHAPTER 2

Fundamentals

The main goal of MPP application is the attenuation of acoustic wave energy. However, in
the common application scenario, besides the fluctuating coherent acoustic field quantities,
laminar and/or turbulent fluid flow field structures will be present [78]. The interaction of
both fields is to be considered depending on the spatial scale, flow characteristics in the pres-
ence of a porous structure, but most importantly, on the local flow velocity in excess of the
speed of sound (Mach numberMa). The simplification of the general conservation equations
of mass, momentum and energy, leads to models for sound absorption, aeroacoustic source
description, the influence of fluid flow on sound propagation and attenuation under specific
physical boundary conditions. These simplified descriptive models require in part certain
approximate assumptions [144]:

Compactness:
An object that is exposed to an acoustic wave is said to be compact if the fluid region occupied
by its volume with characteristic length scale l is much smaller than the acoustic wavelength
λ = 2πc0/ω [77]. This means for the Helmholtz number: He = ωl/c0 = k̃0l 
 1. Com-
pactness is necessary for the electro-acoustical analogies, used for semi-infinite absorber
modelling and wave-guide analysis by lumped element models [131].

Local and non-local reaction:
Suppose the reaction of a surface’s portion to an incident acoustic field quantity is dependent
only on the quantity incident on that portion and independent of the quantities on any other
part of the surface. In that case, it is said that the surface is locally reacting [122]. Hence, such
a surface is independent of the spatial distribution (wavenumber k̃) of the incident acoustic
wave field and thus the angle of incident [144]. A locally reacting surface can be sufficiently
described by the ratio of the local acoustic pressure and surface normal particle velocity -
its normal incident impedance. Since the impedance is a feature of the surface and not the
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acoustic field, different modal sound field solutions can lead to the same impedance [144].
Compactness is a sufficient but not a necessary condition for a local reaction. Concretely
e.g. porous foam materials are considered locally-reacting because of a very large specific
flow resistance (decoupling by inner damping). The single pores in the slotted MPPs (MPP
type B, C, etc. and MASH) are not connected parallel to the plate surface. Therefore, the real
MPP can be assumed to be locally-reacting. This does not apply to the combination of MPP
and an adjacent air cavity.

Homogeneity:
Suppose the assumption holds that the acoustic reaction is spatially invariant and equally
distributed across the surface. In that case, one can describe it as homogeneous.The surfaces’
single pore impedances are represented by a ”smeared” impedance [84]. For a porous surface,
the local reaction of each perforation, described by a local impedance, is scaled with the
entire surface area by the perforation ratio or porosity φ. Homogeneity can be assumed if all
the MPP’s structural elements (openings with characteristic length d) react with the same
amplitude and phase response to an incident sound pressure, and if λ ≥ 2.8d [84]. In this
case, compactness of the acoustic object (pores) is necessary. By these definitions, the MPA
can not be assumed homogeneous due to its air cavity. Depending on the frequency and He
number, the sound field in the cavity will not be spatially homogeneous. According to Allard
[12], compactness and homogeneity, however, justify the usage of an equivalent fluid at the
macroscopic scale and of the semi-empirical models described in the following sections.

Linearity:
If the ratio between complex-valued local acoustic pressure and particle velocity is constant
over the surface and only dependent on frequency and therefore on the wavenumber, but
not on the pressure or particle velocity amplitude, then the assumption of a linear reaction
is valid. Experience shows that for larger amplitudes, a physical system reacts increasingly
non-linear. In the MPP domain for small amplitudes, the effect of viscous friction can be
described as a linear function of the acoustic particle velocity. An example for a non-linear
behavior at larger amplitudes is the eddy detachment from an orifice flowed through at very
high sound pressure levels [79, 118, 144].

Separation of scales:
When the background flow velocity is significantly lower than the local speed of sound c0,
the aeroacoustic source field exists on (characteristic) length scale l and the resulting acoustic
field on scale l/Ma [53], with l = 1/k	 and where k	 is the hydraulic (flow) wavenumber.The
resulting acoustic wave length is the spatial equivalent to the time periodicity of a fluctuating
coherent (acoustic) flow field variable.
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2 Fundamentals

2.1 Governing equations

For the interpretation of the acoustic experiments involving a moving background flow and
the derivation of the sound wave attenuation models, at first, the governing equations for
the flow field quantities are presented.

2.1.1 Conservation equations

The description of the fluid dynamic (thermodynamic) state quantities is carried out in terms
of substantial quantities (Eulerian framework) of a field variable a. The transformation op-
erator D/Dt is called substantial derivative of a. Thereby, the total differential computes
by:

Da

Dt
= ∂a

∂t
+ ui

∂a

∂xi
= ∂a

∂t
+ (u · ∇)a. (2.1)

The underlying equations are the conservation of mass, momentum and energy:[19, 50, 50,
131]
Conservation of mass:
For fluids in general, the mass balance over a moving fluid material control volume is

Dρ

Dt
+ ρ∇ · u = ∂ρ

∂t
+ ui

∂ρ

∂xi

+ ρ
∂ui

∂xi

= 0, (2.2)

with total fluid density ρ and the velocity component ui of u in xi-direction.
Conservation of momentum: (Cauchy equation) [50] [19] [108]

ρ
Du

Dt
= f − ∇p + ∇ · τ or ρ

�
∂ui

∂t
+ uj

∂ui

∂xj

�
= fj − ∂p

∂xi

− ∂τij

∂xj

(2.3)

Thereby, for directions i, j = 1, 2, 3, fj is acting on the enclosed volume of a fluid particle,
with f representing a body force per unit volume. τij is the molecular-dependent momen-
tum input, indicating transport of momentum j in xi-direction, represented by the tensor τ
which is also known as viscous stress tensor. The only surface forces that can exist are those
imposed by the spatial change of the static pressure ∂p/∂xj . The right-hand side of (2.3) is
balanced by the momentum increase per time and addition of momentum by convection ve-
locity (u). Common fluids, like air and water, are classified as Newtonian fluids. Here the
shear and normal parts of τ are linearly connected to the gradient velocity field via a fluid
specific proportionality constant called dynamic viscosity µ.Themomentum equation is then
called the Navier-Stokes equation, and the molecule-dependent momentum input becomes

τij =
�
(µB − 2

3µ)∂uk

∂xk

	
δij + 2µSij , with Sij = 1

2

�
∂ui

∂xj

+ ∂uj

∂xi

�
(2.4)

10



2.1 Governing equations

Steady body forces like ρgi due to gravitational pull gi in constant density flows are usually
compensated by the gradient of the hydrostatic pressure, which is subtracted from the fluid
dynamic pressure. They are therefore omitted further on [100]. The total pressure in the fluid
is the sum of static (thermodynamic) pressure, hydrostatic pressure, and dynamic pressure.
Dynamic viscosity µ is also called shear viscosity and a well-characterized fluid property.The
bulk viscosity is often neglected (µB = 0), which is a valid assumption for many applica-
tions. However e.g., in the higher frequency range (ultrasonic), the influence of humidity,
temperature, and pressure on bulk viscosity significantly affects acoustic absorption in the
fluid medium [108]. In a fluid element at the molecular scale and at thermal equilibrium
the molecular energy modes (internal energy: translational, rotational and vibrational) are
equal. If the departure from internal equilibrium is not too large, a transport property like
viscosity can be expressed as a function of the local thermodynamic (equilibrium) state (de-
fined by any two-state variables such as T , ρ, s or p) [69, 149]. The time that it takes for the
disturbed local thermodynamic state quantity to regain equilibrium is called the relaxation
time. If the relaxation time is much shorter than a change in fluid field quantities (e.g., static
pressure or velocity gradient field) than the local equilibrium assumption is valid. The fluid
reacts ”slow” compared to the molecular processes (e.g. at p = 1 atm, 300KH2O-vibrational
mode relaxation time: 1.6 × 10−8s, [149]). The process of relaxation of rotational and vibra-
tional energy modes to thermodynamic equilibrium can then be expressed with the effective
transport property coefficient of bulk viscosity µB. The relaxation of translational molecular
energy modes happens much faster and is represented by the shear viscosity µ. So, in ”slow”
fluids the bulk motion (u) does not affect the statistical averages of the molecular properties
- the thermodynamic state [129].
Conservation of energy: [19, 70, 100, 121, 129]
The energy equation (for fluids with constant specific heat capacity) follows from the first
law of thermodynamics. The total energy dE within a thermodynamically enclosed mate-
rial volume dV is composed of the inner energy dV ρei, the kinetic energy dV ρu2/2 and
the specific potential energy Φ. The substantial rate of change of total energy DE/Dt is
equal to the rate that energy is received by heat Q̇ = −dV ∇ · q and surface work transfers
Ẇ = dV ∇ · (σu) [129]:

DE

Dt
= Q̇ + Ẇ or ρ

D(ei + 1
2u2 + Φ)

Dt
= −∇ · q + ∇ · (σu) + u · f (2.5)

with q as the heat flux and σ = −δp + τ as the total stress tensor with static pressure p and
τ as the viscous stress tensor. If one omits the specific potential energy, then the total energy
has a thermal and a kinetic portion. Here, the work of the body forcesu ·f contributes solely
to the kinetic portion. However, the total work of surface forces σu can be separated into
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2 Fundamentals

pressure work and viscous work:

1 2 3 4
∇ · ((−δp + τ )u) = −p∇ · u − u · ∇p� �� �

pressure work

+ τ : ∇u + u · (∇ · τ )� �� �
viscous work

(2.6)

In terms 2 and 4 , the gradients indicate force imbalances that accelerate the fluid element
and cause a change in kinetic energy.These terms appear in the mechanical energy equation,
which is the result of the scalar product of the momentum equation with convection velocity
u. Terms 1 and 3 appear in the thermal energy equation and they are forces multiplied by
fluid element deformations. Term 1 can be interpreted as the volumetric rate of expansion and
contraction. Thermodynamically, this corresponds to heating or cooling of the fluid element
by compression and expansion. Separating the kinetic from the thermal part of the total
energy, one arrives at the thermal energy equation

ρ
De

Dt
= −∇ · q − p∇ · u + τ : ∇u. (2.7)

The specific inner energy e can be rewritten by the enthalpy h = e + ρ−1p. Therefore, for
convenience in the fluid dynamics domain, the inner energy for a Newtonian fluid separated
from the kinetic energy in (2.5) can be rewritten with the enthalpy relation dh = cpdT +
ρ−1[1 − Tβ]dp, describing heat transfer in terms of temperature T [129, 131]:

ρcp
DT

Dt
= ∇ · (κ∇T ) + βexT

Dp

Dt
+ βexTu · ∇p + τ : ∇u, (2.8)

where according to Fourier’s law q = −κ∇T , with κ as thermal conductivity and βex as bulk
(or volume) expansion coefficient defined in (2.13). Also the dissipation term in (2.8) can be
rewritten by

τ : ∇u = (µB − 2
3µ)(∇ · u)2 + 2µS : S, (2.9)

with the velocity gradient or strain rate tensor S := Sij .
It can be advantageous for the study of acoustic-fluid interaction or aeroacoustic phenomena
to rewrite (2.7) with the entropy s by using the combined first and second law of thermody-
namics de = Tds + p/ρ2dρ [87, 129]

ρT
Ds

Dt
= ∇ · (κ∇T ) + τ : ∇u. (2.10)

2.1.2 Ideal gas equation of state and the incompressible substance

The complete description of flow and acoustic fields requires the elaboration of the specific
equation of state for the fluid air and the concept of the incompressible substance .
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2.1 Governing equations

Ideal gas: Depending on the physical boundary conditions the equation relates thermody-
namic (static) pressure p, absolute temperature T and specific volume v by the universal gas
constant R in the state equation

pv = RT. (2.11)

Air can be assumed to behave like an ideal gas, depending on the humidity level. For an ideal
gas βex = 1/T in (2.8) and the relation R = cp − cv holds, where cp is the specific heat at
constant pressure and cv at constant volume and γ = cp/cv is the specific heat ratio. For
the isentropic case (ds = 0), one can relate pressure and density via the isentropic speed of
sound c0 at standard ambient conditions

c0 =
�

γp/ρ =
�

γRT =
�

(∂p/∂ρ)s =
�

Ks/ρ, (2.12)

whereKs is the adiabatic bulk modulus. Its reciprocal 1/Ks is called the adiabatic compress-
ibility.
Incompressible substance [129]: The sensitivity of a substance to density changes is spec-
ified by [121, 129]

dρ

ρ
= κT dp − βexdT with κT = 1

ρ

∂ρ

∂p

����
T

and βex = −1
ρ

∂ρ

∂T

����
p
, (2.13)

where κT is the isothermal compressibility coefficient with its reciprocal 1/κT = KT , the
isothermal bulk modulus. Both compression moduli are related by [131]:

Ks − KT

KT

= Tβ2
exKT

ρcp
= γ − 1

γ
= cp − cv

cp
(2.14)

The thermodynamic (static) pressure pt is the force on the wall of a box containing a fluid at
equilibrium. Surface forces are a mechanical force concept. When a substance is not moving,
the normal stress is the same as the thermodynamic pressure, giving the effective pressure
because the normal stress is a sum of pressure and normal viscous stress.
In an incompressible substance, thermodynamically called fluid or mechanically called flow,
the pressure variable is interpreted as the mechanical pressure pm . For a compressible sub-
stance, in a first approximation, the difference between the two pressures can be related to
the rate of expansion with the continuity equation combined with the momentum (2.3) and
energy (2.7) equation by [129, 149]:

pm − pt = µB∇ · u

∇ · u = −1
ρ

Dρ

Dt
= 1

2c2
0
u · ∇u2 + 1

c2
0

�
1
2

∂u2

∂t
− 1

ρ

∂p

∂t

	
+ [.....] (2.15)

One important consequence for the incompressible flow assumption is that fluid flow events
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are independent of heat transfer events, and the specific heats are equal (cp = cv). The energy
equation (2.8) can then be disregarded.The density in an incompressible flow is constant.The
(static) mechanical pressure is determined by the momentum equation. Also, the pressure
work term in (2.8) vanishes. With (2.15), it is understandable that at low Mach numbers,
compressibility can be neglected and that only local fluid velocity fluctuations in the order
of c0 introduce non-linearity (e.g., due to high local pressure fluctuations).
Newtonian fluid [129]: Stokes assumption of the equality of thermodynamic and mechani-
cal pressure is commonly taken as one of the characteristics of the Newtonian fluid simplifi-
cation. Yet rapid changes of state variables of pressure and density (expansion and compres-
sion) associated with the propagation of sound in a free-field lead at first to an increase in
the translational molecular energy mode and only after several collisions the energy is dis-
tributed to rotational and vibrational modes. The translational mode is only associated with
the mechanical pressure, which is therefore not the equilibrium thermodynamic value. If the
relaxation time scale is long compared to the flow fluctuation time scale, the bulk viscosity
coefficient µB can be used to model these non-equilibrium effects for sound waves [129]. For
example, the absorption in noble gases follows Stoke’s assumption, and in air µB is non-
zero, but its value depends strongly on the water vapor content. Generally it is stated that a
Newtonian fluid has the following essential properties:

1. Stress is a linear function of the strain rate.

2. Transport coefficients are a function of the thermodynamic state and usually constant.

3. When the fluid is stationary, the stress is the thermodynamic pressure.

4. The fluid is isotropic.

5. Stokes’s assumption applies (µB = 0): the mechanical and thermodynamic pressures
are equal. The average normal viscous stress is zero.

In the following investigations, the sound-wave-carrying medium is air at ambient (hu-
midity) conditions and assumed to be Newtonian. The investigated sound frequency ranges
(100 Hz to 10 kHz) are way below the ultrasonic range. The bulk medium flow velocities are
sufficiently low (Ma < 0.1) to allow envisioning the flow as incompressible.

2.1.3 Linearized equations - towards acoustics

Sound waves in free air have small amplitudes, are fast and have coherent changes of pres-
sure p̃, velocity ũ and density ρ̃ around an ambient state (p0, ρ0, u0, T0, s0), which occur
isentropically (reversibly and adiabatically, Ds/Dt = 0 - Laplace’s hypothesis).
Inserting the perturbed field quantities ρ = ρ̃ + ρ0, p = p̃ + p0 and u = ũ + u0 in the conti-
nuity equation (2.2), momentum equation (2.3) without viscosity and the isentropic relation

14



2.1 Governing equations

of pressure and density (2.12) and assuming a quiescent medium (u0 = 0), leads to the Euler
equations [47, 131, 136]:

∂

∂t
(ρ0 + ρ̃) + ∇ · ((ρ0 + ρ̃)ũ) = 0

(ρ0 + ρ̃)(∂/∂t + ũ · ∇)ũ = −∇(p0 + p̃)
p0 + p̃ = p(ρ0 + ρ̃, s0) (2.16)

Using the so-called acoustic (or linear) approximation and transferring the combined equa-
tions (2.16) into the frequency domain for harmonic perturbations d/dt = −iω, with ω as
the angular frequency, results in the Helmholtz equation. To be more general, the equation
for an inhomogeneous medium is [88, 89]

ω2

K0
p̃ + ∇ · ( 1

ρ0
∇p̃) = 0. (2.17)

For acoustic wave propagation Ks = K0 and the solution for p̃ in an unbounded plane wave
field defined by cartesian coordinates x = xex + yey + zez is p̃(x, t) = �(p̂e−iωt+ik̃·x). Ac-
cordingly, the solution for ũ is ũ(x, t) = �(ûe−iωt+k̃·x), with k̃ = ω/c0n as the acoustic
wave number vector,n is the unit vector in the direction of propagation, and ω = 2πf withf
as the frequency. The wavelength λ is related to the frequency via c0 = λf .
To describe sound wave propagation through an MPP (or more generally of a porous ab-
sorber) and its frequency-dependent attenuation, which is linked to thermal and viscous
dissipation, one can rewrite the acoustic approximations of continuity and momentum with
the linearized isentropic state relation p̃ = c2

0ρ̃ (2.16) to arrive at [101]

ρ(ω) ∂

∂t
φ�ũ� = −∇�p̃� viscous effects and

K(ω)−1 ∂

∂t
�p̃� = −φ∇ · �ũ� thermal effects. (2.18)

Here, �ũ� and �p̃� denote the macroscopic phase averages of the local periodic fluctuation in
the microscopic pores over an homogenized volume. The phase average allows to differenti-
ate between periodic ((̃), coherent) and random (()’) fluctuations. It is usually accomplished
by correlating e.g., measured pressure/ velocity data to a reference signal.
Thereby it is defined that ρ(ω) = ρ0α(ω) andK(ω)−1 = K−1

0 β(ω), withα(ω) as the dynamic
tortuosity and β(ω) as the dynamic compressibility. This means that in (2.17), K0 → K(ω)
and ρ0 → ρ(ω). A more descriptive explanation of α(ω) and β(ω) can be given by a general-
ization of Darcy’s law (Stokes equation for creeping incompressible flow and neglecting the
convective terms in (2.3)) [101], which describes the single-phase flow of a fluid through a
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porous medium:

�ũ�φ = − 1
µ0

kper(ω)∇�p̃�

�T̃ �φ = −1
κ

k	
per(ω) ∂

∂t
βexT0�p̃�. (2.19)

In (2.19), µ0 is the dynamic shear viscosity, κ the thermal conductivity, T̃ the excess temper-
ature fluctuation and kper(ω), k	

per(ω) are the viscous and thermal permeabilities [12, 101].
Darcy’s law and the wave equation for (in)homogeneous media are related by

α(ω) = iν0φ

ωkper(ω) , β(ω) = γ

�
1 + iω (γ − 1)Pr

γν0φ

�
k	
per(ω), (2.20)

with ν0 = µ0/ρ0 as kinematic shear viscosity and Pr = µ0cp/κ as the Prandtl number.
Porosity φ is the area fraction that is in contact with the fluid.

2.1.4 Dissipation in bounded and unbounded media

At relevant sound propagating distances, e.g. in duct systems or rooms, one can neglect en-
ergy dissipation of the plane wave sound energy due to energy transfer between the three
molecular energy degrees of freedom when not being in mutual thermodynamic equilib-
rium. This, however, becomes relevant at higher levels of humidity or multi-atomic gases
and at more considerable wave propagation distances (see [131]) and can be modeled with
a temperature- and pressure-dependent bulk viscosity µB[108]. The attenuation of a plane
wave then computes by

αcl = ω2

2ρ0c3
0

�
4
3µ + (γ − 1)2κ

γR
+ µB

	
. (2.21)

Here, the absorption due to relaxation processes of the molecular vibrational energies to
thermodynamical equilibrium of each molecular species (O2, N2 etc.) has been neglected.
Additionally, sound perturbation waves that propagate along solid structures manifest the
formation of viscous (δv) and thermal acoustic boundary layers (δt) with

δv =
�

2µ0

ρ0ω
and δt =

�
2κ

ωρ0cp
. (2.22)

The Prandtl number for air is of the order of one and assumed to be constant, therefore δv ≈
δt. The boundary layer formation manifests in the micro-meter order of distance from the
wall. The attenuation of acoustic energy is associated with viscous and thermal dissipation
effects in the vicinity of the solid structure. A thermal wave is created due to successive
compression and rarefaction of the sound wave, and thermal dissipation occurs when there
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2.1 Governing equations

is heat exchange between fluid particles and the solid structure. Viscous dissipation occurs
due to friction of air particles within a micro-meter range from the solid wall.

2.1.5 Sound field composition in a quiescent medium

The plane wave sound field in the linear approximation is composed of the acoustic (modal)
wave, the vorticity and the entropy modal wave field, F̃ = F̃ac + F̃vor + F̃ent. The individual
modal fields are uncoupled in the linear approximation except at boundaries. The formula-
tions for each mode are derived from the acoustic approximation of the governing equations
(2.16) with viscosity included and an entropy and temperature perturbation s̃, T̃ [131, 158].
Entropy mode: In this mode the fluid flows from colder to hotter regions due to density
changes. Entropy mode changes do not appear in the vorticity mode and rather small com-
pared to the temperature perturbations in the acoustic mode

k̃2 = iωρ0cp/κ, with solution and the linear relations: (2.23)

s̃ent = s̃ent,we−(1+i)z/δv , p̃ent = 0, ũent =
�

βexT0κ

ρ0cp

�
∇s̃ent, ∇ × ũent = 0,

T̃ent =
�

T0

cp

�
sent, ρ̃ent = −

�
ρ0βexT0

cp

�
.

Vorticity mode: The dispersion relation and linear relations of the vorticity mode corre-
spond to an incompressible flow that is decoupled from the thermodynamic state of the fluid.

k̃2 = iωρ0/µ0, with solution and the linear relations: (2.24)
ũvor = ũvor,we−(1+i)z/δv , ∇ · ũvor = 0, p̃vor = s̃vor = T̃vor = ρ̃vor = 0

Acoustic mode: The acoustic mode solution for ũ and p̃ has been presented in (2.17). The
wavenumber for the acoustic mode is modulated by visco-thermal dissipation (imaginary
part of the first term in (2.25)) in a finite medium (e.g. MPP) or in the unbounded medium
due to relaxation processes in the molecular energy modes by

k̃2 = ω2ρ(ω)
K(ω) + 2iω

c0
[αcl + (1 − i)αwalls] , with the linear relations: (2.25)

∇ × ũac = 0, sac = 0, ρ0
∂ũac

∂t
= −∇p̃ac, T̃ac = T0βex

ρ0cp
p̃ac, ρ̃ac = p̃ac

c2
0

.

The influence of absorption in the acoustic boundary layer can be incorporated by the Kirch-
hoff solution for a circular duct with circumference Dductπ and cross section area D2

ductπ/4
by [131, 138, 155]

αwalls = 2i
ρ0c0Dduct

�
zτ + γ − 1

cp
zq

�
. (2.26)
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Here, the wall shear stress impedance zτ and wall heat conduction impedance zq, evaluated
at the wall (subscript w), are defined by

zτ = τ̃w/ũw =
�

µ0∂ũvor,x/∂z

ũvor,x

�
w

, zq =
�

κ∂T̃ent/∂z

T̃ent

�
w

, (2.27)

with z as the normal direction towards the wall and τ̃w as the coherent part of wall shear
stress. The wall stress impedance is calculated from the vorticity field and therefore also the
shear stress induced by a mean flow field (τw) and turbulent perturbations in the vicinity of
the wall would contribute.

2.2 Attenuation of the acoustic mode in a semi-infinite
homogeneous medium

The followingmodels allow the simulation of the first term on the right-hand side of (2.25). An
isotropic, homogeneous medium is assumed that has a finite thickness but infinite extension
to the other two space coordinates. The local fluid velocity and pressure in the microscopic
porous domain are averaged to macroscopic values and homogenized over the finite thick-
ness (see (2.19)). The frequency-dependent bulk modulus and density in (2.25) constitute an
equivalent isotropic, homogeneous fluid that has the same visco-thermal behavior as the real
material (e.g., the MPP). Henceforth, K(ω) is named Keq and ρ(ω) becomes ρeq.

2.2.1 Biot-modeling of fluid-structure interaction

Biot’s poroelasticity equations [12, 25, 26] govern the elasto-acoustic behavior of fluid sat-
urated porous isotropic medium with an elastic frame where viscous effects are accounted
for with a structure factor. The porous material bulk movement consists of a longitudinal
wave in the fluid and a longitudinal and transversal wave in the solid phase. The equivalent
fluid density ρeq accounts for drag related dissipation and the equivalent bulk modulus Keq
for thermal-dissipative effects [22]. The drag effects are dominated by fluid viscosity for low
frequencies and fluid particle inertia in the high-frequency range, depending on the Stokes
number (see (2.32)). The elastic behavior is related to mechanical parameters of the frame
material and may also be modulated by structural losses. With the partial stress tensor σs of
a frame continuum element and by using the so-called (ufr, p̃)-formulation [16], where ufr
is the frame displacement and p̃ is the fluid pressure in the pores, the poroelastic behavior is
described by

∇ · σs + ω2ρmodufr = −γmod∇p̃ (2.28)

∇2p̃ + ρeq
Keq

ω2p̃ = ρeqγmodω
2∇ · ufr, (2.29)
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2.2 Attenuation of the acoustic mode in a semi-infinite homogeneous medium

with the modified density ρmod = ρ1 + φρ0 − ρ2
0/ρeq and modified γmod = ρ0/ρeq − 1 =

α(ω) − 1. Also, ρ1 = (1 − φ)ρs denote the frame density and ρs the density of the solid
constituting the frame.
For a rigid and motionless frame the second equation becomes (2.17). When the frame is al-
lowed tomove, the complexmass density ρeq can bemodified to account for additional inertia
effects. Either the frame moves as a whole without deformation (stiff material, Es/ρs >> 1)
or is limp (Es/ρs << 1), where the porous frame is so soft that the coupling between the
frame and the interstitial fluid is weak. For the MPP (coupling between air and metal) both
of these cases do not apply, since they will be clamped and Es/ρs >> 1. One can assume a
rigid frame of the porous material, characterized by static air flow resistivity σ and porosity
φ, if the decoupling frequency is exceeded [12]:

fd = σφ2

2πρs

(2.30)

The decoupling frequency for the MPP made of aluminum can initially be estimated below
1 Hz.

2.2.2 Morphology of porous materials

Each of the porous media models relies on different morphological parameters by which
sound-absorbing porous materials can be categorized.There are structural and elastic param-
eters. Pore structure-related parameters are associated with the fluid and solid phase. The
elastic parameters describe the visco-elastic behavior of the solid phase of the bulk mate-
rial. Usually, in acoustic application studies, the vibration and deformations are kept small,
with Young’s modulus, Poisson’s ratio and structural damping parameters describing the
solid phase vibration behavior. On the other hand, up to nine pore structure parameters can
be discerned that govern the acoustic attenuation behavior of a porous absorber [101]. The
modeling assumption for the velocity field is normally a non-viscous fluid with boundary
layer δv forming near the solid walls [12, 41, 127]:

• open porosity φ: ratio of the fluid volume to bulk volume (fluid plus solid phase of the
porous material); portion of the area that is covered by the fluid (see (3.2) and Fig.3.2).

• high-frequency limit of tortuosity α∞: also known as sinuosity of the pore domain
and is partly correlated to inertia drag effects in the high-frequency regime where the
acoustic boundary layer is much smaller than the pore size. The apparent equivalent
density due to drag forces is related to the dynamic tortuosity by ρeq/ρ0 = α(ω). The
high frequency limit of ρeq is ρ0α∞. The porous frame is envisioned saturated by a non-
viscous fluid.This fluid flows through the porous frame and the macroscopic velocity is
obtained by averaging the microscopic local velocity over a representative elementary
volume.
As far as themacroscopic velocity is considered, the non-viscous fluidmust be replaced
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by a fluid of density ρ0α(ω). Thus, the value of the tortuosity is an intrinsic property
of the porous frame that depends on the micro-geometry [12].

• static air-flow resistivity σ = µ0/k0 = Δp̃ω→0/(utmat): reflects fluid permeability
through the porous material, depends on the fluid and is also defined as the resistance
within a unit thickness tmat of a porous material.

• viscous characteristic length Λ: [83] [36] represents the surface-to-pore-volume ra-
tio. Each area or volume element is weighted according to the local pore velocity of
the non-viscous fluid, since the viscous effects are located in a very small region close to
solid walls of the pore; hence there is a connection to the scope of the inter-connection
between two pores. Λ controls viscous effects at medium to high frequencies.

• thermal characteristic length Λ	:[36] surface-to-pore-volume ratio without the local
velocity weighting.

• static viscous permeability k0: reflects fluid permeability through the porous material,
independent of the fluid and is defined with Darcy’s law [83]:

�ũ�φ = −kper(ω)
η0

∇p̃ ; k0 = lim
ω→0

kper(ω). (2.31)

An important factor in the low-frequency, viscous regime and related to the geometry
of the micro-structure and controlling thermal effects at medium and high frequencies.

• static thermal permeability k	
0: has a similar role in the description of thermal ex-

changes as viscous permeability has in the case of viscous forces. Characterizes partly
the thermal effects of excess temperature T̃ at low frequencies when the size of bound-
ary layer δv is of the order of the pore size:

�T̃ �φ = −k	
per(ω)

κ

∂p

∂t
; k	

0 = lim
ω→0

k	
per(ω) ; k	

0 ≥ k0.

• static viscous tortuosityα0 or low frequency limit of tortuosity: is defined asα∞, but in
the static flow field at ω = 0 (a viscous fluid is assumed). One has found that α0 ≥ α∞
[12].

• static thermal tortuosity α	
0 � α0/α∞ [142].

2.2.3 MPP modeling

For the following four MPP models, a rigid porous material is assumed, because of the low
decoupling frequency fd.TheMaamodel describes the effective surface impedance of a single
MPP pore scaled to the extended screen with porosity φ, whereas the other three can model
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2.2 Attenuation of the acoustic mode in a semi-infinite homogeneous medium

the equivalent characteristic impedanceZm of theMPP domain.Themodel of Delany-Bazely-
Miki describes locally-reacting porous materials with a very high porosity.

Analytical model: impedance of an MPP

According to Maa [113] an MPP ”…is a lattice of short narrow tubes, separated by distances
much larger than their diameter, but small compared to the wavelength of impinging sound
waves.”. Based on the treatment of sound waves in tubes, he solved the momentum equation
in circular coordinates in the frequency domain and calculated thereby the impedance of
a single hole. The equation was later adapted to account for hole-to-hole-interaction (over
perforation) with a Fok-like function F (#) [38]. The over perforation function diminishes
the length correction (see Fig. 2.1) excess due to fluid flow interaction between neighboring
holes. The impedance consists of two parts: the resistive part of the surface resistance of one
hole due to friction of the fluid flow at the edges and the reactive part due to the piston-like
movement of the envisioned air plug at both edges (see Fig. 2.1) linked to acoustic radia-
tion. The effective surface impedance of an infinite MPP sample with thickness tMPP in front
of an air cavity of length Lc computes by

ZMaa = 1
φ

�√
2ρ0ωµ0

2 + iωρ00.85 d

F (#)

�
� �� �
hole edge length + added mass correction

+ 1
φ

iωρ0tMPP

�
1 − 2

St
√−i

J1(St
√−i)

J0(St
√−i)

	−1

� �� �
Zhole

− iZ0 cot(k̃0Lc), (2.32)

where St = d
�

ωρ0/4µ0 = d/(2δv) is the acoustical Reynolds number. It is defined as the
ratio of the diameter of perforations d to the boundary layer thickness. It is also called the
Stokes number St and J1, J0 are Bessel functions of first kind and first and zeroth order. The
function F is a power series with the parameter # =

√
φ that weights the influence of φ on

the length correction [38] and Z0 is the characteristic impedance of air. In fluid dynamics the
Stokes number is a measure of the characteristic time of a fluid particle to the characteristic
time of the flow:

St = τdrag|u|
d

, (2.33)

where τdrag is the time constant in the exponential decay of a fluid particle velocity due to
drag. A fluid particle with a Stokes number less than unity follows the streamlines of the
flow u and if greater than unity, the particle in the fluid is more and more dominated by its
inertia and differs from the streamline path. The Stokes number in acoustics is the ratio of
the characteristic pore dimension d to the acoustic boundary layer δv. If the ratio is low, then
the entire flow profile in the pore is formed by viscous friction or drag (Hagen-Poiseuille
profile). If the ratio is high, then friction is only concentrated in a small domain near the
solid surface, and the flow profile resembles that of a turbulent macroscopic flow profile.This
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regime is dominated by inertial drag.The imaginary (reactance) part of the surface impedance
ZMaa is associated with inertia drag, the real (resistance) part with viscous drag. The porous
media models each account for the two impedance portions with different expressions [15,
118]. From a macroscopic point of view, the flow through an MPP or generally a porous
material is governed byDarcy’s law (2.19) (or (2.18)), if the Stokes number is low, respectively,
if the frequency is low.

Empirical Model: Delany-Bazely-Miki

The empirical models by Delany and Bazely [41] and their modifications by Miki [119] were
derived by curve-fitting of the real and imaginary part of measured surface impedances of a
large number of porousmaterials.The equation describe how the complex surface impedance
and complex propagating wave number vary with static flow resistivity σ. They are able to
produce accurate predictions of porous materials with a porosity φ close to unity and are
applicable in the range of 0.01 < f/σ < 1.00

ZMiki = ρ0c0

1 + 5.50
�

103 f

σ

�−0.632

− i8.43
�

103 f

σ

�−0.632
 , (2.34)

k̃Miki = ω

c0

1 + 7.81
�

103 f

σ

�−0.618

− i11.41
�

103 f

σ

�−0.618
 , (2.35)

where ZMiki is the characteristic impedance and k̃Miki the wave number of the porous ma-
terial. This model is mentioned for completeness and can not reproduce the MPP behavior,
because the investigated MPPs are of much lower porosity than unity.

Semi-empirical equivalent fluid: Biot-rigid frame-JCAL

Asymptotic low and high-frequency matching is an inherent part of semi-empirical model-
ing.The bulk fluid can be regarded as inviscid and adiabatic except for a lossy boundary layer
at the pore walls in the high-frequency regime. By tortuosity α∞ and thermal (Λ	) and vis-
cous characteristic (Λ) length of the pores, the inertia effects, and thermal dissipative effects
can be incorporated in a frequency-dependent model [36]. In the low-frequency regime, the
fluid in the pores behaves more viscous and isothermal [74]. The viscous and inertia effects
are described by the static viscous permeability k0 and the static viscous tortuosity α0. The
thermal effects are described by the static thermal permeability k	

0 and the static thermal
tortuosity α	

0 [137][169] [36]. The low- and high-frequency regime for a porous material of
circular characteristic length (pore size) rpore = d/2 and straight pores (α∞ = 1) can be
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2.2 Attenuation of the acoustic mode in a semi-infinite homogeneous medium

determined by the viscous and thermal Biot frequency [74]

ωv = 8µ0

r2
poreρ0

= µ0φ

ρ0α∞k0
with σ = 8µ0

φr2
pore

and ωt = κ

r2
poreρ0cp

. (2.36)

The low-frequency viscous-isothermal regime applies for ω << ωv, ωt and is to be separated
from the high-frequency regime (ω >> ωv, ωt), where the fluid behaves adiabatic and inertia
effects dominate. The JCAL modeled equivalent density is present in the Biot-Allard model
for poroelastic media which must be used when the wave propagation in the solid frame
cannot be neglected. The equivalent fluid model also uses tortuosity to account for overper-
foration effects and hole-to-hole-interaction effects [80] [81] with a Fok-like function and the
length correction parameter #. The expression for ρeq was derived by Johnson et al. [83] and
later by Champoux et al. [36] and accounts for drag effects (viscous and inertia) due to the
micro-structure [14]. The equation for Keq was derived by Lafarge et al. [102]. The effective
impedance of one MPP pore (basically a one pore-MPA) connected to an air cavity of length
Lc is

ZMPP, one hole = iωρeqtMPP − iφZ0 cot(k̃0Lc). (2.37)

For an entire screen or plate made up of pores with impedance ZMPP, one hole and porosity φ,
the density of the equivalent fluid is

ρeq,scr = ρ0α(ω)
φ

= α∞ρ0

φ

�
1 + σφ

iωρ0α∞

�
1 + i4α2∞µ0ρ0ω

σ2Λ2φ2

	
with α∞ = 1 + 2#

tMPP
,

(2.38)

and (2.38) becomes

ZMPA = iωρeq,scrtMPP − iZ0 cot(k̃0Lc).

The formulation for Keq,scr to incorporate the thermal-dissipation effects by the acoustic
boundary layer contains the angular frequency weighted with the Prandtl number Pr =
µ0cp/κ

Keq,scr = γp0

φ

1
β(ω) = γp0/φ

γ − (γ − 1)
�
1 + φµ0

iωk�
0P rρ0

�
1 + i4ωP rk�2

0 ρ0
µ0Λ�2φ2

	−1 . (2.39)

Here β(ω) is the dynamic compressibility [102] and K0 = γp0, as in the ideal gas. Similarly,
as in the Maa model #(

√
φ) is a power series that weights the influence of perforation rate

on the correction lengths for the moving air piston in a single pore. The complex valued
equivalent impedance can be computed by Zm =

�
ρeq,scrKeq,scr and the complex valued
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propagating wave number k̃ = ω
�

ρeq,scr/Keq,scr. The low and high frequency limits in first
order approximation [12] for ρeq,scr are

lim
ω→0

ρeq,scr = α∞ρ0

φ

�
1 + 2α∞µ0

σΛ2φ

�
− iσ

ω
(2.40)

lim
ω→∞ ρeq,scr = α∞ρ0

�
1 + δv

Λ

�
− iα∞ρ0

δv
Λ . (2.41)

For identical cylindrical pores with characteristic length rpore = d/2, the flow through the
pores (assuming Poiseuille flow, no convective term in the momentum equation) is perpen-
dicular to the cross section and the pressure is uniform over the cross section, then the vis-
cous and thermal problem happen to have the same mathematical form and the following
relations hold [102]:

k	(ω) = k(Prω) Λ = Λ	 = rpore

k0 = k	
0 = φr2

pore/8 σ = 8µ0/(φr2
pore) (2.42)

The roughness of the surface within the slits could affect the high-frequency permeability,
respectively the static flow resistance, as described in [40]. However, due to the thinness of
the MPP, such an influence was not further considered.

Semi-empirical equivalent fluid: Biot-rigid frame-JCAPL

The JCAL and Biot model approach lead to an underestimation of the imaginary part of the
dynamic permeability at low frequencies with the amount of discrepancy increasing with
the magnitude of the maximum pore-wall slope relative to the (circular) perforation channel
axis [133]. The drag within pores of variable shape is considered in this model. Form drag
always contributes to drag forces when there is a non-constant channel width. Thereby, the
contribution increases with an increasing slope of the walls of the channel. Friction drag
mainly appears in the smallest apertures (pores).
The low-frequency corrected expression for the equivalent density is [12]

ρeq,scr = α∞ρ0

φ

1 + σφ

iωρ0α∞

1 − bform + bform

����1 + i 4α2∞µ0ρ0ω

b2
formσ2Λ2φ2

 (2.43)

The factor bform can be identified as the maximum channel-wall or streamline slope within
the pores of the bulk material [12]. Generally the following relation holds

bform = 2k0α
2
∞

φΛ2(α0 − α∞) . (2.44)
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2.2 Attenuation of the acoustic mode in a semi-infinite homogeneous medium

For straight pores, the form factor is bform = 1.

Relaxational Model

This model is intended to match sound wave relaxation characteristics and not to fit the
asymptotic behavior at high and low frequencies as the models before [12]. The parameters
τvor and τent are the vorticity-mode and entropy-mode relaxation time. The simplified form
of the equations for circular pore geometry are

ρeq,scr(ω) = ρ∞
(1 + iωτvor)1/2

(1 + iωτvor)1/2 − 1 , Keq,scr(ω) = K∞
(1 + iωτent)1/2

(1 + iωτent)1/2 + γ − 1 . (2.45)

Approximated estimations (compared with the JCAL model) for τvor/ent are based on param-
eters of the porous material [158]

τvor = ρ0µ0

�
2α∞
φσΛ

�2

τent = ρ0Pr

µ0

Λ2

4

ρ∞ = ρ0α∞
φ

K∞ = γP0

φ
.

(2.46)

The acoustic mode propagation is modeled without the influence of drag, and the process
is seen as an adiabatic change of thermodynamic state variables. Therefore it is unaffected
by the presence of the porous frame. The interaction with the porous frame only takes place
within the thin boundary layer manifesting near the pore surface. The relaxation time τvor is
the time that the velocity field takes to establish equilibriumwith the counteracting frictional
forces across the porous medium pore surface. The time τent is needed for the heated fluid
in the pore to establish thermal equilibrium by heat conduction with the frame material
[17, 126, 128, 158, 159].

Schematic of oscillating flow through an MPP pore

The models emulating the measured data each involve certain assumptions about the influ-
ence of viscous and inertia drag a fluid particle is exposed to in the oscillating wave motion
through a micro-perforated. The distortion of the flow streamlines is cast into resistive cor-
rection lengths that account for surface and inner viscous effects near a pore, as well as re-
active correction lengths that express additional mass loading of the envisioned moving air
plug in the pore (see Fig. 2.1). Both physical phenomenons manifest in the aforementioned
apparent equivalent frequency-dependent density ρeq. Depending on the Stokes number, the
interpolating weighting function in the JCAL model, either augments the viscous or inertial
correction. For Keq,scr either the isothermal or adiabatic correction is affected. The char-
acteristic pore size rpore, whether measured or fitted, has been shown to greatly affect the
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viscous length correction
δv:low f

δv:high f δv:high f

δv:low f

reactive end correction length due to
flow distortion and mass loading

distorted flow moving air plug

Figure 2.1: Near the MPP pore oscillating flow streamlines (blue) and the length corrections
to account for viscous and inertia drag portions for the ideal circular straight pore
[15, 118]; MPP material under investigation depicted in the center.

visco-inertial limiting frequency fv = 2πωv. The larger the characteristic pore size, the lower
is fv. This means that if the pore size is large, viscosity-driven friction/drag merely plays
a role in the lower-frequency spectrum. Here, the viscous boundary layer thickness δv is
also larger and in the order of the pore size. With a smaller boundary layer thickness in the
higher-frequency range, the inertia-driven drag is predominant.
The following investigations with different sound fields aim to determine whether the two
drag regimes can be discerned. And if they can, which dragmechanisms dominate absorption
in case of the very thin MPP and more dedicated MPA configurations.

2.3 Acoustic field characterization

Near and far field in the quiescent medium

Already in one millimeter away from any solid structure in a quiescent medium, it is valid
to assume the sole presence of an inviscid flow-dominated acoustic mode field. Depending
on the nature of the boundary conditions, one can discern a direct acoustic wave field (free
wave propagation, no reflections eigenmode shapes, just plane wave fronts) and a diffuse
acoustic field due to multiple reflections in a duct or at solid boundaries in a room and the
manifestation of higher order mode shapes [106]. In the free field the sound pressure level
decays by 6 dB per doubling the distance from the source, whereas in the diffuse field, a
spatially homogeneous sound pressure level develops. The level of homogeneity depends on
the frequency and modal density of the bounded space. Generally, in a diffuse sound field
acoustic particle velocity and pressure appear to be uncorrelated signals [139]. Depending
on the compactness of a sound source, the distance from the source and the wavelength, one
can also discern the near field (being reactive, particle velocity and pressure are out of phase)
and the far field (being active, particle velocity and pressure are out of phase) relative to a
source. The diffuse sound field is neither active nor reactive. The far field is approximately
either a diffuse or a direct sound field. The directionality of the sound field emitted into the
far field from a piston radiator with characteristic length l, can be defined by the Helmholtz
number He = k̃0l. If k̃0l << 1, the sound is more or less isotropically emitted (half sphere
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2.4 Excitation of an aperture under grazing flow influence

pattern). However, if k̃0l >> 1 then the sound emission is bundled with a maximum of
sound pressure on the perpendicular bisector of the piston.The near field lengthNnear = l2/λ
defines the boundary between the near and the far field. In the far field the sound field is
much more homogeneous than in the near field.

Duct acoustics

For the acousticmode soundwave propagating along the longitudinal axis x of a ductwithout
dissipation, bounded in y, z-direction by its circumference (rectangular or circular), the wave
equation (2.17), its solution and the axial propagating wavenumber k̃x are given by:

∇2p̃ +
�

ω2

c2
0

− k̃2
mr

�
p̃ = 0 −∇2

y,zp̃ = k̃2
mrp̃

k̃x =
�

(ω/c0)2 − k̃2
mr =

�
k̃2

0 − k̃2
mr. (2.47)

Here k̃mr is the cross section modal wavenumber with mode order (m, r). The plane-wave
mode is always propagating (order (0, 0)). The modes that have k̃2

mr > k̃2
0 are evanescent

(”cut-off”), but are propagating if k̃2
mr < k2

0 . For the rectangular duct with maximum cross
sectional length Lmax and the circular duct with radius Rduct, all higher modes are cut-off if
the following inequality holds [106, 131, 136]

ω < c0π/Lmax or ω < 1.841c0/Rduct. (2.48)

2.4 Excitation of an aperture under grazing flow influence

So far, the dissipation ofwave propagation due to influences of the viscous and thermal effects
in a boundary layer near a solid surface or on the pore surface of a finite porous material has
been discussed. However, the wave propagation is also influenced by mean flow convection,
mean flow refraction and turbulent absorption [155], especially for an acoustic wave in a
wave guide with propagating wave number k̃x (for convenience only the plane wave relation
is considered). It is assumed that the acoustic mode wavenumber k̃ is already modulated by
the effects of the acoustic boundary layer forming at the walls (cf. αwalls in (2.24)). Depending
on the Mach number Ma, the downstream (+) and upstream (−) propagating waves are
modulated by

k̃x,± = −k̃
−Ma ± 1
1 − Ma2 and α± = −�(k̃x,±). (2.49)

The convection effect would then decrease attenuation for the downstream wave and cause
more attenuation of the upstream acoustic wave. Refraction would guide the downstream
wave toward the wave guide walls and the upstream wave towards the wave guide’s cen-
ter. This would result in an increase in attenuation of the downstreamwave and a decrease in
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2 Fundamentals

attenuation of the upstream wave. Convection would also be more important in the low He
number range, and as the Helmholtz numbers increase, refraction would dominate α±.[155]
The wave attenuation α± due to fluid convection is neglected in the following investigations
due to the rather small Mach numbers.

2.4.1 Modeling turbulent wall pressure spectra

The random hydraulic pressure fluctuations p	 convecting with the bulk flow and impinging
on the solid walls of a duct can be simulated by a model developed by Goody [68]. It is a
semi-empirical model for the frequency-dependent power spectral density of the pressure
field Φsurf(ω) beneath the hydraulic boundary layer:

Φsurf(ω)Ue

δ99τ 2
w

= C2(ωδ99/Ue)2

[(ωδ99/Ue)0.75 + C1]3.7 + [C3(ωδ99/Ue)]7
, (2.50)

where C1, C2 and C3 are empirical constants, which will be explained in the corresponding
chapter. The boundary layer thickness δ99, the velocity at the boundary layer’s edge Ue, and
the wall shear stress τw will be measured. Thus, the model can be tuned to the observed wall
pressure levels.

2.4.2 Ansatz for cavity sound

The model for the simulation of the sound in a single overflown cavity can be reviewed
in the works of Howe, Golliard and Gloerfelt[61, 66, 77]. It is based on the simulation of
fluctuations of a one-sided flow past an aperture represented by a vortex sheet. The key idea
is the modulation of the volume flux Q(ω) across an aperture, with (hydraulic, random)
pressure p+ and p− on either side. The volume flux is driven by the pressure differential
across the aperture and expressed as a vortex sheet displacement.
The displacement of the vortex sheet is represented by Kelvin-Helmholtz wave numbers σ1
and σ2, which are calculated by

σ1 = ω2lpore(1 + i)
U+ + iU−

and σ2 = ω2lpore(1 − i)
U+ − iU−

, (2.51)

where U+ = U0 and U− = 0. With U0 as the bulk flow velocity. The fluctuating mass flow,
now affects the Rayleigh conductivity KR, which is the inverse of the impedance of an aper-
ture under grazing flow [61]:

KR = iωQ(ω)
p+ − p−

= πbpore
2F (σ1, σ2) + Ψ , with Ψ = ln(4bpore/e1lpore). (2.52)

Here, lpore and bpore are the dimensions of the MPP slit, and the function F (σ1, σ2) can be
found in Appendix E (cf. (6.11)). This function can signify the energy transfer from the mean
flow towards the vortex sheet fluctuations. It is found that F (σ1, σ2)U0=0 = −2 [146].
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2.4 Excitation of an aperture under grazing flow influence

2.4.3 Ansatz for emitted sound of a circular aperture

In [53], Ffowcs Williams argues that an overflown screen with low porosity and N perfora-
tions supports a monopole at each aperture with radius rap. Then in each aperture, he en-
visioned a rigid piston that can move perpendicular to the screen surface (z-direction) with
an average impedance Z0. The pressure and fluid (particle) velocity v at the ithe aperture
located at yi on the screen surface are then related by:

− 1
πr2

ap



pdSrap,i = Z0v = Z0

iωρ0

∂p̃

∂z
= Z0Q(ω)i

ik̃0ρ0c0πr2
ap

, (2.53)

where the acting pressure on the piston p is made up of a slowly varying acoustic part and
a rapidly varying hydraulic part p	, and Q(ω)i is ith monopole strength associated with the
mass flow through an infinitely baffled circular aperture. The mass flow results in a force on
the piston.This force accordingly also has an ”acoustic” and a separated ”hydraulic” part.The
monopole strengthQ(ω)i can be interpreted as follows. The pressure on the rigid baffle with
cross section areas Srap,i is twice the pressure in the free field. This pressure induces a motion
of the envisioned piston which supplements the local (hydraulic) pressure p	 by an ”acoustic”
amount (8/3π)iρ0c0k̃0rapv. It follows that

2p	 + (8/3π)iρ0c0k̃0rapv = Z0v, thus v = 2p	

Z0 − (8/3π)iρ0c0k̃0rap
. (2.54)

Each piston moving with this velocity then induces a monopole of strength

Q(ω)i = ik̃0r
2
apρ0c0πv =

ik̃0r
2
apρ0c0π2p	

Z0 − (8/3π)iρ0c0k̃0rap
. (2.55)

Eachmonopole radiates through the screenwith 1−r a field (exp(ik̃0RMic)/4πRMic)Q(ω)i(1−
r). Here, for N circular apertures, the homogeneous surface impedance is

Zeff = Z0 − (8/3π)ik̃0rapρ0c0

πr2
apN

and r = Zeff − ρ0c0

Zeff + ρ0c0
. (2.56)

The monopoles radiate and are reflected in the screen surface with reflection coefficient r so
that the scattered, respectively emitted field at position x from all pistons is

−
N�
i

(1 − r)
2p	ik̃0r

2
apρ0c0π

Z0 − (8/3π)ik̃0rapρ0c0

exp(ik̃0|x − yi|)
4π|x − yi| , here |x − yi| ≈ RMic. (2.57)
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CHAPTER 3

Predictive design

In this section, the procedure of obtaining MPP material parameters for the acoustic simula-
tion of more advanced MPAs is described. Following this, design studies of MPA structures
and sensitivity-to-sound-field investigations are conducted using the equivalent fluid ap-
proach combinedwith the Finite Element (FE)Method.The influence of theMPA on reflected,
absorbed and transmitted sound power are assessed separately by comparing simulated and
measured data.

3.1 Material characterization using an impedance tube

The reproducibility of standing wave impedance tube measurements (Fig. 3.1,[37]) of porous
materials with an effective surface impedance Zeff, characteristic impedance Zeq,scr, thickness
tMPP and cavity length Lc is influenced a.o. by the mounting conditions of the specimen,
sample preparation, excitation signal and the signal processing and the microphone distance
dmic [43, 75, 132]. In particular, the main sources of error in the two and four microphone
impedance tube measurements are [2, 4]:

• the microphone phase mismatch error,

• the bias error of the measurement system or the impedance tube setup,

• the tube attenuation αcl and αwalls (2.21, 2.26) and

• a vibrating sample, due to unfavorable mounting conditions (6.10).

The accuracy depends on the stationarity of electronic systems and FFT averages. For mate-
rials with a high sound power transmission, the phase mismatch between the microphones
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3.1 Material characterization using an impedance tube

microphones

specimen with Zeq,scr

loudspeaker

Zeff
Z0

dmic Lc

(a) Impedance tube with MPP specimen,
characterized by its surface impedance
Zeff, characteristic impedance Zeq,scr and
microphone distance dmic.

front siderear side

(b) Enlarged view of MPP mounting in
the impedance tube; process of plastically
deforming semi-finished (plate) good to
MPP.

Figure 3.1: Sheet material parameter characterization, production process and mounting in
the impedance tube.

is a major biasing concern. Bias and random errors can be avoided by choosing an optimal
k̃0dmic, a non-reflective source and a not too long impedance tube [30]. One can further reduce
the phase mismatch by calculating a correction transfer function between the microphones
by performing microphone switching. The vibrating part can either be accounted for with
correcting the MPP characteristic impedance with the impedance of the MPP panel Zp un-
der eigenexcitation (6.10), or by clamping the specimen or by using adhesive for mounting
the specimen rather rigidly in the tube section (see Fig. 3.1 (b)). The excitation signal in the
measurements was either white noise or a Maximum Length Sequence (MLS) with a power
level of 90 dB. 400 FFT averages have been used for a total measurement time of 16 s. The
measured frequency range was 100 Hz to 6400 Hz. The tube attenuation αcl and αwalls was
neglected due to the rather short impedance tube length of 30 cm, as it is recommended in
EN ISO norm [2]. The microphone phase mismatch issue can lead to erroneous results due
the high sensitivity to errors in the microphone data input in the frequency regions below
flow and beyond fup [30]:

• flow < 857 Hz and fup > 6860 Hz for dmic = 20 mm and

• flow < 952 Hz and fup > 7622 Hz for dmic = 18 mm

(3.1)

3.1.1 Materials

Sevenmicro-perforatedmaterials based on different semi-finished goodswere investigated. As
can be seen in Fig. 1.1 (b) MASH is a wire-like material. The perforates shown in Fig. 3.2 (a)
are MPP type C which is based on a 1 mm thick aluminum plate and MPP type B (Fig. 3.2 (b))
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3 Predictive design

based on a 0.55 mm stainless steel plate. In comparison, the MASH has a stainless steel wire
frame with an effective thickness of ≈ 0.7 mm. The schematic view in Fig. 3.2 (a) with a unit

d
w

w

5 mm

1 mm

characteristic length, wpore

lpore

(a) MPP type C: Aluminum plate
based with slit-shaped perforations;
rear view.

(b) MPP type B: stainless steel
based; rear view

Figure 3.2: Close-up image of plate-basedMPPmaterials. Indicated slit lengths lpore, wpore and
square of 25 mm2 to compare slotted perforations with uniformly distributed cir-
cles with pore diameter d and distance w of the pores to each other.

rectangle shows the understanding of the perforation ratio φ and # as [113][38]

φ = π

4

�
d

w

�2

and # =
�

φ ≈ d

w
. (3.2)

In (3.2) w denotes the separation between circular holes uniformly distributed and charac-
teristic length d = 2rpore is the diameter of the circular perforation.The slotted plate material
is characterized by the manufacturer-provided porosity and a length lpore and width wpore of
the slits. Following Fig. 3.1 (b), it is noteworthy that due to the manufacturing process a rear
and front side of the plate-based MPPs can be discerned.

3.1.2 Fitting procedure

The measured impedance tube data was inversely fitted to a 1D simulation of a semi-infinite
MPP domain modeled via aforementioned equivalent fluid models [80, 170]. The procedure
is comparable to that of Zielinski [169] or Jaouen-Bécot [80]. However, the fitting was ac-
complished with a genetic algorithm that minimizes a cost function containing the measured
impedance tube and simulated data.
Generally in an optimization task the goal is to find x∗ ∈ χ from a given set χ ∈ RP . The
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3.1 Material characterization using an impedance tube

basic optimization problem can be written mathematically as

min
x∈χ

J(x)

subject to ai(x) ≤ 0 i = 1, ..., m

bj(x) = 0 j = 1, ..., n.

(3.3)

In (3.3) J(x) is the (objective) function to be minimized. Additionally, ai(x) and bj(x) rep-
resent constraints for the design variables x1, ..., xP in a tuple x = (x1, ..., xP) ∈ χ. The
algorithm applied [115] uses a gradient-free method of selecting among a population of indi-
viduals the ”fittest” members to minimize the objective function [64, 73]. This synthetic evo-
lutionary process is steered by preserving ”fit” members of the population and eliminating
”unfit” ones (the term ”fit” is to be understood in the sense of ”well adapted”). The members
of the population are restricted by the constraints of the search space for the design vari-
ables. Here, the limits for the MPP parameters (φ, rpore etc.) set by the investigator. Within
these limitations, the optimization algorithm searches for a global minimum. So, each indi-
vidual is a certain combination of constraint values within the design variable tuple x. The
algorithm consists of these basic steps:

1. Creating a random initial population

2. Determining the fitness of each individual of the current population by evaluation
of the objective function. If the fitness of an individual meets a stopping criteria the
algorithm stops.

3. Creating the next generation. This involves using the current population to create the
children who represent the next generation. In the selection process, parents are se-
lected that will contribute their genes to the next population. The applied version of
the algorithm only uses elite children, which are individuals with the best fitness value.

The creation of a next generation from the current population is stopped when one of the
stopping criteria is met:

• Exceeding the maximum number of generations Gmax (here Gmax = 250).

• Undershoting the fitness limit flim (here flim = 1.5, default −∞). The best fitness value
of the current population is less than or equal to flim.

• Exceeding themaximumnumber of stall generationsGmax,stall (defaultGmax,stall = 50).The
average relative change of the best fitness value over Gmax,stall generations is less than
or equal to the function tolerance ftol.

• Undershooting the function tolerance ftol (here ftol = 10−8).The average relative change
in the fitness value over Gmax,stall generations is less than ftol.
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3 Predictive design

The evolutionary selection here is based on rank selection [18, 29, 33]. By using this se-
lection technique, the search will not be dominated by few individuals with a high fitness
value, which hinders the algorithm from converging too quickly towards a possible local
minimum. Therefore, the search is prolonged and the probability of finding a global mini-
mum increases. These kinds of algorithms are used if the cost function is stochastic or highly
non-linear [67].
In this case the cost function was the vector norm of the reflection coefficient (see (3.6)). The
reflection coefficient was chosen since the inverse problem of fitting is ill-posed. Several sets
of parameters could lead to the same solution, especially when if one uses the absorption co-
efficient. The 1D analytic solution for the real-valued absorption coefficient α, respectively
the complex-valued reflection coefficient r, computes by (3.4) and (3.5).

Zm(ω) =
�

ρm(ω) Km(ω) = Tm,11

Tm,21
; m = 0, 1; α = 1 − |r|2 = 1 −

����Zeff − Z0

Zeff + Z0

����2 (3.4)

Teff =
�
T11 T12
T21 T22

	
= T1 · T0; Tm =

�
cos(k̃mtm) iZm sin(k̃mtm)

i 1
Zm

sin(k̃mtm) cos(k̃mtm)

	
(3.5)

The genetic algorithm searches for a combination of design variable values that minimize the
error between the simulated reflection coefficient curve rA and the measured values rM. With
the frequency fi as an independent parameter and measured data set [fi, rM,i]. With N data
points the error computes by the cost function.

J(x) =
N�

i=1
||rM,i − rA(fi, x)||. (3.6)

Here Z1(ω) = Zeq,scr, Z0(ω) is the characteristic impedance of the cavity with length Lc
and Z0 is the characteristic impedance of air at ambient conditions. The range of physically
reasonably parameter values determines the range for the design parameter constraints. The
equivalent fluid model mimics the acoustic behavior of the real MPP material. On the one
hand, the investigated models assume uniformly distributed circular pores, so the equivalent
model parameter limits must be in the range of those of the real values. For example the
perforation ratio φ according to the manufacturer does not exceed 10% and the slit length
lpore is below 1 mm (see App. A for entire set of constraints).
Beside the perforation ratio, the other prominent design variable is in the case of the JCAL
model, and the Wilson model, the hydraulic radius rpore. When using the JCAPL model, the
parameter bform in the range of 0 to 1 is added.The lengthLc of the cavity has to be considered
with a geometric error margin of ±3 mm. For the fitting procedure, the equivalent material
was assumed to be rigid due to the very low decoupling frequency (2.30) of ≈ 1 Hz.
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3.1 Material characterization using an impedance tube

The entire set of the most important design variables (model parameters) therefore contains:

x = (φ, rpore, Lc, bform) (3.7)

The extended MPP can be assumed to be acoustically compact and homogeneous, since
k̃0rpore << 1, k̃0tMPP << 1 and λ >> 2.8rpore. In the impedance tube, there is no diffuse
sound field in the cavity, only the plane wave mode can propagate towards the plate. The
acoustic pressure distribution along the tube’s cross-section and along the MPP specimen
surface is therefore also homogeneous. The real metal frame MPP domain is locally-reacting
because an acoustic wave cannot travel within theMPP domain perpendicular to the imping-
ing sound. Thus, the MPA in the impedance tube is locally-reacting. It is obvious however
from (3.5) that the same characteristic impedance Zm(ω) can be calculated from different
combinations of the equivalent density and compression modulus in the plane-wave case
and thus different combinations of design parameters φ, rpore, etc. may occur. Here, the di-
rection of wave propagation in the MPP domain and the MPA cavity are the same, and sound
pressure, and particle velocity wave fronts are always spatially in phase (homogeneity over
cross section). Thus, different equivalent densities and compression moduli can lead to the
same plane wave sound field.
Now, what happens if the absorber domain (MPP + Lc) in-depth direction (of Lc or tMPP) is
not anymore locally reacting because sound waves impinge from various directions (non-
homogeneity over cross section or along the MPP surface)?

• The synthetic wave propagation in the simulated absorber domain other than in the
direction of the impinging sound wave can have an influence on the responsive syn-
thetic field (on the reflected and absorbed power portions, see (3.8)). Also, the MPP
domain is then not locally reacting anymore.

• In such a case, different combinations of the equivalent density and compression mod-
ulus would yield different synthetic responsive sound fields because they influence the
synthetic wave propagation in the MPP domain.

• However, depending on the evaluation parameters (TL or IL of a larger-scale sound
absorber configuration), different local sound fields near the MPPmight yield the same
global acoustic response. But also, sound fields with different modal components can
lead to the same surface impedance because it is linearly connected to the acoustic
field.

Therefore, the follow-up questions for the design stage of an MPA are:

• How much is the measured MPA’s effectiveness influenced by the non-local reaction
in the air volume cavity? There is no parallel sound propagation within the real MPP
material. The effects of the non-local reaction would manifest, especially in a diffuse
sound field.
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• How accurately can the plane-wave fitted MPP absorption characteristics emulate the
acoustic behavior of more dedicated MPA configurations in a diffuse sound field in
the FE simulations? This is dependent on how much the MPP modeling and the non-
local reaction (due to the parallel wave propagation in its volume domain) affects the
synthetic acoustic response of the MPP to an impinging sound wave.

3.1.3 Impedance tube measurement results

To ease the interpretation of the measurement results, it helps to recall the power balance
of a material specimen exposed to an impinging plane sound wave of power Pa,+. A part of
this power is reflected (Pa,−). The non-reflected power consists of a dissipated (Pa,diss) and
transmitted part (Pa,t). Some of the power portions can be calculated from the measured
pressure data and be put into context via the following balance equations, with τ as the
transmission coefficient.

Pa,+ = Pa,− + Pa,diss + Pa,t | : Pa,+

1 − |r|2 = α = Pa,diss

Pa,+
+ |τ |2 (3.8)

For impedance tube measurements with a hard backed end the transmitted sound power is
zero (τ = 0), so α solely represents the dissipated sound power.

Investigated MPPs and comparison to porous material

Figure 3.3 (a) shows the absorption curve of MPP type C with rear (r) and front (f) side point-
ing towards the loadspeaker with Lc,140 = 140 mm (see Fig. 3.1 (a,b)). The red lines indicate
the ”left flank” of the absorption curve between α ∈ [0.25; 1.0; 0.75]. The blacked-dashed line
indicates the absorption trend if Lc = 0 mm. The dimensionless frequency is computed via
He = k̃0Rimp, where Rimp is the radius of the impedance tube. The vertical grey and yellow
dotted lines mark resonance-related absorption peaks, respectively absorption notches.
The rear and front sides of theMPP only differ significantly, starting atHe = 1.6.The trend of
the dashed line is visible in the light- and dark blue curves. The seemingly increasing absorp-
tion at resonance notches is attributed to a low coherence between the microphones due to a
standing wave pressure node at one of the microphones in the range ofHe = 1.6. Here, large
bias and random errors can occur [30], because of the high reflectiveness of the MPA. How-
ever, the measurement results are quite reproducible which can be seen on the low variations
of the grey curves (standard deviation).
A comparison between MPP type C, B, and MASH in Fig. 3.3 (b) reveals that type B is much
more prone to excitation of its frame (black arrows indicate frame vibration). Further in-
vestigations revealed, however, that these vibrations are more correlated to the mounting
conditions and the finiteness of the MPP specimen (edge effects) than the eigenfrequencies
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He 0.5 1.0 1.6
f in Hz 2000 4000 6000

C,f : Lc,140
C,r : Lc,140

notch

peak increasing
notches

(a) Type C, rear (r) and front (f) side:
Lc,140 = 140 mm.

He 0.5 1.0 1.6
f in Hz 2000 4000 6000

B : Lc,140
C : Lc,140

MASH : Lc,140

(b) Type C, type B and MASH: Lc,140 =
140 mm.

Figure 3.3: Measured α-curves for type C, B andMASH; black dashed line showsLc ≈ 0 mm;
grey α-curves show the standard deviations.

of the circular specimen. Type B also has a lower maximum absorption than type C. Only
type C, and MASH have comparable maximum absorption, with MASH being seemingly
more broadband effective. However, this could again be an effect of the error influence near
He = 1.6 and above (compare dashed line to absorption notches at Lc,140 = 140 mm). The
absorption curves of the MPP types LSE are displayed in Fig. 3.4 (a). The absorption of LSE

He 0.5 1.0 1.6
f in Hz 2000 4000 6000

LSE 4
LSE 7

LSE 2
LSE 3

(a) LSE types with strongly varying
porosity and characteristic length:
Lc,140 = 140 mm.

He 0.5 1.0 1.6
f in Hz 2000 4000 6000

C,r + foam C,r
foam

(b) Type C in comparison to porous foam
and a combination of MPP and foam;
Lc,60 = 60 mm.

Figure 3.4: Absorption of MPAs with LSE MPP types 2,3,4 and 7; and type C in combination
with porous foam material in the cavity.

4 is comparable to type C, however with increasing porosity and characteristic length, the
effectiveness of the MPA diminishes (LSE 2 and 3). The low-absorption(-notch) increase is
again visible. It is therefore advantageous to concentrate on many absorption peaks and/or a
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certain high limit of absorption for the fitting, here 0.75 on the right flank of the α peaks. By
doing so, one can minimize the error influence of the measurement system and can obtain a
more realistic acoustic behavior.
In Fig. 3.4 (b) an MPA with Lc = 60 mm is compared to porous foam material, and foam plus
MPP. One can see that the MPP plus the foam work less effective than the foam alone. Both
absorber arrangements suffer from the sensitivity of foam material’s absorption to mechanic
stress and strain (frequency section between the two dotted lines). The foam specimen is
deformed when being placed in the tube. Also, the limp frame of the porous media might
be the cause of the altered absorption in the frequency region near He = 0.5. The MPA
absorption notches could be compensated for by a second MPP in the backing cavity. It is
remarkable that the MPA reaches a much higher maximum absorption below He ≈ 0.85
than the porous foam. The foam, though, is much more broadband effective and reaches a
comparable maximum absorption above He = 1.0.

3.1.4 Fitting results

The genetic material characterization was performed for all MPP types, and the results are
listed in the tables in appendix A.The shown results for the design parameter tuples x under
the set limits for possible values resulted in good data match of the measured curves. The
stopping criteria for the genetic algorithm are listed in 3.1.2. Some of the results of the real
and the imaginary part of the reflection coefficient can be seen in Figs. 3.5, 3.6 and 3.7.
The diagrams show the effect of varying the design variable vector x and the influence of
using different models. Table 6.1 to 6.3 show the impact of changing the design variables for
MPP type C. Table 6.4 and 6.5 list the fitted values of rpore and φ for type B and LSE types.The
most important conclusions are summarized in the following with the corresponding data
readily extracted from the tables in the appendix. It is reminded here that strongly varying
values for the tuples x1, ..., xP in x result in different values for ρeq,scr and Keq,scr which in
turn can produce different responses to an incoming sound wave.

Fitted MPP parameters depending on x and acoustic models

The influence of differently sizedx andMPP types is very prominently displayed by a change
in the viscous Biot frequency fv. It is largely influenced by the characteristic pore size rpore.
The trends in the design variables from the collected data can be summed up to:

a) Influence of temperature T0 and size of x (cf. Tab.3.1)
– The temperature influences the fitted Lc, because it changes c0 and thus λ; this
changes rpore and thus fv quite drastically.

– Parameter bform in the JCAPL has a strong influence on rpore. Its value changes
rather strongly (sensitivity of themodel near bform = 0), affecting the other design
variables and changing the variance.
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3.1 Material characterization using an impedance tube

– The addition of three more design variables in the model, (a, b, c)JCAL (see (6.1))
increases the variance of the characteristic pore size and the porosity.

• It must thus be deducted that to recover an accurate absorption behavior of the real ma-
terial, one should choose few parameters, because an unrealistic synthetic impedance re-
sponse to a diffuse sound field might be overlooked in the plane wave field.

C - rear side tMPP = 1.0 mm x = (φ/− rpore/µm Lc/mm bform/−) fv/Hz

||r|| - JCAL- II α = [0.25; 1.0; 0.75],18 °C 0.063 67.3 140 − 4254
||r|| - JCAL- II −,20 °C 0.055 71.8 140 − 3782
||r|| - JCAL- II −,25 °C 0.046 80.3 140 − 3124
||r|| - JCAL- II −,18 °C 0.060 68.8 139.7 − 4063
||r|| - JCAL- II −,20 °C 0.060 69.2 140.4 − 4067
||r|| - JCAL- II −,25 °C 0.060 70.3 141.7 − 4076

||r|| - JCAPL- II α = [0.25; 1.0; 0.75] 0.059 83.7 140 < 0.001 2826
||r|| - JCAPL- II − 0.056 83.0 140 0.003 2874
||r|| - JCAL- II − 0.076 65.6 140 − 4597

aJCAL, bJCAL, cJCAL
||r|| - JCAL- II − 0.12 53.3 141.2 − 6973

aJCAL, bJCAL, cJCAL

Table 3.1: Table with specimen number (I-V) for comparison (a); entire set in appendix
Tab. 6.2.

b) Influence of frequency range, Lc and size of x (cf. Tab.3.2)
– Rear and front side have almost the same values of rpore and φ.
– The least variance among specimens (I-V) is achieved if one only fits to rpore and

φ. Adding Lc as degree of freedom increases the variance among the aforemen-
tioned variables (cf. Tab. 3.2).

– The frequency ranges, ”flanks”, influence rpore stronger than they influenceφ. Omit-
ting the resonance peaks (at α = 1.0) produces a higher variance among rpore.

– Different cavity lengths (Lc,60,Lc,140) produce almost the same values for rpore if
same frequency fitting range is chosen, however φ is changed more prominently,
but with no influence on fv.

• The fitting frequency range must include the absorption peaks and more resonance peaks
will make the fitting probable more accurate and robust. The difference in rear and front
side is negligible. The porosity φ and cavity length Lc seem to be mutually-dependent..

c) Influence of different models (cf. Tab.3.3)
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3 Predictive design

C - front side tMPP = 1.0 mm x = (φ/− rpore/µm Lc/mm bform/−) fv/Hz

||r|| - JCAL- I α = [0.25; 1.0; 0.75] 0.057 72.1 141.7 − 3804

C - rear side tMPP = 1.0 mm

||r|| - JCAL- I − 0.060 68.8 141.2 − 4175

||r|| - JCAL- II α = [all] 0.059 67.1 141.1 − 4393
||r|| - JCAL- II α = [0.75; 0.75] 0.059 60.4 141.4 − 5408
||r|| - JCAL- II α = [0.25; 1.0; 0.25] 0.058 68.1 141.0 − 4268
||r|| - JCAL- II α = [0.25; 0.75; 0.25] 0.058 62.8 141.1 − 5018

||r|| - JCAL- IV α = [all], Lc,60 0.067 67.0 61.5 − 4403
||r|| - JCAL- IV α = [0.25;1.0;0.75], Lc,60 0.063 68.7 61.2 − 4188

||r|| - JCAL- I α = [0.25; 1.0; 0.75] 0.050 75.9 140 − 3427
||r|| - JCAL- II − 0.050 76.0 140 − 3421
||r|| - JCAL- III − 0.052 75.9 140 − 3433
||r|| - JCAL- IV − 0.051 78.3 140 − 3226
||r|| - JCAL- V − 0.056 74.2 140 − 3590

Table 3.2: Table with specimen number (I-V) for comparison (b); entire set in appendix
Tab. 6.1.

C - rear side tMPP = 1.0 mm x = (φ/− rpore/µm Lc/mm bform/−) fv/Hz

||r|| - JCAL- II α = [0.25; 1.0; 0.75], low 0.051 74.4 140 − 3576
||r|| - JCAL- II −, low 0.060 68.4 141.0 − 4231
||r|| - JCAL- II −, high 0.01 1.5 140 − 999999
||r|| - JCAL- II −, high 0.49 1.6 140.9 − 999999

||r|| - Wilson- II − 0.058 135.4 140 − 1079
||r|| - Wilson- II − 0.069 124.4 141.0 − 1277

||r|| - Maa- II − 0.050 77.4 140 − 3295
||r|| - Maa- II − 0.067 66.6 141.7 − 4459

||r|| - JCAL- II −,Teff,2, Lc,2 = 2.5 mm 0.49 36.7 140 − 14692
aJCAL, bJCAL, cJCAL

||r|| - JCAL- II −,Teff,2, Lc,2 = 2.5 mm 0.21 56.1 138.1 − 6282
aJCAL, bJCAL, cJCAL

Table 3.3: Table with specimen number (I-V) for comparison (c); entire set in appendix
Tab. 6.3.

– Simulation of two MPPs can recover the increasing absorption notch trend to-
wards He = 1.6 (cf. Fig. 3.3 (a)). But the design variable values differ strongly
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3.1 Material characterization using an impedance tube

compared to the other models.
– The low-frequency JCAL limit model produces similar values as the standard
JCAL model, with K0 kept constant.

– The high-frequency JCAL limit model produces strongly differing parameters
rpore and φ with a large difference to measured data in the low-frequency range
(< 3000 Hz,c.f. 3.6).

– The Maa model produces similar values as the JCAL model.
– TheWilson model produces very different rpore-values than the JCAL model and
thus a strongly differing fv.

• For the thin MPP, it could be sufficient to simulate just the equivalent density and calculate
the effective impedance with a constant K0. This would also reduce ambiguity in the plane
wave solution for Zeff, producing the synthetic sound field response. The characteristic pore
size rpore is very sensitive to the models chosen and the other design variables.

All of the above parameter variations can recover the measured absorption curves with com-
parable minimal cost functions in the plane wave field. However, they can produce different
characteristic impedances Zm(ω) (cf. (3.4)) with varying ρm and Km. However, in the cross-
sectional homogeneous sound field (perpendicular sound incidents and plane-wave field) and
the resulting local reaction of the MPA, the effects on the calculated reflection coefficient r
are not too great.

Reflection coefficient results depending on model

Following the presented observations, the design variable values are plugged into the pre-
sented models for the comparison with measured reflection coefficient data of a single MPP
type C specimen. For the fitting, the ambient temperature was assumed to be 22 °C andKeq,scr
was switched to a the constant value of K0. The cavity length was Lc = 140 mm. The fre-
quency fitting range has been chosen to include absorption valueswithin certain limits.These
limits were [0.25 < α < 1.0] on the left flank of the α-peaks and [0.75 < α < 1.0] on the
right flank (see Fig. 3.3 (a)).The intention for choosing this range was to avoid low absorption
(high reflection) data values represented by the increasing notch absorption trend towards
He = 1.6.
Figure 3.5 shows that a three-parameter fit (x = (φ, rpore, Lc)) with the Maa, Wilson and
JCAL model, keeping K0 constant, produces a very similar approximation of the real part
� of the reflection coefficient. There is a more discernable difference for the imaginary part
�, especially the Maa model diverges from the other models. The JCAPL model recovers the
real and imaginary part of r the best for He < 0.25. The absorption notch increase trend
towards He = 1.6 cannot be recovered by any model and using one MPP. Since only one
MPP was measured, it has to be a measurement error.
Comparing the low-frequency-limit model with the JCAL model in Fig. 3.6 reveals almost no
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�(
r)

�(
r)

He 0.5 1.0 1.6
f in Hz 2000 4000 6000

JCAL : Lc, rpore, φ

JCAPL : Lc, rpore, φ, bform

Maa : Lc, rpore, φ

Wilson : Lc, rpore, φ
measured

at
resonance

at
resonance

Figure 3.5: Real and imaginary part of the reflection coefficient depending on models and
design variables used; with indicated resonance frequencies (grey dotted lines).

difference between the two models. The high-frequency limit model performs insufficiently
in recovering the real and imaginary part of the reflection coefficient. The influence of sim-
ulating also Km(ω) is visible beginning at around He = 0.8 or a frequency of 3500 Hz. This
is also the frequency range of the Biot frequencies fv and ft computed with the fitted MPP
parameters (see table 6.1 and 6.2). It marks the limit where viscosity and inertia drag effects
are of the same order of influence on absorption (cf. Fig. 2.1). The high-frequency-limit model

�(
r)

�(
r)

He 0.5 1.0 1.6
f in Hz 2000 4000 6000

fv

JCAL : Lc, rpore, φ

JCAL,high : Lc, rpore, φ

JCAL,low : Lc, rpore, φ

JCAL : Lc, rpore, φ, Keq,scr
measured

at
resonance

at
resonance

Figure 3.6: Real and imaginary part of r depending on models and design variables used.

can recover the real part of the reflection coefficient beyond the Biot frequency, but not the
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3.1 Material characterization using an impedance tube

imaginary part.
The absorption notch increase can only be simulated if one uses two MPPs instead of one
in the 1D simulation (see Fig. 3.7). The two MPPs are 2.5 mm apart. Even better fits can be
achieved if three additional parameter degrees of freedom (a, b, c)JCAL are added. They can
increase or decrease the impact of the frequency f , rpore and φ in F (ω) in (6.4) and (6.1). To
get the best fit with the seemingly erroneous measurement data the compression modulus
Keq,scr must be modeled as a frequency-dependent parameter.
The presented comparison of measured and simulated data leads to the following conclu-
sions:

• The low-frequency JCAL model with constant K0 is a sufficing model for the MPP emu-
lation. However, the best impedance tube data agreement can be achieved with the usage
of the JCAPL model.

• More MPPs (a thicker absorber volume) require the inclusion of a frequency dependent
Keq,scr.

• The usage of Lc in x has a stronger influence on the fitted value of φ than on the fitted
rpore.

• The size of the fitted rpore determines fv which separates the viscosity-dominated from the
inertia-driven frequency range of the emulated MPP domain.

�(
r)

�(
r)

He 0.5 1.0 1.6
f in Hz 2000 4000 6000

fv

JCAL : Lc, rpore, φ

Lc, rpore, φ, Teff,2

Lc, rpore, φ, Teff,2, (a, b, c)JCAL
Lc, rpore, φ, Teff,2, (a, b, c)JCAL, Keq,scr

measured

at
resonance

at
resonance

Figure 3.7: Real and imaginary part of r depending on models and design variables used for
two MPPs, simulated with the JCAL model.
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3.2 MPA measurements using an expansion chamber

In a room acoustics-like application scenario or a wave-guide application above its cut-off
frequency, the sound field will be diffuse because the geometrical dimensions allow the exci-
tation of many acoustic modes (the degree of spatial homogeneity depends on the frequency
band and the modal density in the room). Therefore, sound wave fronts will impinge on the
MPA from multiple directions. This might affect the effectiveness of the absorber in some
frequency regimes because the MPA is not any more locally-reacting. It is important to keep
in mind that the locally-reacting MPA at resonance has a very low reflection coefficient (see
Fig. 3.5). The pore impedance in combination with the impedance of the cavity at resonance
frequency are adjusted to Z0. The sound wave can easily enter the MPA, then is exposed
to viscous plus inertia drag, depending on the frequency, respectively the boundary layer
thickness δv, and the sound wave is attenuated.

3.2.1 Measurement setup

To assess different MPA configurations and compare them among each other as well as with
the standard damping material, simulated and measured transmission loss (TL) data is ob-
tained. With τ and r calculated from pressure data, the transmission loss of an absorber
structure (brown section in Fig. 3.8 (a)) can be computed by

TL = 10 log
�

1
|τ |2

�
; |τ |2 = Pa,t

Pa,+
= 1 − |r|2 − Pa,diss

Pa,+
. (3.9)

The measurement setup allows to measure the TL of an expansion chamber (cf. Fig. 3.8 (b))
with different MPA structures. By wave decomposition, the incident sound power Pa,+ is
separated from the reflected sound power Pa,−[145]. At the other side, the same is done to
obtain the transmitted sound power Pa,t. The measurements have to be performed twice with
different end pieces (X,Y). The dimensions of the setup are the connecting duct dimension aex
and microphone distance dmic = 18 mmwhich allows measurements up to f = 8500 Hz. The
expansion chamber with quadratic cross section is made up of the MPP plus cavity length
Lc, length lex = 300 mm and chamber dimension bex. The transmission loss TL consists of a
reflective and dissipative (absorbed) part [86, 141]

TL = TLabs + TLrefl (3.10)

TLrefl = 10 log
�

1
1 − |r|2

�
TLabs = 10 log

�
1 − |r|2

|τ |2
�

. (3.11)

Strictly speaking, the dissipated sound power in the expansion chamber is actually a com-
bination of dissipated power and power lost by destructive interference. Due to the cross-
section jumps at the beginning and end of the chamber, reflective interference damping at fre-
quencies fλ/4,i (i = 1, 3, 5, ...)will occur, calculated by fλ/4,i = c0(4lex)−1(2i−1) [117]. Here,

44



3.2 MPA measurements using an expansion chamber

Pa,tPa,+ Pa,−

cavity

MPP C
in attachment

bulk body of
expansion chamber

X

Y

4321 lex

x = 0x1

(a) Four microphone measurement setup.

aex
aex

dmic

bex

lex

Lc

(b) Dimensions of the investi-
gated expansion chamber, setup
A.

Figure 3.8: Measurement scheme and setup A for various MPAs for room acoustic applica-
tion.

the transmission loss will be high due to the sudden geometry changes.
For the expansion chamber with MPP certain frequency regions with different characteristic
sound fields must be discerned:

• fc = 1900 Hz is the first cut-on frequency of the expansion chamber: below it, only
plane waves propagate in the chamber. Above it higher order modes propagate and
the sound field in the chamber becomes more diffuse.

• f1 = 3800 Hz is the second cut-on frequency of the expansion chamber: beyond it,
the sound field becomes even more diffuse and the typical TL-lobes blur to smaller
TL-peaks.

• f2 = 6400 Hzmarks the limit of themeasuredMPP specimen frequency behavior in the
impedance tube, but also the diffusivity is very pronounced above that frequency(see
Fig. 3.10)

The measured transmission and reflection coefficients are obtained from pressure data at
microphones one to four in Fig.3.8 (a) and calculated via [4, 37]

τ = 2eik̃0lex

T11 + T12/ρ0c0 + ρ0T21 + T22
r = T11 − ρ0c0T21

T11 + ρ0T21
, (3.12)

where Tij are the entries of the two-by-two transfer matrix, computed from pressure data
of two measurements (X,Y). In the FE simulations, it is possible to enforce a non-reflecting
boundary (PML or ABC, see [87]) condition instead of end pieces X and Y. So, only pressure
data from microphones one to three are needed. The transmission and reflection coefficients
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are calculated by [2, 162]:

p̃in = p̃1 − p̃2e
−i2πfdmick̃0

1 − e−i2πfdmick̃0
τ = p̃3

pin
r = H12 − e−ik0dmic

eik̃0dmic − H12
e2ik̃0x1 , (3.13)

where p̃1, p̃2 and p̃3 are the overall pressures at the discretemicrophone positions.The complex-
valued pressures p̃1 and p̃2 at microphone one and two define the transfer function H12 =
p̃2/p̃1. Three different chamber designs have been chosen to study the influence of geometry,

aex
aex

dmic

bex

lex

Lc

(a) Dimensions of the investi-
gated expansion chamber, setup
B.

aex

dmic

bex

lex

Lc

(b) Dimensions of the inves-
tigated expansion chamber-
plane-circular wave, setup
C.

Figure 3.9: Measurement setup B and C for various MPAs for room acoustic application.

and thus the developing sound field, on the MPA’s effectiveness. Setup A (Fig. 3.8 (b)) is the
most versatile, because apart from the attachment, MPPs can be placed in the bulk expan-
sion chamber as well. Here, the dimensions of the setup are aex = 20 mm, bex = 90 mm and
Lc = 60 mm.
In setup B (Fig. 3.9 (a)) the bulk chamber geometry is rectangular with the goal of reducing
skewed wave front (mode shape) in the direction of Lc. The Helmholtz numbers compute by
He = k̃0bex (A) and/or He = k̃0aex (A,B) for the rectangular setups, and He = k̃0(bex − 2Lc)
for the circular setup C. In setup C (Fig. 3.9 (b)), aex = 29 mm, bex = 190 mm and Lc varies
from 70 mm to 20 mm. In order to avoid near field effects, like short-time evanescence mode
propagation and reactive sound fields, the sound source has a distance of at least five diam-
eters to the first microphone (very small near field length Nnear).
The acoustic pressure distributions in Fig. 3.10 show how the plane-wave field gradually
develops into a diffuse sound field, consisting of many superposed acoustic modes, with in-
creasing frequency. This depends strongly on dimension bex and the shape of the expansion
chamber. A more rectangular cross-section setup suppresses skewed wave fronts in the di-
rection Lc. The greatest difference concerning the sound field characteristic can be seen in
setup C.The modes have a circular shape and the pressure distributions have the same phase
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3.2 MPA measurements using an expansion chamber

on the circumference. In contrast, setup A and B favor a spatially uncorrelated wavefront
at the MPP interface. The wave fronts are strongly skewed and not in phase beyond f1. As
the depiction of the modes (Fig.3.10) shows, the sound field in the high frequency regions
is not really totally diffuse which would require a spatially homogeneous pressure distribu-
tion. But, it also not a direct (far) field which would require plane wave fronts. Hence, it is
to be thought of as diffuse with strong modal components and one can assume an oblique
incident impingement of the sound waves from many directions upon the MPA.
The differences of the various MPA structures are expressed as transmission loss differences
between a reference and comparative setup, computed by:

ΔTL() = TL(),reference − TL(),comparative. (3.14)

cavity segmentation

1000 Hz

fc

3000 Hz

f1

5000 Hz

f2

7000 Hz

A
bex

LcLc

bex

BB C

bex
Lc

bex

aex

10 mm x 10 mm

Figure 3.10: Modes simulated in setup B, C and A with segmented and unsegmented cavity
within the frequency limits fc, f1 and f2.

47



3 Predictive design

3.2.2 Features of the measurement setup

The design of the expansion chamber test setup has the main goal of reproducibility and min-
imizing sensitivities of the measurements to the setup’s boundary conditions. Therefore, the
design includes the following features to reduce the mentioned bias errors of an impedance
tube measurement system (cf. Chap. 3.1):

• The bulk body of the chamber and the connecting ducts are made of aluminum parts
with a thickness of 1 cm to suppress structure-borne sound waves.

• Only the center part of the bulk chamber contains the MPA test configurations, the
other parts of the setup remain unchanged.

• A smaller microphone distance dmic = 18 mm allows a higher frequency range to be
covered. However, there are portions of the frequency ranges prone to errors due to a
high sensitivity to the pressure input data (cf. (3.1)).

• The cross-sections of the connecting ducts are 20x20 mm compared to 90x90 mm of
the bulk chamber.This cross-section jump produces a relatively high transmission loss,
and any additions or subtractions due to the MPA setup should be well visible.

• The microphones are located at least five diameters from the cross section jump or
the loadspeakers to suppress the influence of evanescent modes. With a loadspeaker
diameter of 25 mm, the near field length is kept small (for 6.4 kHz, Nnear = 5 mm).

• The microphones have been calibrated with a pistophone. A microphone phase mis-
match correction has been calculated. This should mainly affect the low-frequency
portion of the measurement spectrum.

The setup’s key features for the assessment of the MPA configuration’s effectiveness are:

• A wide frequency range. Indicated by horizontal reddish colored bars (between fc,f1
and f2, , , ) in the following diagrams. Frequency portionswith a higher
error sensitivity are marked with horizontal grey bars ( ).

• Separation of viscous- and inertia-dominated frequency ranges; color-coded by light-
and dark-green horizontal bars in the following diagrams ( , ).

• Separation of the reflection and absorption portion of the transmission loss.

• Transmission loss peaks ( ) and notches ( ) are marked with grey and dark-yellow
slim vertical bars, indicating the periodic effects at fλ/4,i (cf. Subchap. 3.2.1) due to the
geometry (mainly dimension lex) on the acoustic power transmission.

• Colored areas (dark-red and black, , ) in the following diagrams signify positive or
negative transmission loss differences between two setups.
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3.2 MPA measurements using an expansion chamber

3.2.3 Influence of pore obstructions

Using an MPA application in an air-duct system involves the consideration of pore contam-
ination by dust or liquids. Therefore an MPA with one MPP C and Lc = 60 mm has been
investigated at three levels of contamination. Case 1 involves grainy metal chips (> 1 mm),
case 2 fine-grained wooden dust particles (< 1 mm) and in case 3 the pores are obstructed
completely by grease (see 3.11 (a)). As described in [109], the contaminants have positive or
negative effects on the MPA’s performance, depending on frequency range, particle size or
accumulation level andwhether the pores are still passable by the acoustic air stream.The fol-
lowing figures show the transmission loss of three setups and the differences in TL between
the MPA with one MPP with and without contaminant. The analytical solution to the trans-

grainy

5 − 8 mm

fine-grained

5 − 8 mm

greased

(a) Close-up schematic of investigated
pore obstructions.

T
L

Δ
T

L fc f1 f2

in dB

He
f in Hz 2000 4000 6000

high τ

low τ fv

contaminant

-1
1

analytical solution

(b) TL ofMPA reference setup (dark-red)
compared to MPA covered with grainy
metal contamination obstructing pores.

Figure 3.11: TL measurements of MPA, Lc,60, with different contaminants obstructing the
pores; analytical solution for the bulk chamber without MPA.

mission loss without the MPA is indicated as the blue dashed line in Fig. 3.11 (b). The dark
red line represents the MPA without contamination and the black line shows the contami-
nated case. Generally, the TL-plot of an expansion chamber reveals portions of the frequency
spectrum with TL-peaks, where the transmission of acoustic power through the structure
is low, and TL-notches, where the transmission of acoustic power is low. One can see the
TL-notches (yellow dots) are affected by the presence of the grainy contaminant and that
less sound power is transmitted (increasing black area in the ΔTL-plot). Also, the differ-
ences in transmission loss increase with higher frequencies. The fitting procedure (see Tabs.
6.1, 6.2) revealed an equivalent Biot frequency of fv ≈ 3800 Hz for the MPP. Depending
on whether x = (φ, rpore) or x = (φ, rpore, Lc) is used, the Biot frequency can be a little
lower. Beyond that frequency (Stokes number significantly greater than unity), the acoustic

49



3 Predictive design

boundary layer thickness and the MPP characteristic pore size differ more strongly, and thus
the inertia drag mechanism is more dominant. In the viscous regime, the viscous drag forces
on the oscillatory flow should be proportional to pore size and particle velocity (correlated
to the TL-peaks, marked with grey bars). So, if the contaminant would add to the reflection
damping, one would see a larger change at the discrete frequencies indicated by the grey
bars.
Since the TL-peaks, due to reflective-interference damping by the bulk chamber, seem to
be unaffected by the contaminant, the distance of particles is probably too high to influence
the wave motion through the MPP pores. But there might be a porous layer effect visible
at the TL notches (dark-yellow bars), which are slightly higher than when the MPA with-
out the contaminant is used. The TL-increase in the inertial drag regime is thus less likely
caused by drag enforcement in the direction perpendicular to the MPP (augmenting reflec-
tive damping) and more likely by the drag addition of the porous (contaminant) layer itself
in the direction parallel to the MPP. Anyway, the effects of the inertial drag component seem
to be dependent on the thickness of the absorbent layer. The fitted MPP pore characteris-
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(a) TL of MPA reference setup (dark-
red) compared toMPA coveredwith fine-
grained dust contamination obstructing
pores; He = k̃0bex.
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(b) TL ofMPA reference setup (dark-red)
compared to MPA covered with grease
obstructing pores.

Figure 3.12: TL measurements of MPA, Lc,60, with different contaminants obstructing the
pores; He = k̃0bex.

tic length is rpore ≈ 70 µm (see Tab. 3.2) and δv,500 Hz = 100 µm, δv,2000 Hz = 50 µm and
δv,6000 Hz = 30 µm. The Stokes number varies from St500 Hz = 1.073, St2000 Hz = 2.078 to
St6000 Hz = 3.59.
The fine-grained wooden dust seems to hinder sound waves penetrating the MPP pores (re-
duced TL in Fig. 3.12 (a)) in the plane wave frequency range ( ). But with increasing
frequency the transmission loss increases. The loss in sound power is increased by the vis-
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cous and inertia drag due to the contaminant (compare the increase of TL and position of fv),
even at the TL-notches compared to case of grease in the pores. Here (Fig. 3.12 (b)), the MPP
is more or less unpassable, and the TL-trend resembles that of the bulk chamber without
the MPA attachment. Also, the porosity of the contaminant layer in Fig. 3.12 (a) is greater
than in the case of the metal chips layer, which most likely explains the broadband porous-
absorber-like high transmission loss. One must assume that the MPP is actually unpassable
in the fine-grained case, and the contaminant itself acts as the porous absorbing material.

3.2.4 Influence of cavity configuration, sound field character and MPP type

A porous foam material reacts for the most part locally to an impinging sound wave because
the pores within the material are acoustically decoupled due to a large inner flow resis-
tance. Therefore, the material absorbs sound wave power in a broad frequency range and
causes a high transmission loss. The segmented (10 mm by 10 mm grid) and unsegmented
MPA are compared to such a locally-reacting material by separating the power loss portions
(see (3.11)). As can be seen in Fig. 3.10 setup A,B and C give rise to different diffuse mode
shapes within the expansion chamber. To assess the MPA’s effectiveness in expansion cham-
ber’s diffuse sound field, one must always discern relatively between two configurations and
preferably the absorption portion of the TL. This is due to the fact that the reduction of
acoustic transmission due to the reflection damping mechanism of an expansion chamber
is, for the most part, a feature of the geometry of the expansion chamber (two cross-section
jumps) and only to a small degree associated with the MPA setup within the chamber.

Setup A

First, the measured data of the empty attachment is compared to the MPAwith one MPP (red
vs. black areas in Fig. 3.13 (a)). The MPA adds significantly to transmission reduction above
f1 (frequency range ) and this is based on absorption (dissipation and/or destructive
interference). But the transmission loss of the attachment without MPP is higher at two low
frequency TL-peaks within the low He range (frequency range ). The empty attach-
ment setup reflects more power. The difference in reflection is more prominent below fc.
Comparison at theTL-peaks and -notches (grey and yellowmarked bars) above fc (frequency
range and ), the MPP adds broadband absorption (ΔTLabs) at the notches and
peaks. So at least, for the presented setup, the diffuse sound field in the cavity and in front
of the MPP is rather beneficial to the MPA’s effectiveness.
Segmenting the cavity (see Fig. 3.13 (b)) already causes a high transmission loss, but the MPP
leads to a more broadband absorption at the analytical TL-peaks, not at the notches. This
could mean that the interference damping mechanism is augmented by the segmented MPA.
The largest differences can be seen below fc and around f1. Between f1 and f2 ( ), in a
developed diffuse sound field, adding the MPP is less effective and most of the absorbed en-
ergy is due to the cavity segmentation. The reflected power level differences are comparable
the arrangement in (a).
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The comparison ofΔTLabs due to the the segmented and unsegmented MPA ( 2 in Figs. 3.13
(a,b)) reveals that in the viscous-drag-dominated frequency range ( ), the segmentation
increases the transmission loss at the grey-indicated peaks. However, not-segmenting the
cavity increases TL in the inertia-driven frequency range ( ).
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(a) Expansion chamber with attachment
without (reference, dark-red areas, 1 )
and with MPP (black areas, 2 ).
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(b) Segmented attached cavity without
(reference, dark-red areas, 1 ) and with
MPP (black areas, 2 ).

Figure 3.13: Measured difference in TL-portions of the MPA, Lc,60 and setup A variations:
empty attachment compared to attachment with MPP and segmented cavity
without and with MPP; He = k̃0bex.

Now, the MPA with one MPP (dark-red areas in Fig. 3.14) are compared to an uncovered
porous material filled cavity (a) and to the same porous material but covered with aluminum
foil (b). The porous material leads to much more and broadband absorption at the analytical
TL-notches up to f1 (frequency range ), but not at the analytical TL-peaks. This be-
havior is similar to the MPA covered with fine-grained dust contaminant (cf. 3.12 (a)). The
porous material has a much smaller rpore and thus a much wider viscous-drag-driven fre-
quency range ( ) which could explain the broadband transmission reduction.
Covering the porous material (Fig. 3.14 (b)) still leads to a more and broadband absorp-
tion at the TL-notches, but the TL-peaks are now reduced compared to the MPA. In the
inertia-driven frequency range ( ) of the covered foam material, the TL is extremely
reduced. This can be explained by the surface of the foam not being air-penetrable anymore.
With this finding and remembering that the empty attachment represents a larger impedance
jump than the cavity filled with the porous material, it is stated that the MPP in setup A can
add to the interference damping mechanism of the expansion chamber below fc ( ), but
it might be equally effective for certain frequency ranges to omit the MPP (cf. 3.13 (a)). The
opposite is the case above fc ( and ), when the sound field becomes more and
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3.2 MPA measurements using an expansion chamber

more diffuse. Then the MPP becomes effective and is even more beneficial to absorption than
the covered porous material. There are only minor changes in (a) and (b) in reflected sound
power, because the setups (uncovered and covered porous material) are similar. Comparing
TLabs of the MPA and the covered foam in Fig. 3.14 (b), one can discern the viscosity-driven
frequency range ( ), where the interference damping mechanism (by the geometry di-
mension lex and the cross section jumps) is visible by the TL-increase at grey peaks. The
inertia-driven frequency range ( ) can be observed by the broadband frequency behav-
ior beyond He = 6.5.
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(a) Attached cavity with MPP (reference,
dark-red areas, 1 )) compared to porous
material filled cavity (black areas, 2 )).
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(b) Attached cavity with MPP (refer-
ence, dark-red, 1 ) compared to cov-
ered porous material filled cavity (black
areas, 2 ).

Figure 3.14: Measured difference in TL-portions of the MPA, Lc,60 and setup A variations:
attachment with one MPP compared to uncovered and covered porous material
filled cavity; He = k̃0bex.

Lastly, a direct comparison of the segmented and unsegmentedMPA is made (Fig. 3.15 (a)). As
observed before, the segmentation increases the absorption at the TL-notches in a broadband
fashion in the viscous-driven frequency range ( ), most effectively below fc ( ). The
unsegmented MPA is more effective in reducing transmission of sound power above f1
( ) and in the inertia-driven frequency range ( ). As in the case of the porous ma-
terial compared to the MPA, the segmentation reduces the TL-peaks below f1 ( ).
In Fig. 3.15 (b), the MASH increases the sound power absorption at the TL-peaks over the
entire frequency range. The MASH has a fitted φ = 0.098 and rpore = 55 mm (see 6.4) and
thus a larger viscous-driven frequency range ( ). The conclusion is drawn that up to f1
the type of MPP can influence the reflective damping effect of the expansion chamber (TL-
peaks) and then the sound field diffusivity levels the different MPP types’ effects. However,
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a larger viscous-driven frequency range is beneficial for broadband and high transmission
loss. The TL-notches are almost unaffected by the MPP type.
The segmentation reduces the reflected sound power up to f1 compared to the segmented
case. There is almost no difference in sound power reflection between MPP C and MASH in
the attachment.
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(a) Attachment with one MPP unseg-
mented (reference,dark-red areas, 1 ) to
segmented case (black areas, 2 ).

Δ
T

L
Δ

T
L
re
fl

Δ
T

L
ab
s

in dB

He
f in Hz 2000 4000 6000

1 2

1

2

MPP C MASH

MPP C
MASH

(b) Attachment with one MPP type C un-
segmented (reference,dark-red areas, 1 )
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Figure 3.15: Measured difference in TL-portions of the MPA, Lc,60 and setup A variations:
unsegmented and segmented MPA with one MPP and compared MPP type C to
MASH; He = k̃0bex.

So, summing up the findings leads to the following conclusions:

• The cavity segmentation ismore ineffective in a diffuse sound field, but broadband-effective
at low He-numbers where it enhances the reflection damping mechanism. An MPP with a
wide viscous-driven frequency range can add to a high and broadband transmission loss
at low He-numbers and in a diffuse sound field. In the inertia-diffuse frequency range it
is beneficial not to segment the cavity (non-local reaction).

• For a wave guide MPA in a liner configuration, the reflected power portions are not negli-
gible. Depending on the thickness, a contaminant layer can add to TL, but the pores must
be permeable for optimal performance.

• An MPA is as effective as a covered porous foam absorber.
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3.2 MPA measurements using an expansion chamber

• MPPs add to sound absorption, but reduce maximum TL-peaks of the reflective inter-
ference damping due to cross section jumps at low He-numbers compared to the empty
attachment. Filling the cavity reduces reflection.

Setup B

It has been established that most of the reduction in transmitted sound power in the expan-
sion chamber setup is due to absorption (dissipation and/or reflective interference). Setup B
with Lc,60 = 60 mm now allows to assess the influence of a reduction in diffusivity on the
MPA by solely looking at the difference in transmission loss. As can be seen in Fig. 3.10,
the wave fronts in bex-direction are skewed, but in Lc-direction they are more or less plane,
which corresponds to two Helmholtz numbers Hebex and Heaex . The entire frequency range
of setup B is like a magnification of the frequency range up to fc ( ) in setup A, compar-
ing the Helmholtz numbers (see Fig. 3.14 (a) and Fig. 3.16 (a)).
The upper plot in Fig. 3.16 (a) and Fig. 3.15 (b) shows the MASH’s absorption advantage com-
pared to MPP type C and that it can be augmented by a more plane-wave like sound field
(low Heaex). Also, the wider viscosity-driven frequency range ( ) of the MASH is visi-
ble. The segmentation (center plot) of the cavity in combination with a large porosity MPP
and the MPA’s cavity depth Lc, can then lead to a more broadband absorption over a fre-
quency interval of up to 1000 Hz. The bottom plot shows the comparison of the MASH with
an empty cavity and a segmented cavity. The large TL at the Lc-resonances is still there,
but the broadband effect is slightly compromised. Again, a more diffuse sound field in bex-
direction, beginning at fc ( and ), might play a role.
The typical TL-differences at TL-notches (dark-yellow bars) and peaks (grey bars) do not
manifest as obvious as in setup A (compare Fig.3.15 (b)). However in Fig. 3.16 (b), at low
transversal Helmholtz numbers Heaex , the MASH augments some of the analytic TL-peaks
significantly, but less prominent the TL-notches (upper plot) ( and ). Broadband
absorption is enforced by cavity segmentation (Fig.3.16 (b), center), as well as a much higher
TL than the segmented cavity alone. The maximum TL and broadband effectiveness is then
determined by the MPP type (porosity and characteristic length)(see Fig.3.16 (b), compare
center and bottom).
Thus, summing up the findings leads to the following conclusions:

• A low transverse Helmholtz number (Heaex) is sufficient for a broadband MPA absorption
behavior in the entire frequency range.

• MPP porosity and characteristic length (high Biot frequency fv) determine optimal broad-
band effectiveness and maximum TL.

• A cavity segmentation is necessary for a maximum/optimal TL-loss (using the Cremer
impedance, see [141]) in plane wave frequency range.

• A low Helmholtz number in aex- and bex-direction renders the highest MPA effectiveness
in terms of sound absorption.
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(a) Unsegmented cavity with MPP C ( 1 )
and MASH ( 2 ), segmented cavity with
MPP C ( 3 ) and MASH ( 4 ), MASH with
unsegmented ( 5 ) and segmented cavity
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(b) Empty cavity ( 1 ) compared to cavity
withMASH ( 2 ), segmented cavity with-
out ( 3 ) and withMASH ( 4 ), segmented
cavity without ( 5 ) and with MPP type C
( 6 ).

Figure 3.16: TL differences in measurements of MPA, Lc,60; setup B with different cavity
configurations.

3.2.5 Circular MPP in expansion chamber

Looking at the modes plot in Fig. 3.10, it is evident that the sound wave field in the circular
expansion chamber arrangement is fundamentally different from the ones in setup A and
B. The circumferential modes all have the same spatial phase at the edges, comparable to the
field with a Helmholtz number Heaex in setup B. The cavity length Lc,70-20, however, varies
now from 70 mm to 20 mm.
Indeed as in setup B, Fig.3.17 (a) reveals that the segmentation already produces a high and
broadband transmission loss. Adding MPP type C increases sound absorption merely below
fc( ). The segmented cavity without MPP C reflects much more sound power.
If the MPP is added, the cavity structure does not make much of a difference (Fig.3.17 (b))
in terms of sound power reflection. However, the circular MPP seems to render the cav-
ity segmentation broadband-absorption-ineffective above f1 (frequency range and

).This is not observed in setup B (and less obvious in setup A).TheMPP adds to absorp-
tion in combination with the segmented cavity below f1 (frequency range and ).
Thus, summing up the findings up to now leads to following conclusions:

• In a circular mode sound wave field, the MPP does not impact so much on TL at medium to
high He numbers (frequency range and ). The cavity structure already causes
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Figure 3.17: TL portion measurements of MPA, Lc,70−20, setup C with different cavity varia-
tions.

a very high transmission loss. In setups A and B (compare Fig.3.16 (b) and Fig.3.13 (b)) a
much higher and broadband TL can be achieved at medium He numbers.

• The influence of the MPP is more prominent below fc and with lower He numbers ( ).

• The MPPs porosity and characteristic length might have been affected by the bending to
the circular form (DMPA, curvature radius).

• Comparing with setup A and B:
– The MASH has a much smaller fitted characteristic length rpore than MPP type C. This

leads to much higher Biot frequency (3800 Hz vs. 6500 Hz)(compare Tab. 6.4 and
Fig. 3.15 (b)), thus a much larger viscosity dominated frequency range, and this is
beneficial for the augmentation of the TL peaks as well as the broadband absorp-
tion in the diffuse range. The MPP C’s viscosity-dominated range could have been
changed, e.g., by enlargement of the slits due to the bending.

– In the circular MPA setup, the MPP with the segmented cavity affects the viscosity-
dominated region much more than the inertia-dominated frequency region (compare
Fig. 3.13 (a)) at higher He numbers. Which is comparable to the acoustic behavior
of the MPA in Setup A and B.
But the benefit over the entire frequency range of using a segmented cavity instead
of an unsegmented is much smaller than in setups A and B.
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3.3 Characterization by simulation

3.3.1 Validation

To accurately recover the shown influences of the MPA on sound absorption with the equiv-
alent fluid approach described in chapter 2.2.3 and chapter 3.1.2, it is necessary to investigate
the modeling sensitivities. The robustness of the 1D-fitted equivalent fluid parameters will
be tested in the benchmark setup A with one MPP type C in the unsegmented cavity and a
frequency range up to 8500 Hz (additional frequency range ). The impedance tube data
range frequency ends with 6400 Hz (range ). This time, two frequency regions with
a larger error sensitivity to the microphone input data must be highlighted ( , cf. flow
and fup in (3.1)). It is also tested how much the modelling of Keq,scr influences the simu-
lated and measured data agreement depending on the sound field character (cf. plane wave
frequency range to diffuse ), the MPA configuration and its orientation to the
sound source. First, the models used to fit equivalent density and compression modulus ρeq,scr
and Keq,scr to the impedance tube data are investigated. The basal design variable tuple is
x = (φ, rpore, Lc).
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(a) TL-differences of simulated setup
(reference, dark-red areas) and mea-
sured (black areas); JCAL with fitting to
x = (φ, rpore, Lc,140) and constant K0;
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eas); JCAL, K0, x = (φ, rpore, Lc):Lc,0 ( 1 ),
high-frequency-limit model-Lc,140 ( 2 ), low-
frequency-limit model-Lc,140 ( 3 ).

Figure 3.18: JCAL modeled MPA in setup A compared to measurements and influences of the
models used.

58



3.3 Characterization by simulation

Models

Initially, only ρeq,scr is modeled and K0 is set to the constant ambient value. From the mea-
surements above, it is known that most of the sound transmission reduction in setup A is
due to absorption. The comparison plot in Fig. 3.18 (a) reveals that the model mostly un-
derestimates sound absorption by the MPA. Larger differences occur in the highly-sensitive
frequency range ( ) and in the highly-diffuse portion of the spectrum ( ). Significant
deviations are visible at the analytical TL-peaks ( ) and at the notches ( ) below fc and at
lower He numbers. Above f2 the simulation overestimates sound absorption. Generally, the
largest differences occur at the resonance peaks of the chamber and in the viscosity-driven
frequency range ( ).
ComparingLc,0 = 0 mm-fitting and the low-and high-frequency-limitmodels (cf. Fig. 3.18 (b)),
shows that the largest error is introduced by fitting to impedance tube data without absorp-
tion peaks in the mid-high frequency range ( and ).The low- and high-frequency-
limit models render similar results as the full JCAL model. However, the low-frequency-limit
model underestimates the sound absorption in a similar fashion as the full model. The differ-
ences below 500 Hz cannot be recovered by any model. It is attributed to a systematic mea-
surement (phase) error due to a sensitivity to errors in input data from the microphones. The
frequency range above 7700 Hz can be affected by the same principle (see the beginning of
Chap. 3.1). Outside of these sensitive frequency portions the fit is generally well, even above
the impedance tube data limit frequency 6400 Hz (frequency range ).
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Figure 3.19: JCAL modeled MPA compared to measurement and influence of the model used.
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For a fair comparison of the models, it helps to remember that each of the presented mod-
els recovered well the r-curves of the impedance tube data (cf. Subchap. 3.1.4). In Fig. 3.19,
the TL-differences when using Maa or the Wilson model are small. The JCAPL-model pro-
duces minimally less differences at the TL-resonance peaks between f1 and f2 ( , see
Fig. 3.19 (a)). All models perform equally worse below 500 Hz and beyond 7700 Hz (sensitive
frequency range ). Using more fitting parameters (see Fig. 3.19 (b)( 1 )) has no remark-
able effect in setup A for the cavity with one MPP. In the frequency range below f1 ( )
using a double layer MPA for the impedance fitting procedure (Teff,2), introduces significant
errors at the analytical TL-peaks ( ). Also, these models cannot account for the errors below
500 Hz and beyond 7700 Hz.

Influence of fitting to Lc

In subchapter 3.1.4 is was proposed to fit the impedance tube data to as few model parame-
ters as possible. The data in Fig. 3.19 (b) suggest that a higher number of fitting parameters
only introduces more differences to the measurement at lower He numbers. Fig. 3.18(a) and
Fig. 3.19 (b) showed that the JCAL, Maa and Wilson model produce similar results if only
ρeq,scr is modeled. The ansatz by Maa does not account for Keq,scr and Wilson’s ansatz de-
rives the equivalent density and compression modulus from the vorticity and entropy modes
which results in quite different values for rpore and thus fv. In Tab. 6.3 and Tab. 3.3, these
models’ rpore and φ vary rather strong if the cavity length is introduced as another design
variable. However, an equivalent Zeff is obtained in the impedance tube fitting; resulting in a
good agreement in measured and simulated r-data (cf. Fig. 3.5) for low He numbers. There-
fore, the model sensitivity to the third most important fitting parameter Lc is investigated in
the expansion chamber MPA.
Both figures 3.20 (a,b) reveal that the three parameter modeling has a noticable effect on
sound absorption in a more diffuse sound field above f1 (range , ). The simu-
lated sound absorption is reduced if the Lc-fitted equivalent density (with K0 held constant)
is used, since the simulation generally underestimates the measurement in that frequency
range (cf. Fig. 3.18 (a)). Reflection is more or less unaffected by fitting to Lc. However, keep
inmind thatLc as design variable can introducemore ambiguity toZeff, sinceLc-fitting in the
impedance tube is temperature sensitive and can compensate for a frequency-range and tem-
perature change in the fitting with rather large variations in rpore and φ (compare Tab. 3.1).
In Fig. 3.20 (a,b), the differences in using Maa or Wilson with more design variables are not
significant. They after all produce similar equivalent Zeff, respectively Zeq,scr. On the other
hand, the comparison shows that the differentiation by a viscous- and inertia driven fre-
quency range is not purposeful when using the same MPP (range , ). These fre-
quency ranges are only meaningful if different MPPs are compared (cf. 3.16 (b) and Tab. 6.5).
This is because fv is proportional to rpore, and the latter changes significantly depending on
the used model.
Thus, the following interim results are:

• The accuracy of the 3D-simulation is not dependent on the model if the 1D-fitting pro-

60
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duced a good measurement data fit. This is probably due to the thinness of the MPP and
that the models all emulate a similar effective surface impedance Zeff and thus a similar
characteristic impedance Zeq,scr of the MPP volume.

• The accuracy depends on the number of design variables. It is sufficient to use just x =
(rpore, φ). The inclusion of Lc leads to a bit more undershooting of the measured data above
f1 ( , ).

• However, if Lc is added to x, its temperature sensitivity must be account for.

• The accuracy depends only in part on the character of the sound field; generally, the trends
are recovered well over the entire frequency range, but the absolute height of the measured
TL-peaks is mostly underestimated.

• The differentiation by viscous and inertia frequency range is best applied when different
types of MPP are analyzed.
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Figure 3.20: Influence on transmission loss portions by adding cavity length Lc to x.
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3.3.2 Changing the MPA configuration

The MPA predictive design involves the evaluation of MPP arrangement depending on the
available space, sound field, and desired frequency range. The MPA in setup A with only one
MPP type C might not be suitable for certain noise challenges, especially if one considers the
sound energy portions (compare (3.11)).
If the cavity is filled with up to six MPPs (see Fig. 3.21 (a)), more absorption at the analytical
TL-peaks is produced, beginning at fc (range ). With sound field being more diffuse
above f1, the hexa-MPP arrangement absorbs significantly more sound. But sound absorp-
tion at the analytical TL-peaks below fc is compromised (range ). Also, more sound
power is reflected here.
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(a) Simulated and measured (yellow )
TL; MPA configuration of one MPP
with unsegmented cavity (dark-red ar-
eas, reference,( 1 ) compared to six MPPs
in the cavity (black areas,( 2 ).

Δ
T

L
Δ

T
L
re
fl

Δ
T

L
ab
s

in dB

He
f in Hz 4000 6000 8000

1 2

1

2

(b) Simulated and measured (yellow
) TL; MPA configuration of one

MPPwith unsegmented cavity (dark-red,
reference,( 1 ) to the cavity with three
evenly spaced cavity chambers (black
areas,( 2 ).

Figure 3.21: MPP in attachment and comparison of different cavity configurations.

Compared to Fig. 3.21 (a) the triple segmentation of the cavity in Fig. 3.21 (b) is less effec-
tive in broadband fashion compared to the unsegmented cavity, but there are improvements
below fc (range ). As shown before, the diffuse sound field renders the segmentation
ineffective (range and ).
To optimize the MPA for certain frequency ranges, a vertical and horizontal tetra-layer MPP
arrangement are compared to the attached cavity with one MPP in Fig. 3.22 (a,b). The hori-
zontal tetra-layer arrangement is the most effective absorber structure in terms of maximum
and broadband absorption. Due to placing in direct line of sight to the noise source, there
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is also a significant change in reflected sound power. The analytical TL-peaks are mostly
unaffected.
The horizontal splitter-type arrangement increases sound absorption beyond f2 ( ), but
looses performance below fc and within f1 and f2 (ranges and ). The distance
between a pair of tetra-layers was 10 mm.
The agreement of simulated and measured TL is very good for all investigated configura-
tions up to f1 (ranges and ). There is a good correlation in the frequency range
up to f2, the limit of the impedance tube data fit ( ). There are increasing differences
between the measured and simulated data above f2, but the correlation is still sufficient. It
appears that in the diffuse range ( and ) the correlation worsens if one MPP with
the unsegmented cavity are simulated. If the tetra-MPPs in the bulk chamber are simulated,
then a better fit to the measured data can be obtained.

Δ
T

L
Δ

T
L
re
fl

Δ
T

L
ab
s

in dB

He
f in Hz 4000 6000 8000

1 2

1

2

(a) Simulated and measured (yel-
low ); MPA configuration of one
MPP with unsegmented cavity (dark-
red,reference,( 1 ) to vertical tetra-layer
arrangement in the bulk chamber (black
areas,( 2 ).
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(b) Simulated and measured (yellow );
MPA configuration of one MPP with
unsegmented cavity (dark red, refer-
ence) to horizontal tetra-layer arrange-
ment (splitter-type) in the bulk chamber
(black areas,( 2 ).

Figure 3.22: MPP in attachment and comparison of different MPP arrangements in the bulk
chamber.

Influence of simulated compression modulus

So far the equivalent compression modulus has been set to the constant ambient valueK0 to
avoid ambiguous fitting, because a non-unique Zeq,scr in the plane-wave case might result in
very different synthetic sound field in the simulation with high He numbers (diffuse sound
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field). Now, Keq,scr is modeled frequency-dependent and its influence on the four different
MPA setups in Fig. 3.21 and Fig. 3.22 is assessed.
According to Fig.3.23 (a) the compression modulus controls the absorption notches below
fc ( ) and diffuse sound field peaks above f1 ( , ). This effect is augmented if
six MPPs are used (Fig. 3.23 (b)). Generally, simulated absorption is rather reduced if K0 is
used (more black area) which means that the simulation undershoots the measurement more
(range , ,cf. 3.18 (a)). Comparing with Fig.3.18 (a), one can argue that using Keq,scr
gives more realistic absorption peaks below fc ( ). From these findings it is apparent
that the thermal effects, simulated by the compression modulus, are smaller than in a con-
ventional porous absorber (due to the thinness of the MPP volume), but have to be included
if the least erroneous absolute value of absorption is sought. However, for general trends and
relative comparisons among MPA configurations it should be sufficient to use just K0.
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(a) Simulated MPA configuration of
one MPP with Keq,scr (reference,dark-red
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(b) Simulated MPA configuration with
six MPPs in the cavity with Keq,scr (ref-
erence, dark-red areas, 1 ) and K0 held
constant (black areas, 2 ).

Figure 3.23: Influence of simulated compression modulus in different MPA configuration.

For the horizontal and vertical tetra-layer arrangements in Fig. 3.24 (a,b), the importance of
including Keq,scr is also controlled by the number of MPPs (compare the viscous regime in
Fig. 3.23 (a.b) and Fig. 3.24 (b), ). In Fig. 3.24 (a), the differences compared to using K0
are rather large and occur in broadband frequency intervals. For the vertical layers there is
almost no difference in reflected sound power, but in the case of the horizontal layers there
are significant differences at the analytical TL-peaks ( ) and notches ( ). One can also con-
clude that if the sound wave impinges more perpendicular (Fig. 3.24 (a), entire frequency
range), as well as in a more grazing incident sound field (Fig. 3.24 (b), range , and
in part ), where the TL-peaks due to the expansion chamber destructive interference
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3.3 Characterization by simulation

mechanism are dominant, Keq,scr apparently controls absorption and to smaller degree re-
flection more significantly.
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(a) Simulated MPA with vertical tetra-
layer arrangement in the bulk chamber
with Keq,scr (reference,dark-red areas, 1 )
and K0 held constant (black areas, 2 ).
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(b) SimulatedMPAwith horizontal tetra-
layer arrangement in the bulk cham-
ber with Keq,scr (reference, dark-red
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Figure 3.24: Influence of simulated compression modulus in different MPA configuration.

The results from the different MPA configuration studies thus far lead to the following con-
clusions:

• The 1D-fitted data for ρeq,scr and Keq,scr can emulate the acoustic absorption of more ded-
icated MPA configurations sufficiently well. Depending on the sought degree of accu-
racy, K0 or a frequency-dependent Keq,scr can be used. In sum, using a constant K0 or a
frequency-dependent Keq,scr undershoots the measured TL for wide ranges of frequency.

• The differences in TL when using K0 or Keq,scr depend on the MPA configuration, and
number of MPP layers, and are, at least, in part dependent on the orientation of the source
to the MPP volume. And thus also on the character of the sound field (plane or diffuse).

• Due to the thinness of the MPP volume, the influence of a frequency-dependent Keq,scr is
small. Different combinations of ρeq,scr and Keq,scr produce similar acoustic responses to the
impinging sound wave. But, even if locally different, the same global acoustic response is
reproduced.
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3 Predictive design

3.3.3 Mesh sensitivity study

The simulations in Chap. 4 feature large geometries. Unnecessary large numbers of degrees
of freedom (number of elements with corresponding nodes) cause large simulation times.The
MPP volume solely introduces absorption and so, this region is the most sensitive to sound
power artefacts caused by insufficient mesh resolution. It is therefore of interest how the
mesh resolution affects the simulation results. For aforementioned and following FE simu-
lations, the standard mesh size for all FE element volumes was h = λmin/20, with λmin =
c0/fmax. The MPP thickness was tMPP = 1 mm.

Conforming mesh - MPP thickness resolution

The simulations thus far, have been performed via a conforming spatial resolution of setup
A and one element in MPP C depth direction. Fig. 3.25 (b) shows that keeping K0 constant,
introduces the fewest TL differences between one and four cell MPP depth resolution over
the entire frequency range.There is no visible difference in the reflective transmission loss. If
Keq,scr is modelled (Fig. 3.25 (a)), then sound absorption is reduced above f2 ( ) if four
cells are used. IfK0 is used, then there is merely minimal differences in that frequency range
between using one or four cells in depth direction. It could explain why the model choice has
such a low impact above f2 if K0 is used (compare Fog.3.19), as well as that the influence of
Keq,scr will be more prominent for thicker absorber volumes.
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(a) SimulationwithKeq,scr; one cell (dark-
red,reference, 1 ) to four cells (black
areas, 2 )in MPP depth direction.

Δ
T

L
Δ

T
L
re
fl

Δ
T

L
ab
s

in dB

He
f in Hz 4000 6000 8000

1

K0:

2
tMPP

1

2
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areas, 2 ) in MPP depth direction.

Figure 3.25: Study of mesh resolution in MPP depth direction with K0 held constant and
Keq,scr simulated.
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3.3 Characterization by simulation

Non-conforming interfaces

The usage of non-conforming interfaces greatly simplifies the meshing effort and allows to
split the MPP area in uncoupled smaller volumes. Thus, theoretically suppressing unwanted
synthetic sound propagation perpendicular to the impinging sound wave and parallel to the
MPP. Figures 3.26 (a,b) reveal, however, that with exception of certain resonance peaks, there
is no significant distinguishable difference in using a conforming mesh or splitting the MPP
volume into smaller volumes to suppress the wave propagation parallel and within the MPP
volume.
This means that the synthetic wave propagation in the MPP domain can be neglected and
non-conforming interfaces can be usedwith confidence for awide frequency range. However,
as has been shown before in Fig. 3.23 and Fig. 3.24, the number and placing of the MPP in
the direction of the sound source, can introduce absorption differences and should also be
accounted for with a frequency-dependent Keq,scr when using non-conforming FE meshes.
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(a) Simulation with Keq,scr (dark-red
areas, reference) and measured TL
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conforming with one cell in MPP depth
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eas, reference) and measured TL (black
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Figure 3.26: Influence of non-conforming interfaces and splitted MPP domain compared the
measurement of setup A.
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3.4 Review of the general findings

The observations thus far can support the investigations in the following chapters, but are
also meant to give a general recommendation for the optimal design of more dedicated
MPAs. The most relevant ones are:

• MPA’s do mainly augment sound absorption but the reflective behavior should be ac-
counted for. The TL-portions depend on the geometry at hand.

• Pore contamination can support the MPA mechanism, but the pores must be passable
by flow; here, a dependence on the viscous- and inertia-dominated frequency ranges is
relevant.

• Cavity segmentation can help add to optimal usage by enforcing a local MPA reaction, but
the broadband effectiveness depends to a large degree on the Helmholtz numbers parallel
and perpendicular to the MPP. Also, the viscous- and inertia-dependent frequency ranges
should be considered (Biot frequencies) for optimal MPP selection.

• For a circular MPP arrangement, an MPP with high porosity and small characteristic
length should be chosen. The bending radius should be large so that the MPP pore geometry
is unaltered.

• Modelling:
– Choosing fewer fitting parameters renders accurate results compared to the mea-

surements.
– Fitting should be performed with an impedance tube cavity length that renders many

absorption peaks.
– If the most accurate result is sought, then the compression modulus must be modeled

as frequency depended.

• Mesh sensitivity:
– The MPP can be meshed with one cell in depth direction. Using a constant compres-

sion modulus reduces mesh sensitivity even further.
– Non-confirming interfaces can be used with confidence and the MPP domain does

not need to be segmented.

• MPA arrangement:
– Horizontal, vertical, and multi-layer MPP arrangements in line of sight to the sound

source can be applied for broadband-high-frequency sound (absorption) transmis-
sion loss.

– The MPA liner can be optimized by already a few segmentations at low Helmholtz
numbers. Fewer MPPs work more effective in a diffuse sound field (in front and in
the cavity of the MPP) and with an unsegmented cavity.
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CHAPTER 4

In-duct application adjacent to an axial fan

In this chapter, an MPA is applied in direct proximity to a low-pressure axial fan [8, 9, 49,
154]. Major parts of the following content have been published in [46, 57]. Here, a circu-
lar expansion chamber design was obtained using the workflow from Chap. 3 with non-
conforming grids. The MPP type B was used and Keq,scr has been modeled as frequency-
dependent. Type B has a slightly higher porosity than type C, but a roughly 30 % higher
characteristic pore size rpore (compare App. A Tab. 6.1 and Tab. 6.4). This results in a lower
absorption coefficient than C, and the thinness and mounting of the type B specimen cause
strong vibrations (compare Fig. 3.3 (b)). The scientific questions apart from the sound field
sensitivity involve:

• So far, the MPA was located in the far-field of the sound source. How do the locations
of the (aero-)acoustic sources in vicinity influence the MPA’s effectiveness?

• How effective and how sensitive to its cavity configuration is the MPA if a background
flow is present?

• How do the MPA, its location, and its cavity configuration influence the aerodynamics
and thus the efficiency of the fan?

• Under which conditions or in which configuration will sound reduction be compro-
mised by the MPP-fan-flow-interaction?

• How accurate is the simulative pre-characterization compared to the measurements?

The duct sound field characteristic is again cast into a Helmholtz number,HeR. It spans from
the plane-wave range to the diffuse range, where it is comparable to setup C in Chap. 3. The
aeroacoustic source mechanisms in combination with the rotating fan bring about a rotating
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4 In-duct application adjacent to an axial fan

(spinning mode) pressure field. Higher order modes would propagate if the circumferen-
tial Mach number is supersonic; otherwise they are exponentially damped [34, 153]. These
modes would then add to the far-field sound pressure at larger angles from the axis of fan
rotation. In this case, due to the low tip-speed Mach number, higher order modes are theo-
retically propagated with a very low intensity along the duct into an anechoic chamber [28]
or not propagated at all. The fan characteristics and sound emissions were measured in a
test rig that features a homentropic steady inflow at discrete fan operational points with no
relevant heat conduction at the duct walls.
With the major design parameter for dimensioning the MPA being the blade passing fre-
quency, it is possible to pre-select an optimal cavity length. Due to its sources’ coherent
nature, the noise level emitted in the vicinity of fBPF will be very high. The blade passing
frequency for the fan(s) investigated is fBPF = 222.9 Hz, computed by fBPF = nblade · nrot/60,
with number of blades nblade = 9 and a rotational speed nrot = 1486 rpm. The relevant fan
and flow dynamic parameters in the test rig are

• Volume flow range V̇ = [0.2 : 2.1]m3 s−1.

• Non-turbulent inflow Reynolds number range Re = u0Dduct
ν0

= [32000 : 320000];
Recrit,plate = 5 × 105.

• Non-turbulent inflow plate Reynolds number range Re = u0Ld
ν0

= [79000 : 338000].

• Maximum background flow Mach number Maback = V̇max
Aductc0

= 0.03.

• Fan tip speed Mach number Mafan,tip = (nrot/60)πDfan
c0

= 0.11.

• Angular speed Ωfan = 155.6 s−1

• Fan tip speed Ufan,tip = 38.5 m s−1 and circumference of the fan Cfan = Dfanπ.

Convective effects on the acoustic mode’s sound-propagation can be neglected (Maback <
0.3). Due to the many orders larger duct cross section (Dduct = 500 mm) relative to the
boundary layer thickness δv (O(µm)) and the short duct length of less than 1 m, its influence
(αcl,αwalls) on sound emissions is also neglected.

4.1 Measurement setup

The fan is operated in two versions, with forward-skewed (F) and backward-skewed (B)
blades (see Fig. 6.3 in App. B). It has different distances to the nozzle (Ld, cf. Fig. 4.1), long and
short which allows to assess the change in emitted sound pressure levels if the fan’s noise
sources are located within the MPA section. The details of the test rig can be found in the
appendix (see App. B 6).
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4.1 Measurement setup

4.1.1 Fan setups

The MPA section has a length of LMPA = 440 mm, a duct diameter Dduct = 500 mm, and
the fan diameter is Dfan = 495 mm (see Fig. 4.4). The two latter dimensions represent the
reference duct setup (tagged RFS and RFL in Fig. 4.1). It can be replaced by the MPA duct
variant (MFS and MFL cf. Fig. 4.2). Therefore, the fan examined is either operated directly in
the perforated duct section (MFS) or shortly downstream in the unperforated duct section
(MFL).The relevant dimensions near the tip gap geometry are also depicted in Fig. 4.4 (a).The
tip gap is (Dduct − Dfan)/2 = 2.5 mm in width for the reference cases (RFS/RFL). The setup’s
name acronym consists of (R) for for reference, (F) for free inflow and (S/L) for short or long
duct (cf. Fig. 4.1 and Fig. 4.2). Deviations from the circular circumference at the joint of the
MPP sheet (cf. red area in Fig. 4.4 (b)) need to be smaller than the tip gap clearance if the fan
is operated above the micro-perforated sheet. The tip gap has a significant influence on both
the efficiency of the fan and its aeroacoustic behavior [21, 92, 96]. First of all, the efficiency is
affected, because a larger tip gap leads to increased blind flow affecting the pressure rise of
the fan unfavorably. On the other hand, as stated previously, the sound sources in the tip gap
are the dominant ones that can occur in the subharmonic (partial load range) range and at
higher harmonics of the blade passing frequency. A larger tip gap can amplify these source
mechanisms.
For the variant MFS, the perforated diameter was DMPP = 506 mm in order to make sure
that no contact of the fan blades with the sheet surface irregularities occurs. This is equal
to a tip gaze size enlarged by 3 mm compared to the reference cases (RFS/RFL). In the short
(S) duct version, the fan is operated at a distance Ld = 520 mm and in the long version
at Ld = 620 mm from the nozzle. In the long version the fan is not operated within the
MPA section, thus the tip gap clearance of the fan is the same as in the reference cases.

Ld = 520 mm

Dduct
Dfan

Lduct = 800 mm

(a) Reference short duct fan setup, RFS.

Ld = 620 mm

Lduct = 800 mm

(b) Reference long duct fan setup, RFL.

Figure 4.1: Schematic representation of the reference (R) duct design. F indicates that the
inflow was undisturbed and S and L stand for the short Ld = 520 mm and long
version Ld = 620 mm.

The duct length Lduct = 800 mm with two open endings can bring about duct resonances
at 170 Hz, 350 Hz, 500 Hz, 690 Hz, 860 Hz according to nc0/(2Lduct) with n = 1, 2, 3... . The
sound field character will be indicated by the Helmholtz numberHeR = k̃0Rduct, whereRduct
is the radius of the reference duct.
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4 In-duct application adjacent to an axial fan

Ld

LMPA

Lc

(a) Short MPA fan duct setup, MFS/MTS.

Ld

DMPP
Lc

(b) Long MPA duct setup, MFL/MTL.

Figure 4.2: Schematic representation of the MPA duct design (M). Free inflow conditions (F)
with long (L) as well as short (S) version (the same length as in reference case);
LMPA = 440 mm and indicated cavity length Lc, the turbulent flow with turbu-
lence grid (light green indication) is marked with T (cf. [141]). The octagon shape
is the realized geometry. The pre-characterization studies were performed on the
circular shape.

4.1.2 MPA setups

The basal MPA with an empty cavity of length Lc (MFS/MFL) with free inflow conditions is
compared to different variations of the cavity and under turbulent inflow conditions (..T..). Ac-
cording to [34, 131] the turbulence ingestion will create a broadband noise pattern. The dif-
ferent MPA cavity configuration are depicted in Fig. 4.3:

• Dummy: Fan hub without revolving fan. It shows the influence of the MPA on sound
reduction (and production) without the influence of the revolving fan blades. The vol-
ume flow is created by the auxiliary fan (cf. Fig. 6.1 in App. B).

• MDFS: Tip gap clearance equal to RFS case. The sound sources in the tip gap of the fan
are dominant sound sources, which occur mainly in the subharmonic range between
the tonal peaks of the blade passing frequency. These sound sources are amplified due
to the larger tip gap. The sound sources in the tip gap are particularly important in the
unsteady operating range of the fan, i.e at low volume flow rates [90, 91, 96].

• MHFS: The cavity length is reduced to Lc = 40 mm with a honeycomb segmenta-
tion. This aims to enforce a local reaction, however the Helmholtz number HeR =
k̃0Rduct is rather high, even at lower frequencies below 1000 Hz (compare setups A,B
and C in Chap. 3).

• MXFS: The axial segmentation of the cavity, parallel to the fan’s axis of rotation, aims
to broaden the sound reduction.

• MCFS: The reduced cavity length without segmentation Lc = 35 mm aims to reduce
sound emissions in the higher-frequency range.

• MMFS: Adding an MPP with a larger flow resistivity aims to reduce bias flow through
the MPP (see dark-green-dashed lines in Fig. 4.3).
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cavity with length LcMPP B

MPP slits
bias flow altered bias and blind flow near tip gap

axial fan

fan blade

MPP with large flow resistivity

high pstat

low pstat

axial segmentation

suction side

pressure side
Lc = 40 mm

Lc = 35 mm

azimuthal segmentation

blind flow

Figure 4.3: Schematic representation of the MPA cavity configurations.

4.2 Acoustic analysis - Duct setup pre-characterization

The design of the MPA is based on an heuristic and a numerical analysis according to the
aeroacoustic sources of the fan. In addition, the MPA was laid out to compactness (Lc,max =
200 mm) and to be most effective at the blade passage frequency.

4.2.1 Aeroacoustic sources

The simulation framework proposed is not CAA, since resolving the MPP spatially within
CFD simulations is unfeasible for parameter studies. The exact strength and distribution of
acoustic sources remains unknown. To reflect the nature of aeroacoustic noise realistically,
the distribution of sources for an axial fan in a duct was investigated [27, 28].
A theory of aeroacoustic analogies was first developed by Lighthill in [107], where he intro-
duced the idea of replacing the flow field of a free unbounded jet with a sum of elementary
sources. The resulting equation has the same form as the wave equation governing propaga-
tion of sound emitted by a quadrupole sourcewith the strength of the turbulence stress tensor
(Lighthill tensor) in a non-moving medium [65]. Thereby, he was able to calculate the sound
power emitted and sound wave propagation into the far field by the integral formulation us-
ing Green’s function of free radiation. Curle [44] gave a more general derivation taking solid
surface effects into account in this integral equation [95]. Due to the flow’s reaction forces
on the blades’ surface and the duct walls, dipole source behavior might be observed. These
forces can be steady or unsteady, manifest on all all overflown blade surfaces and cause ”load-
ing noise” [34]. Curle and Ffowcs-Williams and Hawkings [54][44] state that, at low Mach
numbers, compact sources can be assumed and the contribution to the sound field from the
dipoles should be greater than from the quadropoles induced by the second spatial derivation
of the Lighthill tensor. Monopole-like blade thickness noise (displacement noise) can also be
disregarded due to the low Mach numbers. Thus, the source terms for the solution of (2.17)
might be mimicked by dipole-like point sources near the blade tips and the duct surface.[57]
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4 In-duct application adjacent to an axial fan

The fan test setup investigated was the basis for various computational aeroacoustic simula-
tions and testing of different formulations of the inhomogenous wave equation [85]. Here,
the fan was also revolving at nrot = 1486 rpm. Figure 6.5 in App. B shows constant iso-
surfaces at 220 Hz with phase and opposite phase parity that reveal predominant equivalent
sources in the tip gap region. Also, the surface sources computed according to Curle reveal
that the largest power levels occur at the leading edges of the blades and at the duct in the tip
gap region (cf. Fig.4.4).The shown simulation results from Fig. 6.5 [85] are based on DES CFD
simulations and took up to several weeks to be completed. This corroborates unfeasability
for a parameter study, since the additional disretization effort needed for micro-perforations
would increase simulation time even further.
Combined with the theory mentioned these simulation results led to the decision to mimic
the equivalent sources and location by placing point sources at a small distance from each
other near the tip of the blades (cf. black points in Fig. 4.4 (a,b)) and solve (2.17). The sources
were placed on the blade tip region’s surface 10 mm from the tip edge to direct acoustic ra-
diation towards the anechoic chamber. To reflect the circumferential spatial distribution of
the equivalent sources (cf. Fig. 6.5), the point sources were placed on each of the nine blades
(cf. Fig. 4.4 (b)). The acoustic power emitted by the axial fan was estimated at to an ampli-
tude ai ≈ 94 dB for the design point of the fan characteristic, with a volume flow rate of
1.4 m3 s−1 and an average pressure rise of 150 Pa according to [1]. This value was used as
constant source excitation strength for the point sources on the blades to solve (2.17). The
duct to wavelength ratio Lduct/λ is much lower in the frequency range of fλ/4,i than in the
diffuse range above 2 kHz. Therefore it is possible that some sound pressure portions of the
(spinning) modes (order (m, r)), are detectable near the nozzle inlet.
To add this spinning mode behavior, one can calculate a varying source strength p̃(ϑ, t) by
[34]

p̃(ϑ, t) =
∞�

i=1
ai cos[inblade(ϑ − Ωfant]), i = 1, 2, ..., (4.1)

with t as the time it takes for one blade to revolve by 40◦, ϑ as blade position in ◦, Ωfan as the
angular speed of the fan, nblade as the number of blades and i as the order for the harmonics
of the base tone fBPF, where i = 1).
The simulations showed no qualitative difference in using monopole (single point)-like or
dipole (two points separated by a small distance plus π-phase difference)-like in the tip gap
region.This observation is supported by previous investigations for lowMach number flows,
showing that quadrupole sources near walls become dipole sources [62]. A significant dif-
ference manifests if one point source of the same strength as nine distributed sources on the
blades in the tip gap region (cf. Fig. 4.4 (b)) is placed at the center of the fan body (cf. Fig. 4.8 (a)
and Fig. 6.5 (b)). The spinning mode field can be discerned by the number of wave peaks in
circumference direction (ϑ, order m) as well as in radial direction Rduct (order r). The plane
wave mode, with order (0, 0), is always propagated.
According to [34, 153], for a circumferential and/or radial spinning mode field to propagate,
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4.2 Acoustic analysis - Duct setup pre-characterization

the mode cut-off frequency (cf. (2.47)) must be surpassed, but also Mafan,tip > βmr/inblade

must be fulfilled [34], where βmr is the argument for the Bessel function solution of the ho-
mogeneous version of (2.17) in the circular duct. This means that the fan tip would have to
revolve with supersonic speed, which is not the case. The higher order spinning modes will
then be exponentially damped with 8.685|k̃x| dB per meter (cf. (2.47), [34]).

(a) MPP sheet with ideal joint.

Dfan DMPP

Source point near tip gap

(b) Constructed joint, constricted tip gap;
indicated source points.

Figure 4.4: Dimensions and detail of tip gap region of forward skewed fan (F); front view.

4.2.2 Acoustic simulation setup

The material characterization in Chap. 3.1 provided MPP type B absorption behavior infor-
mation in the frequency domain up to 1600 Hz. The cavity length of Lc = 140 mm proved
to be a good compromise between a wide absorption frequency band and a high peak ab-
sorption performance with reasonable cavity length. Comparing Fig. 3.3 (b) and Fig. 3.4 (b),
one can see the larger the cavity length, the narrower the absorption frequency bands. To
reflect the acoustic behavior of the entire test setup more realistically, an FE simulation was
conducted. Therefore, the duct section with fan and part of the sound-receiving air space
were spatially discretized. Figure 4.6 (a) shows the rectangular settling chamber with the
surrounding perfectly matched layer (PML), the attached nozzle section adjacent to the MPA
section, and the axial fan section bordered by a second layer of PML, guaranteeing free ra-
diation conditions on both sides of the duct. Figure 4.6 (b) shows an enhanced view of the
non-conforming interfaces separating each of these sub-domains, which allows a muchmore
flexible pre-processing (cf. [89]).Thereby, the open source research software openCFS [5, 87],
using Nitsche-type mortaring [89] to solve (2.17) efficiently, has been applied. Since pre-
design simulations aim to find an optimal trade-off between the cavity dimension Lc and a
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4 In-duct application adjacent to an axial fan

large amount of absorption by comparing multiple simulation runs, a compromise between
necessary spatial discretization and computational effort must be found. For harmonic sim-
ulations, an estimation formula for the necessary discretization exists. The relation between
the element order q, the wave number k̃ (complex valued k̃ in MPP domain) and the spatial
discretization size h is provided by [7]

q + 1
2 >

k̃h

2 + (k̃h)1/3. (4.2)

This inequality has to be fulfilled to obtain a pre-asymptotic error reduction by increasing the
order q of the FE basis functions. In Fig. 6.6 (a,b) the resulting relations according to (4.2) for
both the air domain and MPP domain are shown. The chosen disretization of h = 0.01 m for
the nozzle, the MPA section and the axial fan domain (cf. Fig. 4.6) should be sufficient.The re-
ceiving air chamber elements were meshed with h = 0.02 m to reduce the number of degrees
of freedom even further. Due to the complex valued material, the effective speed of sound
in the MPP domain (cf. Fig. 6.6 (d)) is smaller than in the surrounding air (cf. Fig. 6.6 (b)),
which results in a smaller required discretization as the wave number increases. However,
the small thickness of the domain requires an element size of less or equal to 1 mm in the
direction of the MPP depth.

ΦMic =

RMic =

Figure 4.5: Monitoring points for simulations ( ) and measurements ( ) [57].

Therefore, as in the rest of the computational domain, an element order of one was cho-
sen. The sound pressure field calculated was monitored at five locations in the receiving air
chamber domain (cf. Fig. 4.5) and for comparison at the inlet of the nozzle. The pressure fre-
quency results were spatially averaged and energetically summed up over monitoring points
pa,1-5 to obtain an overall simulated sound pressure level Lp,sim. Each setup took roughly sev-
enteen hours to compute on eight CPU cores with a total of 3.3 million elements. For the
measurements, the averaging and summation was performed over monitoring points pa,1-3
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4.2 Acoustic analysis - Duct setup pre-characterization

( ) and two additional microphones at the dark-green indicated positions ( ). The additional
microphones for the measurements ( ) are located on a semicircle perpendicular to the plane
of the points pa,1-5 (see also App. B. Fig. 6.2). The microphones, respectively the monitoring
points in the simulations, are located at a distance RMic = 1 m from the center of the inlet
nozzle and are separated by ΦMic = 30° in the simulations and ΦMic = 22.5° in the measure-
ments.

(a) Side view of duct MPA section. (b) Enhanced view of interfaces.

Figure 4.6: Finite Element subdomains with non-conforming interfaces [57].

4.2.3 Radiated sound and directivity

In this section, the described duct setup is investigated with the FE method. The aim is to
asses the acoustic behavior of the duct-test-rig setup as well as to find equivalent spatial
acoustic sources that mimic the real fan’s aeroacoustic behavior. A design parameter in-
put constraint was a maximum cavity length of Lc = 200 mm due to spatial constraints at
the test rig. First, characterizing simulations of the geometry setup are shown in Fig. 4.7. A
transmission loss computation of various cavity depths with transmission line theory (ex-
pansion chamber model, cf. [123] for details) shows only minor damping effects even at
Lc = 200 mm. An FE simulation of the entire domain without MPP but with cavity length
Lc = 200 mm and length LMPA = 440 mm reveals that the sound emission spectrum at
the duct nozzle center adjacent to the air chamber is qualitatively represented by the over-
all sound pressure level at the monitoring points (similar overall sound pressure trend over
frequency) up to 1000 Hz (cf. Figs. 4.7 (b), 4.5). If one assumes plane wave fronts and free
radiation conditions are present, we can verify the results in Fig. 4.7 (b) with the radiated
sound power by comparing the sound pressure levels at the center inlet (cross section area
Aduct) and at a distance of RMic = 1000 mm (Lpa,1-5) over the half-sphere surface A❏ [106] by

Δ(Lp, inlet center − Lpa,1-5) = 10 log(A❏/Aduct) dB. (4.3)
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4 In-duct application adjacent to an axial fan

The sound pressure level between the center inlet microphone points and the points at dis-
tance RMic should decrease by about 15.1 dB at a 1000 mm distance from the nozzle inlet
(cf. Fig. 4.5). This behavior is visible below 500 Hz, near the cut-off frequency of the first cir-
cumferential mode for the RFS setup. In the MFS case, the first cut-off frequency drops from
fc,RFS = 402 Hz to fc,MFS = 259 Hz due to additional cavity length Lc. In Fig. 4.7 (a,b), certain
resonance frequencies are highlighted. Below fc,MFS = 259 Hz, all higher order modes are
cut off. At fλ/4,1 = 190 Hz, fλ/4,2 = 580 Hz and fλ/4,3 = 970 Hz, the simulated TL spectra
(cf. Fig. 4.7 (a)) show significant peaks that are associated with integer multiples of the cav-
ity length dimension LMPA. At fλ/2,2 = 780 Hz, the simulated spectrum reveals an additional
narrower very pronounced dip (cf. Fig. 4.7 (b)). The expansion chamber shows λ/4-reflection
damping effects, and the TL at each of the indicated frequencies should be amplified by the
MPP. The λ/2-reflection frequency is mentioned, because the measurements will reveal a
large sound reduction at this frequency.
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(a) Analytically calculated transmission loss
TL due to cross section changes; highlighted
λ/4- and λ/2-resonance frequencies.
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(b) Simulated sound emission spectra;
Lpa,1-5 averaged over five microphone po-
sitions (cf. Fig. 4.5) and at the single center
inlet point at the nozzle; indicated source
positions on the fan ( ).

Figure 4.7: Pre-characterization simulations of the duct-fan geometry.

Additionally, the radiation strength and the directivity pattern of the reference duct with the
nozzle were investigated. Figure 4.8 (a) reveals that with a single point source at the fan body
center at a distance from the nozzle comparable to that of the nine point sources distributed
across the blade tip region, the radiation strength is generally amplified, especially above
fλ/2 = 780 Hz. Reflection at the duct walls begins to occur as soon as higher order modes
can propagate. Higher order mode wave fronts not in phase parity tend to decrease propa-
gating sound pressure levels by canceling out each other’s portions of the wave fronts. The
proximity of the point sources (Fig. 4.8 (a), in reality the tip gap equivalent sources) to the
duct wall will most likely influence the sources’ emission effectiveness by this reflection ef-
fect, since at frequencies below the cut-off frequencies fc,RFS, fc,MFS and fλ/2 (plane wave
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(a) Simulated sound emission spectra
with spatially varied point source ( ) lo-
cations in the reference setup.

(b) Simulated sound emission directivity
pattern at 1200 Hz with sound pressure
level isolines.

Figure 4.8: Simulated radiation pattern and strength of point sources ( ) located on the fan
body center axis and on the blades in the fan’s tip gap region.

frequency range), the radiation pattern and signal strength do not differ much.
In Fig. 4.8 (b), the more pronounced directivity pattern of the single point source far beyond
the cut-off frequencies at 1200 Hz is depicted. Comparing Fig. 4.8 (a) and Fig. 4.7 (b) reveals
that a lower-level non-monopole directivity behavior is present, indicating the emitted spec-
trum’s qualitative and quantitative dependence on the source positioning. If the sources are
placed behind the fan, then the radiation pattern is completely different to the aforemen-
tioned and measured patterns about to be presented. The simulated spectra in Fig. 4.8 (a) also
corroborate the aforementioned dependence of the sound pressure emission trend on the ra-
tio Lduct/λ. For a low ratio, meaning the frequency range below the first cut-off frequency
fc,RFS, the duct should not influence the fan’s emission spectrum that much. However, with
a high ratio, due to multiple reflection at the duct walls, the sound emission intensity and
directivity are significantly influenced by the duct.

4.3 Overall measured sound reduction and fan efficiency

This subchapter is intended to clarify how the developed MPA duct affects the measured
performance and sound radiation of different fans (forward- and backward-skewed, see also
Fig.6.3 in App. B.). In addition, it will be analysed which differences in the operating be-
haviour of the fan occur when the fan operates directly within the MPA duct section or
downstream in the unperforated part. A typical sound emission spectrum of a forward- and
backward-skewed fan without an MPA is depicted in Fig. 6.4 in App. B.
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4 In-duct application adjacent to an axial fan

Fan blade skewness in the short and long duct

The overall sound emissions at all operational points of the fans’ characteristic curves are
shown in Fig. 4.9 (a,b). Additionally, the aerodynamic properties of the setup with a forward-
skewed fan (F) and a backward-skewed fan (B) are depicted in Fig. 4.9 (c-f).The two fans were
first investigated for the RFS and MFS variants, i.e. with free inflow and short duct (fan op-
erates directly in the MPA duct section). The aerodynamic characteristics (Fig. 4.9 (c)) show
that both fans have a lower pressure build-up in the case of the MFS. This can be connected
to the larger tip gap. This is also reflected in a loss of efficiency for both fans (Fig. 4.9 (e)).
The noise reductions (Fig. 4.9 (a,b)) take place for both fans over the entire characteristic
curve. However, the largest reductions in sound pressure level occur for the backward skewed
fan (B). In the unsteady range of the characteristic curve, the sound sources are more domi-
nant in this fan than in the forward skewed fan due to tip gap flow interactions.This is caused
by the different radial velocity components of the skewed fan blades [39, 96, 166]. The noise
reduction takes values of up toLp = 15 dB (cf. Tab. 6.9) for the backward-skewed fan (B).The
dominant peak (cf. Fig. 4.10 (a), Fig. 4.11 (a)) in the characteristic curve can thus be attenu-
ated and the acoustic characteristic curve of the fans is much flatter. This indicates that the
sound radiation in relation to the total sound pressure level becomes more independent of
the volume flow rate V̇ . As a result, the noise level of the fan appears more constant when
changing volume flows occur in a system.
The next step is to investigate the interaction of the MPA with the two fans in the long duct
version. In this variant, the duct was extended and the fans operate behind the MPA in a
standard duct section. The aerodynamic characteristics (Fig. 4.9) (b)) clearly show that the
MPA no longer has a negative effect on the pressure build-up. In the partial load range an
increase of the generated pressure difference can even be generated. In the long version of
the duct the effects of the tip gap dimensions are the same for the reference case as for the
case with MPA. According to this, the MPA seems to have a positive influence on the aero-
dynamics of the fan in the partial load range. This positive effect is visible in the efficiency
curve (Fig. 4.9) (e)), which otherwise shows an identical course between reference case and
MFL. In the case MDFS (cf. Fig. 4.20 (d)), the tip gap between reference case and MDFS was
also identical, but nevertheless the efficiency was reduced due to the MPA. Since this is no
longer visible here, it can be concluded that when the fan operates directly within the MPA
section, the small pores of the absorber cause a larger backflow from the pressure side to
the suction side of the fan, which reduces the efficiency. If the fan operates downstream the
MPA, within a standard duct segment, the backflow is unchanged compared to the reference
case.

80



4.3 Overall measured sound reduction and fan efficiency
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Figure 4.9: Overall sound pressure levels, pressure rise and efficiency of F-B-RFS-MFS and
F-B-RFL-MFL setup depending on the volume flow rate V̇ .
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Figure 4.10: Results of the measurements of F-B-RFS-MFS setup.

Next, a more scrutinizing look is taken at selected operational points of the fan characteris-
tics. The sound pressure spectra show that the reductions are independent of the operating
point of the fan in the frequency range up to f = 2 kHz. In the partial load range, both fans
show a slight increase in the sound pressure spectra starting at f = 3 kHz. This could also
be determined in the case of the MDFS (see Fig.4.16 (b)), where the tip gap clearance is iden-
tical to the reference case (RFS). From this it can be concluded that this high-frequency rise
is the inherent noise of the MPA, might be produced when the air flows through and over
the absorber. Additionally, the inherent broadband sound emission by a fan’s trailing edge
could add to this effect [34, 60], since in the dummy setup at V̇ = 1.9 m3 s−1 the emitted
self-noise spectrum can not be detected (cf. Fig. 4.17 (a)). This noise mechanism is increased
if the inflow to the fan is more turbulent. A similar high-frequency noise could be detected
during the flow over and through porous wings in the wind tunnel, which were also used
for sound absorption in the literature [58, 59]. A similar inherent noise was also found by
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4.3 Overall measured sound reduction and fan efficiency

Nelson [125] in basic experiments, who covered the openings of the perforations with cloth
to identify the influence of the noise of the openings. This noise is highly dependent on the
pressure difference Δp generated and the volume flow rate V̇ applied. In the (steady) over-
load range, sound pressure level of the forward skewed fan (F), which has acoustically poorer
characteristics with regard to the sound sources on the trailing edge, is reduced by the MPA
up to f = 6 kHz. At higher frequencies, this fan then experiences an increase of the emitted
sound. The results allow the statement that the effects and interactions found between the
MPA and the fan are basically applicable and transferable to different fans.
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Figure 4.11: Results of the measurements of F-B-RFL-MFL setup.

The sound reductions caused by the MPA in the long duct version (MFL) have been sig-
nificantly increased compared to the MFS case with the short duct, although the effective
absorber surface has remained the same. A reason could be that the absorber in the case of
the long duct is no longer flowed through as strongly as in the short duct case. This is be-
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4 In-duct application adjacent to an axial fan

cause the high-frequency component in the sound spectra (Fig. 4.11 (a-c)), which is caused
by the inherent noise of the absorbers through which the air flows, is no longer present. The
increased tonal components at the design point with the MFS case are no longer present (see
Fig.4.10 (c)). This is most probably influenced by the size of the tip gap clearance and/or the
irregular weld seam of the MPA (cf. 4.4 (b), partially constricted tip gap clearance) when the
fan blade has moved over it. In the MFL case, the tip gap has the same size as in the reference
case.
The damping effects of the MPA are also limited over a larger frequency range up to f =
7 kHz in the partial load range and up to f = 10 kHz in the other operating points. The
pronounced tonal components in the steady range of the fan from the case with short duct
are also no longer visible in the sound pressure spectra (equal tip gap clearance and fan not
moving over the constricted part of the gap). The frequencies of f = 580 Hz and f = 780 Hz
are particularly significant in the sound pressure ranges, as these are where a strong noise
reduction takes place. The obtained results from this subchapter can be summarized as fol-
lows:

• The long duct segment, in which the fan operates downstream of the MPA, is a more
effective variant in terms of noise reduction and more efficient in terms of aerodynamics.

• The short duct version causes inherent noise. This might be an effect of an enlarged tip gap
clearance in combination with turbulence-induced trailing edge noise of the fan.

• All of the above findings apply to both fan types.

• A fan operated in the perforated section can cause additional tonal peaks at multiples of
fBPF. This effect seems to be very sensitive to the tip gap clearance.

• In the partial load and lower He number range, the absorber is very effective in both MPA
versions (sound reduction of up to 15 dB). In the higher-frequency and steady load range,
the sound emission reduction resembles the transmission loss of a single MPP specimen
(2 − 5 dB) in an impedance tube.

• In case of the undisturbed inflow, at relatively low background flowMach numbers (Ma <<
1), and if the MPA is not placed in the vicinity of the fan, the functioning of the MPA is
not compromised up to 3 kHz.
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4.4 MPA configuration effectiveness

4.4 MPA configuration effectiveness

In this subchapter, differentMPA cavity configurations are evaluated in terms of sound reduc-
tion effectiveness and influence on the fan aerodynamics. The setups are compared at differ-
ent operational points, representing the load ranges in the fan characteristics (cf. Fig. 4.9 (a,b)).
The simulation framework’s accuracy is shown by comparing simulated andmeasured sound
emission spectra at the design point of the fans.

4.4.1 Simulated acoustics at the design point

As shown in the pre-characterization of the fan-duct system (cf. Fig. 4.7 and 4.8), the loca-
tion of the sources is key to obtain a qualitatively similar sound spectrum to the measure-
ments. The emission spectra measured are dominated by sources due to the unsteady blade
forces unable to be accounted for by the simulation. The source strength for each of the nine
blades was therefore calculated for the design point with an empirical formula [1], using
a.o. V̇ = 1.4 m3 s−1 and an averaged Δp to arrive at roughly ai = 94 dB. Additionally,
(4.1) with ai = 94 dB, ϑ = 0 and Ωfan was used to emulate a spinning mode time-varying
source strength as a means to reflect the measured data more qualitatively. When using the
formula for the varying source strength, the emitted sound field is strongly influenced by the
character of the source (monopole-like or dipole-like).

Simulation and measurement of different fan positions

The simulated emission spectra at RFS/MFS (Fig. 4.12 (a,b)) reproduce the sound level trend
qualitatively, but not quantitatively. In general, the sound level dip at fλ/4,2 is more accurately
represented by the simulation with constant tip gap sources than at fλ/2,2. This dip seems to
solely depend on LMPA, being a half-wave resonator effect. This becomes later apparent by
comparing setup MFS and MCFS (cf. 4.16 (a) or cf. 4.19 (a)). However, the sound emission dip
at this resonance frequency can be better approximated if a varying source strength made
of dipoles or a combination of dipoles and monopoles is used. Interestingly, using a cavity
length of Lc = 140 mm represents the second dip better than the first. It is also possible that
the geometry influences the MPA behavior more strongly than expected. The geometries in
the experiment and simulations are not exactly identical; the shape of the MPA was changed
from cylindrical in the simulation to an octagonal shape (cf. Fig. 4.2 (a,b)) for the sake of
easier and more precise construction. The influence of the varying source and thus mode
propagation could also indicate a strong dependence of the emission spectrum trends on the
monitoring points’ location.
The frequency shift at fλ/4,2 when adding the MPP can be seen by comparing cavity without
MPP (MFS|¬MPP) to the case with MPP applied to the cavity (Fig. 4.12 (a,b)). This MPP-
correlated shift is only slightly apparent for fλ/2,2, which indicates again a sole half-wave
resonance associated with the length of the MPA and less dependent on the MPP. Overall,
the MPP type B adds about 3 dB to the sound reduction capability of the expansion cham-
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4 In-duct application adjacent to an axial fan

ber (compare Lp,sim in Tab. 6.8 and Tab. 6.9). This corresponds to the results from Setup A in
Chap. 3.2 for the TL-peaks in the low-frequency-low-He range ( , in Fig. 3.13 (a)). Also,
MPP type B does not have anα near one at the frequency range up to f = 1 kHz (cf. Fig. 3.3 (b)).
This means that with an optimized MPP, the sound reduction should be higher.
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(a) RFS emission spectrum at V̇ = 1.4 m3 s−1.
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(c) RFL emission spectrum at V̇ = 1.4 m3 s−1.
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MFL.

Figure 4.12: Measured ( , ) and simulated ( , , ) sound emission
spectra of the RFS-MFS-RFL-MFL configurations; (a,c) show simulated cases
withoutMPP and in (b,d) theMPP is added; qualitative trends in simulated sound
emission spectra if the source type is changed ( , , , ).

In the region near the blade passing frequency and its first harmonic (spectrum position cor-
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responding roughly to fRFS and fMFS), the resonance at fλ/4,1 produces large sound reduction
even without the MPP. Comparing the cases of cavity length Lc,140 and Lc,200 without the
MPP (cf. dark-blue and yellow curves in Fig. 4.12 (a)), reveals that the larger cavity produces
more sound reduction near fBPF. However, with cavity length Lc,140, the reduction of sound
emissions appears in a broader frequency spectrum between fλ/4,2 and fλ/2,2. Such a behavior
is not visible in the MFS setup with MPP (cf. dark-blue and yellow curves in Fig. 4.12 (b)). The
MPP seems cause a broader sound reduction at fλ/2,2. Yet, the source character and position
is obviously very relevant for the peak height of the half-wavelength dip.
By comparing the simulated cases of MFS and MFL (Fig. 4.12 (a,b) and Fig. 4.12 (c,d)), one
can see that the higher dip in the MFL case is reproduced by the simulation. Also, the largest
portion of sound reduction in the MFS setup (source/fan position!) is due to the cavity length
and depth, hence cross section jumps. The MPP amplifies absorption at resonance frequen-
cies and to a small degree the reduction below the cut-off frequencies (cf. blue curves in
Fig. 4.12 (a,b) and Fig. 4.12 (c,d)). This TL-increase by the MPP is higher in the MFS than in
the MFL setup. Due to the high Helmholtz numbers in the rest of the spectrum, a high broad-
band absorption can not be achieved. Therefore, the MPA’s main benefit in the application
near the fan is its flow guiding ability. Nevertheless, at least for the low-frequency-low-He
range, the MPP increases sound reduction significantly if the fan is not operated within the
MPA section. The MPP has a high flow resistance, depending on rpore and φ which can re-
duce the flow through the MPP (bias flow). Here, especially near the tip gap in the MFS
setup. Probably, the main portion of the blind flow is associated with the flow cross section
of the tip gap clearance. Thus, the high flow resistance of the MPP reduces pressure drops
in the fan’s characteristic curve and is, as such, favorable to the fan efficiency (cf. Fig. 4.9 (e)
and Fig. 4.20 (d)).

Direct comparison of fan positions for forward skewed fan

The simulations, in agreement with the measurements, show that the source (=fan) location
changes the emitted sound spectrum drastically. This can be better observed if the measured
MFS and MFL setup are directly compared in Fig. 4.13. The measurements allow are more
specific categorization of the observed effects of the fan location on the emitted sound spec-
trum. The spectrum is divided in a low-frequency portion, called ”subharmonic humps”.
Here, the effect of an enlarged tip gap clearance manifests in an increased blind flow and
causes an augmentation of unsteady blade forces. In the second portion of the spectrum
”λ/4, λ/2 and tonal peaks” the quarter-and half-wave resonances caused by Lc and LMPA
are visible in the spectrum, and the enlarged tip gap presumably causes significant tonal
peaks at multiples of fBPF. However, as can be seen for the MDFS setup (Fig. 4.17 (b)), with
a tip gap clearance equal to the reference case, the bias flow through the MPP might also
contribute to the noise emission here. Because in the MDFS setup, the tonal components are
detectable, but with a lower intensity.
The third spectral portion is termed ”self-noise” because here, the fan emits a high-frequency
broadband sound. It is presumed that the MPP induces turbulence in the boundary layer of
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4 In-duct application adjacent to an axial fan

the grazing inflow and the now more turbulent flow interacts with the trailing edge of the
fan. On the other hand, the ”self-noise” might be caused merely by the MPA interacting with
the grazing flow. Some evidence for an interaction of the fan-flow field and the MPPmight be
that the fan position also changes the self-noise spectrum to a higher more broadband inten-
sity and that the inherent noise is not detected in the dummy setup (cf. 4.17 (a)). Additionally,
the equal clearance in the MDFS case can not suppress this sound portion (cf. 4.14 (b)).
The self-noise range and the subharmonic humps is strongly affected by the fan position
within the MPA in the partial load range and the design point. The effects are most appar-
ent in the partial load range. Here, also the highest sound reductions can be achieved. The
MFL setup features the same tip gap clearance as the reference setup (RFS/RFL). Thus, this
frequency portion of the fan characteristics can be optimally damped with the constraint of
suitable (small) tip gap clearance.
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Figure 4.13: Direct comparison of the averagedLp of the MFS andMFL configuration at three
operating points of the forward-skewed fan.

The quarter- and half-wave resonance dips are obviously sensitive to the fan location. The
position of the peaks does not change, but the absolute value of the dip does. Here, the dif-
ference between the MFS and MFL setup is more apparent in the lower operational range of
the fan. In the steady load range, the fan position becomes more insignificant for the dips’
depth. This is an indication that the grazing flow is less important for the change the MPA’s
absorption behavior compared to the changed bias (and/or blind) flow, which is only present
in the MFS case, and significant for the noise emissions at lower volume flow rates. Also,
it was found in Chap. 3.2 that the low Helmholtz number range is dominated by the MPP’s
viscous regime. MPP B’s viscous-dominated regime ends with fv = 2 kHz (cf. Tab.6.4 in
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App. B.). It is readily known that flow in or above the pore increases the resistive part and
decreases the reactive part of the MPP pore [9]. This might explain the drastic changes at
the resonance dips, which in an MPA are dependent on the cavity length Lc. The MPP pores’
reactive portion and the impedance of the cavity make up the reactive part of the MPA. The
quarter-wavelength and half-wavelength resonance trends are more or less unaffected by
the operational point of the fan. The changes in resonance dips occur most prominent for
the highest sound pressure levels (partial load range). If a purely linear acoustic damping
would occur the dip differences should be constant. Additionally, the tip gap (size-dependent)
source mechanism presumably causes the tonal peaks and probably combined with the radial
bias flow in part some of the ”self-noise” portion.
The inherent ”self-noise” of the MPA is detectable in all operational points of the fan charac-
teristic, but it depends on the fan noise source mechanism (enlarged tip gap or more broad-
band trailing edge noise influenced by the flow near the surface of the MPA) and operational
point whether the effectiveness of the MPA is compromised (produces more sound than it
reduces). Generally however, in the low-frequency-low-He part of the emission spectrum at
low Ma numbers, the MPA is very effective in reducing the noise caused by the fan.
So far the findings for the unsegmented cavity configurations can be summarized to:

• Simulation
– The emissions of the forward skewed fan can be better reproduced than for the

backward-skewed fan.
– Constant sources are sufficient for simulating the overall emission reductions at the

design point and for collapsing the sound emission trends. A varying source strength
might improve those trends qualitatively.

– The simulated sound emission spectrum is more sensitive to the type of source in the
short duct version, when the sources are within the MPA section.

– The MPP amplifies the λ/4 transmission loss peaks, but most of the sound reduction
is caused by the expansion chamber cross section jumps themselves.

• Measured differences depending on fan (=aeroacoustic sources) position
– The MFS’ acoustic performance is compromised by tonal peaks and a larger subhar-

monic spectral portion. Bias flow and an increased blind flow due to a larger tip gap
clearance might be responsible here.

– The transmission loss peaks at fλ/4,i are reduced if the fan is operated within the
MPA. Bias flow and an increased blind flow due to a larger tip gap clearance might
be responsible here.

– A flow speed dependent ”self-noise” sound emission reduces the MPA’s effectiveness
in the higher-frequency range. This is presumably either caused by turbulence gusts
induced by the MPA and interacting with the trailing edge noise mechanism of the
fan; or the MPA causes this noise portion itself to a certain degree. Also, the bias flow
through the MPP is theoretically a major ”self-noise”-contributor.
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4 In-duct application adjacent to an axial fan

4.4.2 Unsteady (partial) load range

For a comparison of the overall sound reduction differences ΔLp caused by the different
cavity configurations, the reader can refer to Fig. 6 in App. B. As a general result, it ap-
pears the MPA configuration changes the overall sound reduction just slightly. It is,therefore,
more instructive to investigate specific points of the fan’s operational range.The influence of
changing the MPA setup is first shown for the partial load range (V̇ = 0.9 m3 s−1). Here, the
overall sound reduction due to the presence of the MPA is the highest. The turbulent- and
undisturbed-inflow reference cases (RFS/RFL) are compared in Fig. 6.7 in the App. B. They
show that in the partial load range, the sound production due to unsteady blade forces is
dominant and that only in the steady flow range, a broadband sound production due to the
interaction of the (trailing edge of the) blades and the (turbulent) background flow occurs.
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Figure 4.14: Measurement results of no-fan-RFS/RFL-dummy and F(orward-skewed)-
RFS/RTS-MDFS/MDTS setup.

The sound pressure spectra (Fig. 4.14 (b)) show that the sound pressure of the subharmonic
humps is more pronounced in the MFS case than in the MDFS case. This is the effect of the
increased tip gap. In addition, in the identified frequency range of tonal components due to
the blade passing frequency, the average sound pressure level is increased in the MFS case
compared to the MDFS. This could also be related to the weld seam (in the increased tip gap
clearance) of the roundMPP duct MFS, which, due to industrial fabrication, comes up against
certain limitations of surface quality. The MPA duct consists of a plate of MPP, which is bent
and then welded or glued to maintain the round shape of the duct. This weld seam is worse
in the case of MFS than in the case of MDFS. These disturbances increase the turbulence of
the flow locally, which in turn increases the unsteady forces on the blades. As a result, the
sound pressure level at the blade passing frequency is increased [71, 120, 161]. On the basis
of the results presented all relevant effects become apparent with the case MFS, although it
has a slightly larger duct diameter. For a case with a suitable duct diameter corresponding to
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4.4 MPA configuration effectiveness

the reference duct, i.e. MDFS, an improvement of the obtained results for the different cavity
configurations regarding noise reduction (cf. Fig. 6.8) can be expected.[46]
The dummy setup (Fig. 4.14 (a)) already produces an overall sound reduction of 4 to 6 dB
for the short and long duct. For comparison, the broadband transmission loss of an MPP
specimen in an impedance tube using the four-microphone method, is 3 − 4 dB. Also, this
corresponds to the overall reduction in the steady load range (compare Fig. 4.9 (a,b)). The
”self-noise” in the high-frequency range due to the presumed MPP-flow interaction is not
detectable. The major peaks in sound reduction already occur at fλ/4,1 = 190 Hz, fλ/4,2 =
580 Hz, fλ/4,3 = 970 Hz and fλ/2,2 = 780 Hz.
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(a) Averaged Lp spectra of MHFS/MHTS con-
figuration with Lc = 40 mm.
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(b) Averaged Lp spectra of MXFS/MXTS with
axial segmentation of the cavity.

Figure 4.15: Results of the measurements of F-RFS/RTS-MHFS/MHTS and F-RFS/RTS-
MXFS/MXTS setup.

The reduced cavity length Lc = 40 mm with a honeycomb segmentation (Fig. 4.15 (a)) aug-
ments sound reduction in the range of 1000 Hz by 5 dB, with a cost of higher sound emission
in the lowerHe-range, especially at the λ/4 peaks. The overall sound reduction is also wors-
ened by around 2 dB compared to MFS at all operational points (cf. Fig. 6.8 (c) in App. B.), up
to the design point for undisturbed inflow. If the inflow is turbulent, then sound reduction
by the smaller cavity length is declined constantly by 2 dB (cf. Fig. 6.8 (c) in App. B.).
Similar to setup A in Chap. 3, the axial segmentation of the MPA cavity (Fig. 4.15 (b)) can
broaden the sound reduction at the second cut-off frequency fMFS without affecting the
rest of the emission spectrum and the overall sound reduction at the operational points
(cf. Fig. 6.8 (d)). However, the effect is localized in a small frequency interval due to the
high Helmholtz numbers, respectively the very diffuse sound field, in the higher frequency
range. This is also consistent with the results from Chap. 3. Nevertheless, if a local optimiza-
tion of sound reduction is sought, the FE framework can provide a means for finding such a
localized optimum.
Reducing the cavity length without a honeycomb segmentation (Fig. 4.16 (a)) is rather inef-
fective. However an influence is visible at around 2000 Hz. Still, the overall sound reduction
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4 In-duct application adjacent to an axial fan

is declined by 2 dB compared to the honeycomb case (cf. Fig. 6.8 (e) in App. B). An interesting
observation is that the sound reduction peak at fλ/2,2 is maintained, which suggests that this
peak is indeed a half-wavelength resonator effect, independent of the cavity length Lc.
The addition of anMPPwith a larger flow resistivity in the segment the fan is running within
(Fig. 4.16 (b)) reduces the subharmonic peak. The sound reduction in the rest of the fre-
quency range is more or less unchanged. With the blind flow being the dominating aeroa-
coustic sourcemechanism, this leads to the conclusion that the adverse effects of an increased
tip gap clearance and/or the bias flow through the MPP can be overcome with a suitable
MPP choice. Remarkably, the self-noise production due to MPP-fan-flow interaction is re-
duced. Hinting that the MPP self-noise is correlated with tip gap blind flow and/or MPP bias
flow. The slight reduction of ”self-noise” can not be observed in the MHFS and MXFS where
the second MPP is missing.
It is noteworthy that in both cases with a reducedLc, the main portion of the sound reduction
in the range of the subharmonic hump is maintained.
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(a) Averaged Lp spectra of the MCFS/MCTS
setup with Lc = 35 mm.
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Figure 4.16: Results of the measurements of the F-RFS/RTS-MCFS/MCTS and RFS/RTS-
MMFS/MMTS setup.

4.4.3 High flow speed steady range

The influence of changing the MPA setup is now shown for the steady load range (V̇ =
1.9 m3 s−1). Here, the overall sound reduction is comparable to the dummy setup and rather
constant.The influence of a turbulent disturbed inflow (T) is now apparent, and theMPA adds
significant sound reduction of 6 dB (cf. Fig. 4.17 (b)). The disturbed inflow is generated via a
turbulence grid (cf. Tab. 6.6). The forward skewed fan (F) is used for these investigations.This
fan reacts more sensitively to a disturbed inflow than the backward-skewed fan. As will be
apparent shortly, the influence of the cavity configuration is changed compared to the partial
load range.
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4.4 MPA configuration effectiveness

The aerodynamic curves are shown in Fig. 6.7 (a,b) in App. B and reflect the characteristics of
the system (axial fan and installations). Accordingly, the pressure build-up is reduced by the
turbulence grid, which represents an additional pressure loss in the system. This additional
pressure loss is compensated by the auxiliary fan so that for the same volume flow, the fan
operates at the same operating point with and without the grid. The acoustic characteristics
show (cf. Fig. 6.7 (c)) that the turbulence grid has an influence on the emitted sound pres-
sure level starting at a volume flow rate V̇ = 1.0 m3 s−1. The sound pressure level of the
fan increases by ΔLp = 6.5 dB in the long duct and by ΔLp = 9 dB in the short duct. From
previous studies, it can be assumed that the inherent noise of the turbulence grid only plays a
minor role [96]. The sound pressure spectra (cf. Fig. 6.7 (d-e)) show that the increased inflow
turbulence influences the sound pressure level of the fan up to a frequency of f = 2 kHz. For
higher volume flow rates V̇ this range increases up to f = 3 kHz. The increased sound gen-
eration mechanism can be assigned to the leading edge (cf. Fig 4.4) of the fan due to the
low-frequency range [99, 160].
The reference MFS case and the cavity setups can be compared to the setups when inflow
turbulence is generated by the upstream turbulence grid. This should clarify whether influ-
ences such as a disturbed inflow, which can be caused in real plants and systems, for example
by dripping protective grids or pipe redirection, have an effect on the absorbing properties
of the MPA. In the short duct, in which the fan operates directly within the perforated MPA
section, the same effects of the MPA can be determined for both free and turbulent flow.
The sound emission curves (Fig. 4.17, Fig. 4.18, Fig. 4.19) show that the damping properties
of the MPA have been increased in the case of a turbulent inflow independent of the cavity
setup. This could be due to the fact that the overall sound pressure level was increased by the
higher turbulence and the MPA absorbs better at a higher overall level. A further physical
reason for the improved sound absorption properties of the MPA duct under turbulent inflow
conditions could be that the increased turbulent kinetic energy also increases the fluctuation
components of the flow perpendicular to theMPP surface.These additional fluctuations stim-
ulate the air columns in the pores to oscillate further, which leads to higher dissipation inside
the pores. Thus, the designed absorber counteracts a worsening of the flow and the resulting
increased sound pressure level of the fan. In case of the turbulent inflow, a reduction of up to
ΔLp = 6 dB on the sound pressure level at the operational points can be achieved. In case
of the free inflow, this overall reduction was ΔLp = 3.0 dB.
Using the dummy setup (cf. Fig. 4.17 (a)) reveals the effectiveness of the MPA at the quarter-
and half-wavelength resonances. With no significant differences in the long and short duct
setup.The self-noise-frequency range is slightly visible, but theMPA still reducesmore sound
than it produces. Therefore, the changed blind/bias flow (due to the tip gap difference) is nec-
essary for the increased self-noise of the MPA. The MDFS (cf. Fig. 4.17 (b)), with the tip gap
clearance equivalent to the reference case, reduces the tonal peaks of the higher harmon-
ics. The tonal phenomenon is thus strongly correlated with the tip gap noise mechanism. Re-
markably, the peak of the blade passage frequency is not reduced.The turbulent inflow causes
a broadband noise and masks any tonal peaks. However, they are present, and anMPAwith a
higher sound reduction could make them reappear in the spectrum.The ”self-noise” is gener-
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4 In-duct application adjacent to an axial fan

ally of equal intensity at higher flow speeds compared to the setups in the partial load range.
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Figure 4.17: Measurement results of no-fan-RFS/RFL-dummy and F(orward-skewed)-
RFS/RTS-MDFS/MDTS setup.

Compared to the free-inflow conditions, the honeycomb segmentation (Fig. 4.18 (a)) reduces
sound in the specific frequency interval as well, but the tonal peaks are multiplied and aug-
mented if the inflow is disturbed.
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(a) Averaged Lp spectra of MHFS/MHTS con-
figuration with Lc = 40 mm.
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Figure 4.18: Results of the measurements of F-RFS/RTS-MHFS/MHTS and F-RFS/RTS-
MXFS/MXTS setup.

The turbulence increases the Reynolds stress, and this stress surge in combination with the
tip gap bias flow most probably increases the reaction forces on the blades. The reaction
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forces of the blades on the flow are what causes sound production.
The triple axial back volume segmentation (Fig. 4.18 (b)) can help to reduce the second and
third tonal peak in the frequency range correlated with Lc = 40 mm, but if the inflow is dis-
turbed the effect is less apparent. Most probably, again masked by the broadband turbulence-
induced sound emission. However, as seen above, the MPA and its cavity setup are vice-versa
able to reduce sound over a broadband frequency range. Both setups seem to bemore effective
over a broader frequency range if the inflow is disturbed. The self-noise is slightly reduced.
With a disturbed inflow, the impact of the smaller cavity is more or less undetectable (see
Fig. 4.19 (a)). The sound reduction is declined compared to MTS over a broad frequency
range. The tonal peaks are unaffected, as well as the self-noise frequency range. The same
can be said if the MPP with a large flow resistivity is added to the chamber where the fan
is running in (Fig. 4.19 (b)). Effects on the tonal peaks are present if the flow is undisturbed,
but again, with the turbulence-induced Reynolds stress increase, the more broadband sound
masks any effect the cavity setup might have on sound emission. Thus, it can be stated that
the effectiveness of an MPA along a certain noise emission bandwidth rises and falls with
the inflow conditions and the operational range of the fan.

L
p

in
dB

HeR 0.5 1.8 4.5 18
f in Hz 103 104

MFS

MCFS

(a) Averaged Lp spectra of the MCFS/MCTS
setup with Lc = 35 mm.
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Figure 4.19: Results of the measurements of the F-RFS/RTS-MCFS/MCTS and F-RFS/RTS-
MMFS/MMTS setup.
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4 In-duct application adjacent to an axial fan

4.5 Cavity setup effects on fan aerodynamics

Significant effects on fan efficiency can only be observed for the MDFS, MXFS and MCFS
setups. The reader is referred to App. B. (Fig. 6.9) to ascertain that efficiency is maintained
for the other setups (MMFS, MHFS) compared to the MFS setup. The MDFS setups reaches
a slightly lower efficiency than the reference setup (compare Fig. 4.9 (e,f)), but can recover
most of the efficiency loss correlated to the larger tip gap clearance (cf. Fig.4.20 (c,d)). The
reduced efficiency could be due to the fact that the boundary layer in the tip gap is increased
because of the rough surface of the MPA and the fan needs a higher torque to be driven due
to the increased impulse exchange in the boudary layer. In the same way, an increased back-
flow through the pores of the MPP could explain the small difference in pressure build-up
and be a cause for the reduced efficiency.
When the axial segmentation is applied, the pressure build-up ismaintained, however slightly
more torque is needed to drive the fan (cf. Fig.4.20 (a,b)). The same behavior is visible for the
reduced cavity length (cf. Fig.4.20 (e,f)). This is only apparent for free-inflow conditions and
most prominent in the partial load range. A measurement error can not be ruled out, but a
possible physical explanation would be that only in these to configuration, the blind flow
in the tip gap is affected by either the smaller cavity length or the cavity segmentation. This
could indicate that a recirculation is present in the other setups, that is hindered in the MXFS
andMCFS setups. Compare the ”ported shrout” housing in turbo-chargers to improve the op-
erating behavior at higher pressure differences and low volume flows [116].
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Figure 4.20: Overall sound levels of the different cavity setups and dummy.

4.6 Review of the general findings

The effectiveness of the MPA concerns broadband and tonal peaks, and its sensitivity to
flow conditions. The cavity setups were evaluated whether the sound reduction is compro-
mised or not. A major concern for a compact absorber in the present setup is the effect of
fan location within the MPA. Designing the MPA depends on how accurate a pure acous-
tic simulation, without transient effects, can emulate reality compared to computationally
costly aeroacoustic simulations. This involves mesh resolution, source approximation, and
geometrical reduction.

• Simulation:
– The duct fan setup can be accurately and qualitatively simulated, using a PML for

free-field conditions, an analytical mesh size estimation, and a source location com-
parable to the real source distribution.
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– The 1D-fitted MPP absorption character gives a good reproduction of the measured
sound spectra with an MPP.

– The quantitive accuracy depends on the calculation of the source strength. Stationary
sources give a good estimation, but using spinning source strengths can add some
qualitative improvement to the sound emission trends.

– The simulation best represents the forward-skewed fan emission spectrum at the
design point. The overall sound pressure level reduction is best approximated by the
simulation for the long duct setup and the steady load range of the fan (cf. Tab.6.9).

• Fan location:
– Since the forward-skewed fan is per se less load-sensitive than the backward-skewed

fan, the sound reduction is higher for the latter.
– If the fan is installed in the MPA section, tonal peaks a produced in the steady load

range if the tip gap is increased. The fan efficiency can be maintained in the long
duct version, and a suitable tip gap size improves sound reduction.

– The highest sound reduction can be achieved in the partial load range, more or less
independent of the fan location.

– The MPA can compensate turbulent inflow adverse effects on sound emission in a
broadband frequency range. If more sound is produced due to inflow conditions or
the fans’ location, then the MPA also reduces more sound.

– Self-noise due to a presumed MPA-fan-flow interaction becomes significant for a
fan installed in the MPA section in the partial load range and to minor degree in
the steady load range. The evidence thus far suggests that the self-noise at the inves-
tigated flow speeds is strongly correlated with the fan’s trailing edge noise mecha-
nisms, influenced by changed flow phenomena (bias and blind flow) in the tip gap
region next to the MPP. The extent of the influence of the (bias and/or blind) flow
through the MPP pores remains unknown.

• MPA cavity setup and flow conditions:
– The MPA cavity setup is significant only in the partial load range and free-inflow

conditions. More turbulent flow masks these specific effects because the noise spec-
trum is high and broadband. Also, large Helmholtz numbers can render cavity op-
timization efforts futile without the pre-characterization.

– Fan efficiency is mostly affected by tip gap clearance associated blind-flow and the
inflow conditions. However, a bias flow portion of that blind flow through the MPP
is presumed.
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CHAPTER 5

Evaluation in the free-far field and grazing flow

The MPP application in the preceding chapters was limited to a mere acoustic field, or the
MPP was embedded in a background flow with a low Mach number (Ma < 0.03). In an
HVAC application scenario, the Mach number can become significantly higher. Therefore,
the following investigations aim to uncover acoustic and hydraulic interaction-effects that
theMPP can have on the flow field and vice-versa at higher flow velocities.Therefore 1D-hot-
wire-anemometer measurements have been conducted to assess the influence of the MPP on
the hydraulic boundary layer. This is followed by acoustic measurements of the self-noise of
the MPA when overflown by an air stream. In the end an analytic model is presented that
enables the acoustic engineer to predict such self-noise of the MPA.

5.1 Measurement setup and MPA configuration

Measurement setup

The setup is depicted in Fig. 5.1 (a,b).TheMPP in the aluminum frame plate is fully embedded
in the out-blowing flow from the nozzle and the plate is wide enough to suppress interactions
of the outflow with the frame boundaries. The velocity profile has been measured in front,
and after the MPP ( , ), because the waviness of the MPP’s surface did not allow for the 1D-
hot-wire probe to be positioned near enough to the MPP surface. In the cavity, one acoustic
microphone has been placed on the bottom to detected cavity sound induced by the flow
grazing over the MPP slits. A less sensitive Kulite pressure sensor has been placed in front of
the MPP to detect the hydraulic wall pressure spectrum below the velocity boundary layer
(Φsurf). The investigated flow speeds ranged from 10 m s−1 to 30 m s−1, which corresponds to
Ma = 0.03..0.09. Acoustic free field conditions were provided by foam wedges placed on
the walls of the measurement room, and the microphones were covered by a protective grid.
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Free field
microphones

RMic = 0.5 m

nozzle
1D-hot-wire-probe

(a) Side view of nozzle, MPA in semi-infinite
plate and three free-field microphones ( )
and indicated velocity profile measurement
positions ( and ).

Lc

Surface front Kulite

middle Kulite

Cavity
microphone

(b) Enlarged view of the segmented MPA
with positions of the cavity microphone
( ) and hydraulic pressure sensor ( )
in front of the MPP; indicated cavity
length Lc.

Figure 5.1: Position of the MPA in the outblow from nozzle and section view of the MPA
inside.

The details of the MPA in the grazing flow conditions are depicted in Fig. 5.2. The first im-
portant feature is the position of the velocity profile, marked by a green and red ”X”, 20 mm
in front and behind the MPP. Right after the front velocity probe position, a Kulite pressure
sensor detects the hydraulic wall pressure fluctuations of the flow which then interacts with
the MPP, respectively the MPA. Depending on the conditions, the MPA emits sound and in-
fluences the boundary layer, which is then measured 20 mm after the MPP. The MPA sound
emissions are detected by the cavity microphone Lc remote from the MPP plate and by the
free field microphones in the distance RMic of the MPP surface. The MPP is characterized by
a pore width wpore and length lpore. The velocity probe allows to measure the speed of the
bulk flow U0, the boundary layer thickness δ99 and the turbulent intensity Tu.
As described in the first chapter, the MPPs investigated are slotted. So, a width and length
lpore, wpore must be discerned, depending on the flow direction. In contrast, the acoustic de-
scription is based on just one characteristic length rpore. Therefore, the schematic view shows
the ”real” MPP geometry and the simplified geometry for the analytical description in the
latter part of the chapter. For the modeling, the hydraulic interaction with the pores in plane
1-3 is key, causing the sound emissions in direction 2 towards the free-field microphones.
Due to the semi-infinite plate setup, full embedment of theMPP in the flowfield, and flow sta-
tionarity, the turbulence is assumed to be isotropic and ”frozen” according to Taylor [148].This
hypothesis is valid if the turbulence intensity is less than 50 %, which justifies point temporal
fluctuation measurements in lieu of spatial fluctuation measurements.
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Figure 5.2: Detailed schematic of MPP in zero pressure gradient flow setup with
indicated pressure sensor positions and velocity profile probing lo-
cations.

MPA configurations

The MPPs under consideration are referenced in Tab. 1.1 and Fig. 5.3 and differ in porosity
φ and characteristic lengths lpore and wpore. lpore has been derived by the fitting procedure
described in the preceding chapters. wpore is measured by hand and a ruler as reference and
a camera with zoom. The orientation of the slits was changed, resulting in a smaller pore
separation when the slits are parallel to the flow direction (cf. Fig. 5.3 and direction ”1” in
Fig. 5.2). By using a trip wire in the nozzle, the laminar inflow boundary layer along the plate
was changed to a turbulent profile in front of the MPP. The absorption range of the MPA
is changed by varying the length of the back volume Lc. Therefore, three different lengths
have been employed to change the MPAs absorption range. It has to be emphasized that the
porosity values for the hydraulic modeling are the values provided by the manufacturer and
are therefore termed φhydr. In contrast, the acoustic (fitted) porosity is termed φacou. There
is only one (acoustic) characteristic length which is fitted (lpore = rpore) because measuring
in the sub-millimeter range is too inaccurate with a ruler. The investigations focus on the
following issues:
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5 Evaluation in the free-far field and grazing flow

• Influence of MPP porosity and characteristic length on the flow boundary layer and
thus the character of the flow (laminar or turbulent). This has consequences on the
efficiency of an adjacent turbo-machine.

• Intensity and frequency range of the self-noise which affects the effectiveness of the
MPA.

• Providingmeasurement data for self-noisemodeling based onmodels ofHowe, Ffowcs-
Williams, Golliard, Gloerfelt and Stein [53, 61, 66, 68, 77, 125, 146].

LSE7
φ = 0.01

wpore = 2.0 mm

LSE4
φ = 0.015

wpore = 4.0 mm

LSE3
φ = 0.035

wpore = 4.5 mm

LSE2
φ = 0.1

wpore = 5.5 mm

wporelpore

U0, 90◦

U0, 0◦

pore separation towards flow

Figure 5.3: MPP type and orientation to flowwith character-
istic slit lengths.

5.2 Results

First, the results of the flow velocity profile measurements are shown. This is followed by
the sound emission spectra of different MPA configurations with the flow parameter vari-
ations. The chapter is concluded by the analytical simulation ansatz developed for the pre-
sented MPA configurations.

5.2.1 Boundary layer measurements

The flow over the semi-infinite plate can be characterized by the bulk flow velocity U0, the
velocity at the edge of the boundary layer Ue, the boundary layer thickness δ99, the displace-
ment thickness δ∗ and the momentum thickness Θ. The form factor H = δ∗/Θ can be used
to characterize a laminar or turbulent flow. The displacement thickness is a measure for the
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difference in volume flow rate between the non-viscous bulk flow and the viscous dominated
near-wall flow, stating how far the streamlines of the bulk flow are displaced outward by the
forming boundary layer [143]. The momentum thickness is a measure for the loss in momen-
tum within the boundary layer due to friction compared to the bulk flow, thus quantifies the
friction resistance [143].
In the Figs.5.4 (a-f), an undisturbed inflow grazes the MPP and reference plate. Comparing
the form factors H in Figs.5.4 (a-d), one can see that the higher the porosity and slit width
wpore, then the more a turbulent velocity profile manifests.The profile in front of and after the
plates is comparable to the Blasius profile, depending on the MPP geometrical parameters,
and then develops into a profile describable with the power law (see Fig. 5.4 (b)). Also, the
boundary layer thickness increases significantly with porosity and slit with, as does the dis-
placement thickness. So, more fluid is displaced outward. The momentum thickness changes
slightly with MPP parameters. Hence, one can deduce that the bulk flow along the MPP will
experience a pressure drop, thus a higher flow velocity would be necessary for keeping the
pressure gradient and vice-versa.
The turbulence level in front and behind the reference plate and MPP LSE2 is shown in
Fig. 5.4 (e-f). For the reference plate, it is well below 10 % for almost all flow velocities, except
for 20 m s−1. With the MPP LSE2, more turbulence along the boundary layer thickness is in-
troduced.This is however true only for lower flow velocities. By 30 m s−1, the boundary layer
is already turbulent-like. The Fig. 5.4 (e-f) also reveal that with an increase in flow velocities,
the boundary layer thickness stays the same, but with the MPP, more fluid is displaced with
increasing velocity, and more friction in the boundary layer introduced. The MPP, again de-
pending on the geometrical parameters (compare Figs. 5.4 (a-d)), does not make the boundary
layer more turbulent for undisturbed inflow conditions.
The influence of the MPP on the flow character changes when the inflow is disturbed, and
already turbulent-like. This can be seen in Figs. 5.5 (a-f). With the lowest flow velocity, the
differences in the velocity profile after the reference plate andMPP LSE2 aremarginal consid-
ering the form factor and boundary layer thickness (cf. Figs. 5.5 (a,b)). However, more fluid is
displaced, but the effect of the MPP on friction is almost non-existent (Θbehind, cf. Figs. 5.5 (a-
b)).The turbulence level in the inflow dominates over the effect of turbulence injection by the
MPP surface. Figs. 5.5 (c-d) reveal that even an increase in flow velocity does not significantly
change the turbulence level when the reference plate and MPP LSE2 are compared. Again,
however, the displacement thickness changes rather strongly comparing MPP LSE2 and the
reference plate. Friction effects are also increased (compare Θ in Figs. 5.5 (c-d)). These rather
strong effects of the porosity and slit size vanish for MPP LSE4 (cf. Fig. 5.5 (e)). Here, the
velocity profiles of the three flow velocities are almost congruent which is supported by the
values of boundary layer thickness, displacement thickness and momentum thickness. The
comparison of the orientation of the slits towards the flow shows that there is also only mi-
nor influences (cf. Fig. 5.5 (f)). The same behavior can be observed in the boundary layer
characteristic lengths.

103



5 Evaluation in the free-far field and grazing flow

W
al
ld
ist
an
ce

in
m
m

δ99,behind = 6.2 mm
δ∗
behind = 2.0 mm

Θbehind = 0.8 mm

δ99,front = 4.2 mm
δ∗
front = 1.3 mm

Θfront = 0.6 mm

b(ehind), 10 m s−1, ref., H = 2.46
f(ront), 10 m s−1, ref., H = 2.28

Blasius
Power law

unorm
(a) Velocity profile of reference (ref.) plate at
U0 = 10 m s−1.

W
al
ld
ist
an
ce

in
m
m

δ99,behind = 7.5 mm
δ∗
behind = 1.5 mm

Θbehind = 1.1 mm

lpore = 200 µm
bpore = 5.5 mm

δ99,behind/lpore = 37
δ99,behind/bpore = 1.4

b(ehind), 10 m s−1, LSE2, H = 1.44
f(ront), 10 m s−1, LSE2, H = 2.28

Blasius
Power law

unorm
(b) Velocity profile b(ehind) and in f(ront) of
MPP LSE2 at U0 = 10 m s−1.

W
al
ld
ist
an
ce

in
m
m

δ99,behind = 7.6 mm
δ∗
behind = 1.8 mm

Θbehind = 1.0 mm

lpore = 120 µm
bpore = 4.5 mm

δ99,behind/lpore = 63
δ99,behind/bpore = 1.7

b(ehind), 10 m s−1, LSE3, H = 1.68
f(ront), 10 m s−1, LSE3, H = 2.28

Blasius
Power law

unorm
(c) Velocity profile b(ehind) and in f(ront) of
MPP LSE3 at U0 = 10 m s−1.

W
al
ld
ist
an
ce

in
m
m

δ99,behind = 6.2 mm
δ∗
behind = 2.1 mm

Θbehind = 0.9 mm

lpore = 70 µm
bpore = 4.0 mm

δ99,behind/lpore = 88
δ99,behind/bpore = 1.6

b(ehind), 10 m s−1, LSE4, H = 2.24
f(ront), 10 m s−1, LSE4, H = 2.28

Blasius
Power law

unorm
(d) Velocity profile b(ehind) and in f(ront) of
MPP LSE4 at U0 = 10 m s−1.

W
al
ld
ist
an
ce

in
m
m

δ99,b,20 m s−1 = 7.6 mm
δ∗
b,20 m s−1 = 1.2 mm

Θb,20 m s−1 = 0.8 mm

δ99,b,30 m s−1 = 9.2 mm
δ∗
b,30 m s−1 = 1.7 mm

Θb,30 m s−1 = 1.3 mm

f, 10 m s−1, H = 2.28
f, 20 m s−1, H = 2.17
f, 30 m s−1, H = 1.31

b, 10 m s−1, H = 2.46
b, 20 m s−1, H = 1.44
b, 20 m s−1, H = 1.36

Tu in %
(e) Turbulence level Tu of reference plate;
b(ehind) and (f)ront.

W
al
ld
ist
an
ce

in
m
m

δ99,b,20 m s−1 = 7.6 mm
δ∗
b,20 m s−1 = 1.5 mm

Θb,20 m s−1 = 1.0 mm

δ99,b,30 m s−1 = 9.2 mm
δ∗
b,30 m s−1 = 2.4 mm

Θb,30 m s−1 = 1.6 mm

δ99,b,20 m s−1 /lpore = 38
δ99,b,30 m s−1 /lpore = 46

b, 10 m s−1, H = 1.44
b, 20 m s−1, H = 1.41
b, 30 m s−1, H = 1.51

Tu in %
(f) Turbulence level Tu b(ehind) ofMPP LSE2.

Figure 5.4: Undisturbed inflow profiles grazing along MPP surface.
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Figure 5.5: Velocity profiles and turbulent intensity of disturbed flow grazing along MPP sur-
face.
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5 Evaluation in the free-far field and grazing flow

The quiescent fluid in the cavity and the external moving fluid are separated by a shear layer
in the cavity opening. The radiated sound is a result of the instability of this shear layer. One
can discern a monopole-like source mechanism or dipole-like source, depending on whether
acoustic modes are sustained by the cavity or not. The cause for the monopole is a time-
varying net volume velocity in the opening. The cause for a dipole would be accordingly
[27, 107] a resulting drag force on the fluid shear layer by the vortex impingement on the
trailing edge of the opening. The monopole sound is expected to have a narrow band of
frequencies due to its association with an acoustic cavity mode (λ/4). For dimensions of the
opening smaller than the wavelength λ, the fluid displacement in the cavity represents a
piston in a rigid baffle [27]. The goal is now to connect the fluid displacement velocity with
the measured wall pressure spectrum as the input for an acoustic radiation model. A first
step is the modification of the Goody formula for the near wall hydraulic pressure spectrum
Φsurf measured in front of the MPP or the reference plate:

Φsurf(ω)Ue

δ99τ 2
w

= C2(ωδ99/Ue)0.8

[(ωδ99/Ue)0.75 + C1]1.7 + [C3(ωδ99/Ue)]4.8 (5.1)

With the constants C1 = 0.5, C2 = 50.0 and C3 = 1.1R−0.57
T , and RT as a ratio of timescales

(cf. [68] and (2.50) and (6.12)), the empirical model was fitted to the measured power spectral
density.
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Figure 5.6: Wall pressure spectra Φsurf(ω) in front and on (middle) LSE4 surface (b) and on
the reference plate (a); with (modified) Goody model simulated pressure spectra.

The fitted curve ( ) shows that the modified Goody formula recovers the measured data
better in the low-frequency part of the spectrum.The best fit can be achieved for the reference
plate. However, the pressure spectrum is very sensitive to the senor’s flush placing in the
plate wall. A too far recessed pressure sensor can significantly influence the higher frequency
part of thewall pressure fluctuations.This is due to the additional cavity on the circumference
of the sensor. This effect is especially visible at higher flow velocities. The measured and
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analytical wall pressure spectra have a significant influence on the sound field at the cavity
bottom and thus on the emitted self-noise of the MPA configuration.

5.2.2 Self-noise measurements

The MPA configurations have been varied to reveal the emitted sound’s dependency on the
flow character grazing the MPA. These configurations also served as validation cases for the
modeling of the emitted sound spectra. The shown data in Fig. 5.7 (a-f) also allows to derive
recommendations for MPP application in flow.
Figure 5.7 (a) clearly shows the dependence of the emitted sound intensity on the flow veloc-
ity. One can also discern a high-intensity low-frequency part below 1000 Hz and cavity tone
dominated high-frequency portions.The cavity length here wasLc = 143 mm andMPP LSE3
was used. The diagram shows that the cavity sound, as well as the narrow band frequency
peaks of the emitted sound, are associated with the λ/4-resonance frequencies (cf. (d)). Fig-
ure 5.7 (a) also reveals that the low-frequency sound emission (< 1 kHz) is associated with
the aeroacoustic sources within the flow itself and is independent of the MPP characteristics
(compare reference plate emissions with MPA emissions). In Fig. 5.7 (b), the slits are tilted 0◦

towards the flow,and the cavity tones, beginning at 3000 Hz are correlated with MPP poros-
ity and slit width. Whereby, the lower the porosity and smaller the slit width, the lower
the emitted acoustic intensity. If the MPPs are tilted towards the flow by 90◦, as shown in
Fig. 5.7 (c), then the sound emission has a much more low-frequency portion, then in the
0◦ setup. The critical Strouhal number (Sr = 0.2) is reached much earlier due to effectively
more slits (separation) tilting towards the incoming flow. It is worth noting that the peaks’
intensity in the high-frequency range (above 3000 Hz) becomes lower, but due to the emer-
gence of the peak at 2000 Hz, the overall emitted sound level would still be higher as in the
0◦ case.
The sound in the cavity is changed significantly when the MPP is tilted from 90◦ to 0◦. The
low-frequency portion and the range up to 3000 Hz is strongly reduced. The high-frequency
portion is increased. The location of the cavity tone peaks remains unchanged. Also, it is
revealed that the cavity tones are clearly associated with the emitted narrowband peaks,
beginning at 3000 Hz. The first two cavity peaks manifest in a corresponding emitted nar-
rowband spectrum with the only exception of using MPP LSE2.
The last two diagrams show the influence of the cavity length Lc on the emitted SPL. In
Fig. 5.7 (e), the MPP is tilted towards the flow by 0◦ and in Fig. 5.7 (f) by 90◦. In first case the
typical high-frequency spectrum occurs as shown in (b). For once, one can see that the cavity
length does not change the intensity of the emitted sound. But more distinct peaks occur with
increasing length. The shorter Lc, the more broadband the emitted sound field becomes. This
effect is even more prominent when the MPP is tilted by 90◦ in the flow. The earlier exci-
tation due to the smaller effective slit separation is now much more broadband, especially
for the smallest cavity length. The overall sound pressure level should also be higher due to
the higher low-frequency portions. The narrowband peak intensity, however is not changed
significantly.
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Figure 5.7: MPP self-noise level dependence on MPA configuration parameters.
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Themeasurements show that the overall sound pressure levels Lp are influenced the most by
the flow velocity. Also, it has been established that the MPAwill emit sound even without the
presence of an adjacent fan. The ”self-noise” phenomenon described in Chap. 4 can only in
part be correlated to the overflowed MPA. A major part of this noise mechanism is presum-
ably influenced by the trailing edge of the blades exposed to a turbulence flow field. Again,
as mentioned in Chap. 4, the bias flow through the MPP, is probably a major contributor
to this self-noise mechanism, but its scope and the underlying physical phenomena could
not be further studied. However, the measurements above show that the MPA can ingest
more turbulence into the grazing flow. In comparison to the large intensity portion around
and below 1000 Hz, the narrowband noise peaks contribute only minor to the self-noise and
thus would not worsen the MPA effectiveness. The lower-frequency portion is unaffected by
self-noise (depending on MPP orientation and Lc) and thus the MPA effectiveness should not
be compromised here. This, of course, might change when the flow velocity reaches values
beyond Ma = 0.1.
An important observation is the presumed correlation between the ratio δ99/lpore and the
effect of the MPP on the flow character. The boundary layer measurements in Fig.5.4 (b-d)
show that if the ratio increases, the grazing flow maintains its laminar profile. If the inflow
is disturbed and turbulent (cf. Fig.5.5 (b)), the boundary layer thickness and thus the ratio
mentioned is also high. It can be seen that in this case also, that the wall bounded velocity
profile character past the MPP remains unchanged. It appears that the scope of the influence
of the MPP on the flow depends on this ratio. Additionally, the measurements in Fig. 5.7 (b,c)
showed that the self-noise intensity also correlates with lpore, but not with the character of
the inflow velocity profile (disturbed or undisturbed, cf. Fig. 5.7 (b)). Thus, one could state for
a first estimation for the level of MPP self-noise and the correlated influence on turbulence
injection into the wall bounded flow (cf. Fig. 5.4 (f)), the ratio δ99/lpore can be used since the
thickness of the hydraulic boundary layer can readily be estimated.
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5.3 Simulations

As the measurements showed, the flow velocity is the most important factor for the emit-
ted sound intensity. There are models that allow a rough estimation of the self-noise and
cavity tone sound emission, which both can compromise the MPA effectiveness. The mod-
els presented are modifications of the single orifice models by Golliard, Stein and Gloerfelt
[61, 66, 146] which are based on the works by Howe [77] and Goody [68], and on the perfo-
rated liner models by Nelson and Ffwocs-Williams [53, 125]. Only the modified models are
shown here; the basal ansatzes can be found in Chap. 2 and in the literature mentioned.

5.3.1 Analytical models

Sound in the cavity

The first model to be presented is able to predict the sound pressure spectrum on the cav-
ity bottom Φbot (cf. Fig. 5.2). It can be used to validate measured data or with a transfer
function based on the lumped elements ansatz to calculate the emitted sound from the MPP
surface. The surface hydraulic pressure field Φsurf,front is averaged over one pore (respectively
slit), with an area cross section Sneck = lporewpore, by a shape function. The resulting force
Φf due to the turbulent fluctuations excites the cavity eigenmodes (λ/4-resonances), repre-
sented by T (ω).

Φbot(ω) = |T (ω)|2Φf(ω), Φf(ω) = 1
Sneck2

①
∞

Φsurf,front(ω)S(k̃)2dk̃,

Spiston,rigid(k̃) = sinc k̃1lpore
2 sinc k̃3wpore

2 ,

T (ω) =
�

1
sin k̃0Lc

�  1
cot k̃0Lc − 1

φhydr
k̃0lcorr,H-S + 1

φhydr
rcorr,H-S

 ,

lcorr,H-S = �[Sneck/(KU0=0 − KR)], rcorr,H-S = k̃0�[Sneck/(KR − KU0=0)].
(5.2)

Since in this approach Φsurf,front is independent of k̃, lpore and wpore can be interchanged. The
Rayleigh conductivity KR is a function of F (U0, ω, wpore, lpore), J1, J0, Ψ) (cf. Chap.2). The
definition of the function Ψ governs the low-frequency and high-frequency behavior of the
calculated cavity sound spectrum in a prominent way and can thus be used for tuning the
data match. This also means it is necessary for future works to find a more appropriate func-
tion forΨ. The differentiation between the ”hydraulic” porosity φhydr and the fitted ”acoustic”
porosity φacou is emphasized here. The latter is fitted to acoustic measurements, whilst the
former is measured and provided by the manufacturer.The hydraulic porosity is what the hy-
draulic pressure fluctuation wave ”sees”. The porosity governs the measured data agreement
very sensitively in the high-frequency range and is therefore also a tuning parameter. From
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an acoustic point of view the orientation of the slits (effective separation in flow direction),
does not influence the MPA absorption behavior; the orientation of the slits does, however,
matter from an hydraulic point of view and governs the source strength and frequency range
(cf. Fig. 5.7).

Emitted sound

Because of Ma << 1, the sound field and the (hydraulic) source field exist on clearly sepa-
rated length scales.The source has length scale l and the sound field l/Ma, with l = 1/k	.The
basal model of Ffwocs-Williams [53], assumes that the small-scale turbulence is scattered by
individual apertures into sound and that on sparsely perforated surfaces (”opaque”) at each
individual aperture, the turbulence drives an efficient monopole-like volume flow source.
Which means a perforated plate with low porosity supports a monopole-like sound emission
behavior.Themodel is further based on the assumption that at each aperture there is a piston
that moves perpendicular to the plate surface with an average impedance Z0. Each piston is
excited by a randomly fluctuating hydraulic pressure p	, now induces a monopole strength

Qmono = 2p	ik̃0bporelporeρ0c0

Z0zrad
. (5.3)

The acoustic emission is partly governed by the normalized radiation impedance of the piston
zrad = zres+izreact.The pressure on a rigid baffle is twice the pressure in the free field, therefore
the hydraulic pressure in the equation is doubled.The calculation of the radiation impedance
is shown in Appendix C.The far field sound pressure at a distanceRmic can then be calculated
with,

p̃2 = 4
φ2
acou

Φsurf,front
���(1 − r)Qmono exp (−ik̃0RMic)/4πRMic

���2 . (5.4)

Here, the equivalent acoustic coefficient 1− r modulates the source excitation to recover the
measured sound emission narrow band peaks in the higher-frequency spectrum. As shown in
the measured emission spectra (cf. Fig. 5.7), the lower-frequency part (< 1 kHz) is unaffected
by the MPA source mechanism. As the ”acoustic” porosity φacou, 1 − r is calculated from the
fitted equivalent compression modulus and density of the specific MPPs in combination with
λ/4-resonances due to the cavity lengthLc. A broadband higher-frequency noise portion can
be added by using [77]:

p̃2
rough = Splateφacou

R2
Mic

(k̃0trough)2(ωtrough/Uc)2Φsurf,front, (5.5)

where trough is the average height of the surface waviness and Uc = 0.6U0 is the convection
velocity of the largest eddies and Splate is the surface area of the MPP plate.
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5.3.2 Comparison to measurements

Theaforementionedmodels have been applied to simulate the cavity and emitted sound spec-
trum of MPP LSE2 and LSE4. The results are shown in Figs. 5.8 (a-f). In Fig. 5.8 (a), the influ-
ence of different MPP geometry parameters on the simulated cavity sound at U0 = 30 m s−1

and Lc = 143 mm can be observed. The basic trend of the spectrum is strongly dependent on
the hydraulic pressure spectrum in front of or behind the MPP. The peak heights and posi-
tions can be changed with the porosity and slit lengths. There is a general better data agree-
ment in the narrow parts between the peaks and in the higher-frequency range. In Fig. 5.8 (b),
the simulated cavity spectrum below MPP LSE4 at U0 = 20 m s−1 and U0 = 30 m s−1 is
shown. The model is able to produce a good correlation with the measure data, however the
agreement worsens for the lower velocity. This is due to the fact that at lower velocities U0
the hydraulic pressure spectrum in higher-frequency portion can not be accurately simulated
by the modified Goody model.
The first emitted spectrum is shown in Fig. 5.8 (c).Themodifiedmodel of Ffwocs-Williams can
produce a good fit with the measured data at U0 = 30 m s−1. The lower-frequency portion of
the spectrum is overestimated. The adding of the simulated roughness noise can increase the
broadband noise portion visibly in the measured spectrum for higher frequencies. At lower
velocities the model significantly overestimates the lower-frequency part of the measured
sound. For MPP LSE4 (cf. Fig. 5.8 (d)), the model performs similarly as for LSE2. Again, the
lower-frequency spectrum portion is overestimated. But the peaks and general trend is cap-
tured well and can be mended accordingly by adding broadband noise induced by the rough-
ness of theMPP surface. To show the robustness of the model, MPP LSE2 and LSE4 have been
subjugated at Lc = 71.5 mm to the two flow velocities. The cavity model (cf. Fig. 5.8 (e)) can
recover the measured spectra well. However, now the data fitting for the cavity sound is bet-
ter in the lower-frequency spectrum portion. The peaks are however recovered with good
correlation. The emitted spectrum (cf. Fig. 5.8 (f)) of the MPA with the smallest cavity length
can be predicted with similar accuracy for MPP LSE4. The data fit can again be improved
by adding the simulated roughness noise. All in all, the models can reproduce the observed
sound sufficiently, keeping in mind that they mostly rely on empirical fitting parameters.
The most important observation, however, is that at the absorption peaks of the MPA (cal-
culated by the reflection coefficient r), there is also the highest level of ”self-noise”.
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5.3 Simulations
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Figure 5.8: Simulated and measured spectra of the cavity and emitted sound pressure.
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5 Evaluation in the free-far field and grazing flow

5.4 Consequences for MPA application in flow

The presented measurements and simulations allow now to derive some general recommen-
dations for MPP application in flow:

• Results from the measurements
– At undisturbed inflow conditions, the MPPs introduce turbulence which might affect

the efficiency of an adjacent turbo-machine.
– The overflown MPAs emit resonance-based self-noise, which can be compensated and

moved to a higher-frequency range with a change of orientation of the slits towards
the flow direction.

– The lower-frequency MPA effectiveness at the investigated Mach numbers is unaf-
fected by the resonance self-noise mechanism.

– If any, the MPP emits sound only at higher frequencies and low intensities compared
to the high-intensity low-frequency sound due to the flow over the plate itself.

– The intensity of the self-noise peaks is dependent on flow velocity, MPP geometrical
parameters, and turbulence.

– The narrowness of the peak frequency bands depends on the back volume length and
the slit orientation towards the flow.

– The location of the peaks can be tuned with the back volume length Lc.
– At the absorption peaks, the MPA also emits relatively strong sound levels.

• Results from the simulations based on the empirical models
– The analytical models are able to predict the overall sound spectrum trends and

intensities.
– The lower-frequency portion of the emitted spectrum is overestimated.
– Further studies certainly might investigate more detailed:

∗ The model performance at higher Mach numbers.
∗ The coupling of the hydraulic source mechanism to the emitted sound.
∗ The input Rayleigh conductivity correction terms for resistance and reac-
tance.

∗ Usage of the models to investigate the change of acoustic impedance with
flow which affects sound absorption.
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CHAPTER 6

Conclusion and outlook

The objectives of this thesis were to test an FE-based framework for dedicated MPA de-
sign and analyze its performance in various kinds of sound fields. Thereby, for MPA pre-
characterization, an equivalent fluid approach has been applied. Here, obtaining accurate
equivalent material parameters represents a challenging first step, which was solved by ap-
plying a genetic-algorithm based acoustic material parameter fitting. Several error influences
within the fitting procedure could be identified, such as systematicmeasurement errors, over-
fitting by too many design variables, and ambient influences. As such, the investigated MPP
materials’ acoustically relevant characteristic length was calculated, and allowed a perfor-
mance ranking by using the viscous Biot frequency.
Next, modifying an expansion chamber test setup allowed for a wider frequency range by ex-
tending the standard MPA liner configuration from the plane-frequency range to the highly
diffuse sound field range. Measurements revealed that the effectiveness of an MPA can be
estimated by the Helmholtz number of the geometry at hand. Also, an MPP with high poros-
ity and smaller characteristic length scale renders the highest sound reductions. The cavity
configuration is key in tuning the MPA for certain noise frequency bands. To allow for high
sound reduction at low Helmholtz numbers, the cavity should be segmented. However, the
segmentation can have negative consequences at higher Helmholtz numbers. Here, a broad-
band sound reduction, comparable to the standard foammaterials, can be achieved by leaving
the cavity empty. If the MPP is bend into a circular shape, the sound reduction is declining at
the higher-frequency portions.The equivalentMPP domain inmore dedicatedMPAs could be
simulated with sufficient accuracy up to 8 kHz with the obtained 1D-absorption data. There,
it could be shown that the orientation of the sound source should be considered for the op-
timal location of an MPA.
The in-flow application of an MPA using the presented pre-design steps revealed the impor-
tance of the location of MPA next to a low-pressure axial fan. For a performance evaluation,

115



6 Conclusion and outlook

the operational volume flow range has to be considered. The effectiveness of the MPA is best
in the partial load range and becomes seemingly independent of the operational point with
higher flow velocities. Noise mechanisms associated with the tip gap clearance are major
contributors to high-intensity noise and can bring about unpleasant tonal noise components
if the fan is operated within a micro-perforated section of the duct. The large-scale simula-
tion of an MPA works well in the low Helmholtz number range. If the sound field consists of
more and more modal components, the influence of the duct and MPA geometry, as well as
the propagating modes, are significant for an accurate simulation.
The cavity configuration is significant in the partial load range in combination with low
Helmholtz numbers. If the inflow is disturbed (turbulent), theMPA counteracts the turbulence-
associated increase in broadband sound emissions. The fan’s efficiency is mostly influenced
by the tip gap clearance and associated to blind flow.TheMPA, in presumed interaction with
noise sources of the fan or vice versa, starts to emit self-noise beginning at 3 kHz, especially
in the partial load range.
The investigatedMPA-”self-noise” spectrum can be observedwithout the fan. Boundary layer
and measurements of the emitted sound revealed that the emitted sound’s intensity is cor-
related with higher flow velocity, MPP geometry parameters, the length of the MPA cavity,
and to some degree on the ratio of the hydraulic near-wall boundary layer to the character-
istic acoustic length. The orientation of the MPP slits towards the flow governs the affected
frequency range. To complete the MPA design and evaluation, two analytical models for
the sound in the MPA’s cavity and the emitted sound spectrum have been developed from
existing models. The formulas are based mainly on empirical factors, and a complete under-
standing of the underlying physical phenomena is missing. However, the modified models
allow an estimation of the noise spectrum that an MPA is emitting under grazing flow con-
ditions.
For future works, the tip-gap-MPA-associated noise mechanism should be studied. Further-
more, the conversion of the hydraulic fluctuating pressure field to an acoustic source at the
MPA’s slits should be investigated for higher Mach numbers and, as such, it is possible to
derive a more generally applicable model.
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Additional content A

Design variable constraints

Fitting constraints:

1. Frequency range
• α = [all]: frequency range from 100 Hz to 6400 Hz
• α = [0.25; 1.0; 0.75]: includes on left peak flank from 0.25 to 1.0 and on right
flank 1.0 to 0.75

• α = [0.75; 0.75]: includes right peak flank from 0.75 to left peak flank 0.75,with-
out 1.0

• α = [0.25; 1.0; 0.25]: includes on left peak flank from 0.25 to 1.0 and on right
flank 1.0 to 0.25

• α = [0.25; 0.75; 0.25]: includes left peak flank from 0.25 to 0.75 and right peak
flank from 0.75 to 0.25, without peak 1.0

2. Temperature: 18 °C, 20 °C, 22 °C, 25 °C

3. Models: JCAL, JCAPL, Wilson, Maa

4. Model parameters with applied ranges:
• rpore = [1; 500], φ = [0.01; 0.5]
• rpore, φ, Lc

• rpore, φ, bform = [0.0001; 1.0]
• rpore, φ, bform, Lc

• rpore, φ, bform, Lc, aJCAL = [0.1; 3], bJCAL = [0.1; 3], cJCAL = [0.1; 3]

117



• Teff,2 = TMPP,2 · TLc,2 · TMPP,1 · TLc,1

• Keq,scr and K0

• Low and high frequency limit for ρeq,scr of the JCAL model

5. Specimens:
• I, II, III: measured on 29.3.2021 consecutively with the specimen glued in the
mounting location

• IV: measured one week before I, II and III
• V: measured on 8.8.20 with specimen positioned loose in the mounting section
and then fixed with a rubber band

6. Lc,60 and Lc,140

Fitting parameters (a, b, c)JCAL in the calculation of ρeq,scr

ρeq,scr = α∞ρ0

φ

1 + σφ

iωρ0α∞

1 − bform + bform

����1 + i4α2∞µ0ρ0ωa

b2
formσ2Λbφc

 (6.1)
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Different MPP C specimens

C - front side tMPP = 1.0 mm φ/− rpore/µm Lc/mm bform/− fv/Hz ft/Hz

||r|| - JCAL- I α = [0.25; 1.0; 0.75] 0.057 72.1 141.7 − 3804 4047
||r|| - JCAL- II − 0.057 72.4 141.3 − 3370 4010
||r|| - JCAL- III − 0.059 71.8 141.3 − 3837 4082
||r|| - JCAL- IV − 0.064 71.5 142.2 − 3866 4112
||r|| - JCAL- V − 0.058 82.2 140.2 − 2925 3111
C - rear side t = 1.0 mm

||r|| - JCAL- I − 0.060 68.8 141.2 − 4175 4441
||r|| - JCAL- II − 0.060 69.7 141.0 − 4072 4331
||r|| - JCAL- III − 0.061 69.8 140.9 − 4057 4315
||r|| - JCAL- IV − 0.066 69.0 141.5 − 4155 4419
||r|| - JCAL- V − 0.05 80.4 138.8 − 3059 3254

||r|| - JCAL- II α = [all] 0.059 67.1 141.1 − 4393 4673
||r|| - JCAL- II α = [0.75; 0.75] 0.059 60.4 141.4 − 5408 5752
||r|| - JCAL- II α = [0.25; 1.0; 0.25] 0.058 68.1 141.0 − 4268 4539
||r|| - JCAL- II α = [0.25; 0.75; 0.25] 0.058 62.8 141.1 − 5018 5338

||r|| - JCAL- IV α = [all], Lc,60 0.067 67.0 61.5 − 4403 4683
||r|| - JCAL- IV α = [0.25;1.0;0.75], Lc,60 0.063 68.7 61.2 − 4188 4455

||r|| - JCAL- I α = [0.25; 1.0; 0.75] 0.050 75.9 140 − 3427 3646
||r|| - JCAL- II − 0.050 76.0 140 − 3421 3639
||r|| - JCAL- III − 0.052 75.9 140 − 3433 3651
||r|| - JCAL- IV − 0.051 78.3 140 − 3226 3431
||r|| - JCAL- V − 0.056 74.2 140 − 3590 3818

Table 6.1: Fitted parameters with JCAL and different specimens of MPP C, Lc = 140 mm and
calculated viscous and thermal Biot frequencies fv and ft; fitted to peaks at 22 °C
with at least 250 generations as time horizon. ρeq andK0 are modeled. Specimen I-
III were obtained the same day and consecutively with disassembling and reassem-
bling the specimen mounting setup. Specimen IV was obtained a week earlier, and
specimen V seven months earlier than I-III with also a less robust mounting ar-
rangement.
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C - rear side tMPP = 1.0 mm φ/− rpore/µm Lc/mm bform/− fv/Hz ft/Hz

||r|| - JCAL- II α = [all] 0.05 73.6 140 − 3654 3886
||r|| - JCAL- II α = [0.25; 1.0; 0.75] 0.05 76.0 140 − 3422 3640
||r|| - JCAL- II α = [0.75; 0.75] 0.048 65.8 140 − 4574 4866
||r|| - JCAL- II α = [0.25; 1.0; 0.25] 0.050 73.5 140 − 3659 3893
||r|| - JCAL- II α = [0.25; 0.75; 0.25] 0.05 67.2 140 − 4383 4662

||r|| - JCAL- II α = [0.25; 1.0; 0.75],18 °C 0.063 67.3 140 − 4254 4574
||r|| - JCAL- II −,20 °C 0.055 71.8 140 − 3782 4044
||r|| - JCAL- II −,25 °C 0.046 80.3 140 − 3124 3296
||r|| - JCAL- II −,18 °C 0.060 68.8 139.7 − 4063 4369
||r|| - JCAL- II −,20 °C 0.060 69.2 140.4 − 4067 4350
||r|| - JCAL- II −,25 °C 0.060 70.3 141.7 − 4076 4301

||r|| - JCAPL- II α = [0.25; 1.0; 0.75] 0.059 83.7 140 < 0.001 2826 3006
||r|| - JCAPL- II − 0.056 83.0 140 0.003 2874 3057

aJCAL, bJCAL, cJCAL
||r|| - JCAPL- II − 0.073 73.2 141.1 0.025 3687 3922
||r|| - JCAPL- II − 0.080 70.4 141.1 0.1 3993 4248

aJCAL, bJCAL, cJCAL
||r|| - JCAL- II − 0.076 65.6 140 − 4597 4890

aJCAL, bJCAL, cJCAL
||r|| - JCAL- II − 0.12 53.3 141.2 − 6973 7417

aJCAL, bJCAL, cJCAL

Table 6.2: Fitted parameters with JCAL or JCAPL and different specimens of MPP C, Lc =
140 mm and calculated viscous and thermal Biot frequencies fv and ft; fitted to
peaks at 22 °C (if not indicated otherwise) with at least 250 generations. ρeq and
K0 are modeled.
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C - rear side tMPP = 1.0 mm φ/− rpore/µm Lc/mm bform/− fv/Hz ft/Hz

||r|| - JCAL- II α = [0.25; 1.0; 0.75], low 0.051 74.4 140 − 3576 3804
||r|| - JCAL- II −, low 0.060 68.4 141.0 − 4231 4501
||r|| - JCAL- II −, high 0.01 1.5 140 − 999999 99999
||r|| - JCAL- II −, high 0.49 1.6 140.9 − 999999 99999

||r|| - Wilson- II − 0.058 135.4 140 − 1079 1147
||r|| - Wilson- II − 0.069 124.4 141.0 − 1277 1358

||r|| - Maa- II − 0.050 77.4 140 − 3295 3505
||r|| - Maa- II − 0.067 66.6 141.7 − 4459 4743

||r|| - Wilson- II −,Teff,2, Lc,2 = 2.5 mm 0.16 114.1 140 − 1520 1617
||r|| - Wilson- II −,Teff,2, Lc,2 = 2.5 mm 0.11 136.4 138.1 − 1062 1130

||r|| - JCAL- II −,Teff,2, Lc,2 = 2.5 mm 0.49 36.7 140 − 14692 15627
aJCAL, bJCAL, cJCAL

||r|| - JCAL- II −,Teff,2, Lc,2 = 2.5 mm 0.21 56.1 138.1 − 6282 6682
aJCAL, bJCAL, cJCAL

||r|| - JCAPL- II −,Teff,2, Lc,2 = 2.5 mm 0.49 38.4 140 0.57 13439 14295
aJCAL, bJCAL, cJCAL

||r|| - JCAPL- II −,Teff,2, Lc,2 = 2.5 mm 0.12 79.9 138.0 0.002 3102 3300
aJCAL, bJCAL, cJCAL

Table 6.3: Fitted parameters with JCAL or JCAPL and different specimens of MPP C, Lc =
140 mm and calculated viscous and thermal Biot frequencies fv and ft; fitted to
peaks at 22 °C (if not indicated otherwise) with at least 250 generations. K0 and
different models in comparison.
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MPP B specimens

B - front side tMPP = 1.0 mm φ/− rpore/µm Lc/mm bform/− fv/Hz ft/Hz

||r|| - JCAL − 0.063 101.7 140 − 1911 2033
||r|| - JCAL − 0.081 89.9 141.7 − 2446 2601
||r|| - JCAPL − 0.063 101.7 140 1.0 1911 2033
||r|| - JCAPL − 0.09 104.5 141.8 < 0.001 1809 1924
B - rear side t = 1.0 mm

||r|| - JCAL − 0.065 94.0 140 − 2236 2379
||r|| - JCAL − 0.078 85.4 140.2 − 2713 2886
||r|| - JCAPL − 0.065 93.9 140 0.97 2239 2381
||r|| - JCAPL − 0.086 84.9 141.2 0.51 2742 2917

MASH - t = 1.0 mm φ/− r/µm Lc/mm b/− fv/Hz ft/Hz

||r|| - JCAL − 0.098 54.8 140 − 6598 7018
||r|| - JCAL − 0.14 45.5 142.2 − 9552 10161
||r|| - JCAPL − 0.13 51.3 140 0.19 7521 8000
||r|| - JCAPL − 0.2 40.8 142.3 0.057 11872 12628

Table 6.4: Fitted parameters with JCAL and JCAPL and MPP B and MASH Lc = 140 mm and
calculated viscous and thermal Biot frequencies fv and ft; fitted to peaks at 22 °C
with at least 250 generations. ρeq and K0 are modeled.
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MPP LSE specimens

LSE 2 - rear side tMPP = 1.0 mm φ/− rpore/µm Lc/mm bform/− fv/Hz ft/Hz

||r|| - JCAL − 0.13 194.7 140 − 521 554
||r|| - JCAL − 0.18 154.7 141.7 − 826 878
||r|| - JCAPL − 0.13 194.7 140 0.999 521 554
||r|| - JCAPL − 0.18 164.6 141.7 0.63 730 776
LSE 3 - rear side t = 1.0 mm

||r|| - JCAL − 0.074 112.6 140 − 1558 1657
||r|| - JCAL − 0.1 95.4 142.1 − 2171 2309
||r|| - JCAPL − 0.078 141.7 140 < 0.001 984 1047
||r|| - JCAPL − 0.1 95.9 142.2 0.64 2151 2288

LSE 4 - rear side t = 1.0 mm φ/− r/µm Lc/mm b/− fv/Hz ft/Hz

||r|| - JCAL − 0.044 74.4 140 − 3571 3799
||r|| - JCAL − 0.061 63.7 142.0 − 4881 5192
||r|| - JCAPL − 0.05 72.5 140 0.45 3758 3997
||r|| - JCAPL − 0.077 65.4 142.1 < 0.001 4624 4918
LSE 7 - rear side t = 1.0 mm

||r|| - JCAL − 0.28 14.0 140 − 100000 100000
||r|| - JCAL − 0.5 10.8 142.1 − 170000 181000
||r|| - JCAPL − 0.24 15.2 140 0.98 86000 92000
||r|| - JCAPL − 0.5 10.8 142.0 0.999 170000 181000

Table 6.5: Fitted parameters with JCAL and JCAPL and MPP B and MASH Lc = 140 mm and
calculated viscous and thermal Biot frequencies fv and ft; fitted to peaks at 22 °C
with at least 250 generations. ρeq and K0 are modeled.
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Additional content B

Test rig - schematic

The experimental investigations were carried out in an axial fan test rig standardised accord-
ing to DIN EN ISO 5801 [3]. The test rig has a anechoic chamber on the suction side of the
test axial fan, which makes it technically possible to determine the sound emissions of the
fan. A cross-section of the inlet test rig is shown in Figure 6.1. The air is drawn in through a
standardized inlet nozzle. The volume flow is determined via this nozzle. For the adjustment
of the operating point the test stand has an auxiliary fan and a butterfly throttle. Before the
air enters the anechoic chamber, it is made quiet by splitter-type silencers. The anechoic
chamber on the suction side of the axial fan has a volume of V = 22 m3 and has a quies-
cent sound pressure level Lp = 28 dB for the frequency range of f ∈ [0.1 kHz; 10 kHz].
The walls of the chamber are built in a sandwich structure, which consists of 80 mm thick
acoustic foam, 20 mm acoustic heavy foam and 2.5 mm acoustic heavy foil inside. These are
mounted on acoustic sound insulation panels. The cut-off frequency of the anechoic cham-
ber is fc = 254 Hz and has reverberation times in the range of [0.03 s; 0.19 s]. Just before
the inlet nozzle of the axial fan there is a ring pressure tap which is connected to a differen-
tial pressure sensor (Setra, type 2391-500LB-1F-2B-02-9-NN) with the ambience to measure
the total static pressure difference pts of the fan. The pressure sensor has a measurement
inaccuracy of ±0.073 % on the measured value. The inlet nozzle of the fan is connected to
the test bench wall. The duct in which the fan operates is variable so that the length can be
changed. At a distance of Sgrid = 220 mm from the inlet nozzle it is possible to insert generic
turbulence grids into the flow. Numerous studies on the induced flow field of the used tur-
bulence grid can be found in the literature [55, 96, 97]. The characteristic data of the grid are
shown in Tab. 6.6. After the turbulence grid a replaceable duct section is located. This duct
section has a length of LMPA = 440 mm and represents in the reference variant a straight
duct with the diameter Dduct = 500 mm. In the second variant this duct section is replaced
by a micro-perforated duct. The diameter of the micro-perforated tube is DMPA = 506 mm
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and thus slightly larger than the standard reference duct. Depending on the variant, the
examined axial fan is operated directly in the perforated duct or shortly downstream in an
unperforated duct section. The fan is supported by 4 non-centric support struts, which lower
the rotor-stator-interaction [96]. Outside the duct is the motor drive unit. This is equipped
with a torque and speed sensor (burster, typ 8861), so that the power and efficiency of the
fan can be determined. The measurement uncertainty of the torque sensor is 0.1 % on the
measured value. The torque values of the fan are corrected with a predetermined torque
offset Ms, which includes momentum due to bearing friction. For more detailed information
on the test rig and the turbulence grid used, please refer to the literature [45, 96, 98][46].
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Figure 6.1: Inlet test chamber designed according to ISO 5801 [3] [46].

Table 6.6: Parameters of turbulence grid.
Parameter Value
bar width Tbar 16 mm
clearance Tcl 80 mm
mesh size Tm 96 mm
solidity σ 0.31
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Test rig - anechoic chamber

The radiated sound field of axial fans is determined on the suction side of the turbomachinery.
For this purpose five free-field microphones (Brüel & Kjær, type 4189-L-001) with preampli-
fier (Brüel & Kjær, type 2669-L) are used within the anechoic chamber. The microphones are
connected to a microphone amplifier (Brüel & Kjær, type Nexus 2690-A) and are calibrated
with a microphone calibrator (Brüel & Kjær, type 4231) before measurement. A PXIe-1075
front-end (NI) chassis with a high-precision 24-bit PXIe-4492 (NI) data acquisition module
was used to acquire the measurement data. The components of the measurement technol-
ogy were controlled by the software LabView (NI). The microphones used have a free field
response of ±1 dB over the frequency range of f ∈ [10 Hz; 8 kHz] and the microphone
preamps of ±0.5 dB over the frequency range of f ∈ [3 Hz; 200 kHz]. The microphones are
all located at a distance of RMic = 1000 mm from the fan inlet bellmouth. The arrangement
of the microphones is shown schematically in Fig. 6.2(a) and the Fig. 6.2(b) shows a photo-
graph of the experimental setup with built-in turbulence grid and forward skewed fan. One
microphone (M3) is located on the rotation axis of the fan and two microphones (M1-M2)
are located on a horizontal quarter circle to the rotation axis of the fan. The microphones
(M3-M5) are arranged on a vertical quarter circle. The angle segments between the individual
microphones are eachΦMic = 22.5°. As soon as a stable operating point is reached, the sound
pressure is measured parallel to the determination of the aerodynamic characteristics of the
fan. The sound pressure is measured for a measuring time of tsamp = 30 s with a sampling
frequency of fsamp = 48 kHz. The resulting sound pressure level spectrum is calculated from
the energetically averaged sound pressure of all five microphones(M1-M5). The total sound
pressure level of each measurement is calculated from the average sound pressure spectrum
for the frequency range of f ∈ [0.1 kHz; 10 kHz]. For details we refer to [45, 46, 96].

Fans - blade skewness

The influence of the MPA on the noise emissions of axial fans is investigated on two different
fans. The two fans are identical and differ only in the fan blade skew. Thus a backward skewed
fan with the sweep angle of λfan ∈ [0°; −55°] and a forward skewed fan with sweep angle
of λfan ∈ [0°; 55°] are investigated. A sweep angle of λfan = 0° is applied to the hub of both
fans. This sweep angle changes its value linearly over the span of the blade. The fans used
are shown in the Fig. 6.3. These two fans were chosen because there is a large database
of aerodynamic and acoustic properties of the two fans in the literature [45, 55, 72, 96, 97].
Furthermore, backward and forward skewed fans are frequently used in technical systems.
The axial fans were designed according to the blade element theory [34, 35, 130]. Both of
them have nblade = 9 blades and are configured for optimal operation for a volume flow
rate of V̇ = 1.4 m3 s−1 and a rotational speed of nrot = 1486 min−1. The most important
dimensions of the fans are listed in the Tab. 6.7. The behaviour of the two fans has already
been experimentally examined in several studies. It was found that at the design point the
forward skewed fan is the quieter version of the two fans. In addition, the backward skewed
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(a) Microphone positions. (b) Photo of the test setup.

Figure 6.2: Representation of the experimental setup for characterization of the sound field,
(a) schematic drawing with microphone positions (M1-M5) and (b) photo of the
experimental setup with installed turbulence grid [46].

fan showed higher sound sources, which are due to the interaction of the blade tips with the
tip gap flow. The forward skewed fan was found to be more sensitive to disturbed inflow
conditions [45, 96, 167]. Figure 6.4 shows the sound pressure spectra of the used fans for free
and turbulent inflow operating in a short duct at two different operation points (part load
range V̇ = 0.9 m3 s−1, design point V̇ = 1.4 m3 s−1).The increased turbulencewas generated
with a turbulence grid upstream of the fans. From the spectra shown, the acoustic properties
of the fans can be identified. In the partial load range (see Fig. 6.4 (a) and (b)) subharmonic
components are visible in the spectra, which are caused by the formation of coherent flow
structures in the tip gap and interact with the leading edge of the fan. These sound sources
are usually amplified with increasing tip gap [90, 96]. Furthermore, these sound sources are
influenced by the operating point of the fan and the blade shape. For example, it can be
seen that this sound mechanism for the backward skewed fan is still present in the region
of the design point, whereas this is not the case for the forward skewed fan (see Fig. 6.4 (c)
and (d)).The tonal components of the fans used are more pronounced from the design point
onwards. These are increased by turbulent inflow for both fans. In addition, turbulent inflow
leads to an increase in broadband sound up to f = 3 kHz for these fans (leading edge sound).
It can be seen that the forward skewed fan reacts much stronger to the changed inflow than
the backward skewed fan at the design point. With their different characteristics, these two
fans are particularly suitable for obtaining a general applicability of the results. The acoustic
properties shown can change further with varying duct lengths, because these affect the
inflow and acoustic propagation of duct modes [96, 124][46].
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(a) Forward skewed fan (F). (b) Backward skewed fan (B).

Figure 6.3: Photography of the axial fans, (a) fan F with forward skewed fan blades and (b)
fan B with backward skewed blades [46].

Table 6.7: Design parameters of the axial fans.
Parameter Value
Number of fan blades nblade 9
Total fan diameter Dfan 495 mm
Duct diameter Dduct 500 mm
Hub diameter 247.5 mm
Tip gap size (Dduct − Dfan)/2 2.5 mm
Design volume flow V̇ 1.4 m3 s−1

Design speed nrot 1486 min−1

NACA-profile NACA 4510 [6]
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Fans - sound pressure characteristics

1.BPF

subharmonic humps
tip noise

a) Fan F, V̇ = 0.9 m3 s−1.

1.BPF

subharmonic humps
tip noise

(b) Fan B, V̇ = 0.9 m3 s−1.

1.BPF Harmonics

(c) Fan F, V̇ = 1.4 m3 s−1.

1.BPF Harmonics

(d) Fan B, V̇ = 1.4 m3 s−1.

Figure 6.4: Averaged sound pressure spectra of fans F (a and c) and B (b and d) operating in
a short duct with different inlet turbulence at the design point (V̇ = 1.4 m3 s−1)
and in the part load range (V̇ = 0.9 m3 s−1). Red dashed lines indicate the blade
passing frequency (BPF) and its harmonics. The areas in blue brackets represent
the subharmonic humps in the spectrum, which mainly occur in the partial load
range and are caused by the interaction of the leading edge of the blade with the
vortex structures in the tip gap of the fan [46].
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Aeroacoustic sources - simulated emitted power

(a) Source strength signified by
iso surfaces at 220 Hz near fBPF.

Fan body center

(b) Surface source acoustic power levels in dB,
calculated stochastically in time domain.

Figure 6.5: Constant iso surfaces of the acoustic power source terms at 220 Hz and surface
source power levels obtained from aeroacoustic simulation of an unskewed fan,
[85].
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Meshed geometry - non-conforming interfaces

(a) hq-relation for air domain accord-
ing to (4.2).

(b) hq-relation for MPP domain at
largest simulated frequency 1600 Hz
with effective speed of sound of
205 m s−1.

ΦMic =

RMic =

(c) Pressure monitor-
ing points in measure-
ment plane.

(d) MPP with cavity and enhanced view of the non-conforming
interfaces.

Figure 6.6: Discretization of the volume domains, monitoring points and enhanced view of
MPP - cavity intersections [57].
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Table 6.8: Measured and simulated Lp at different operating points of the fan in RFS and RFL
setup [57].

V̇ in m3s−1 Setup Lp in dB Lp,sim in dB
0.8 F,RFS 88.8 65.7

B,RFS 85.8 -
1.0 F,RFS 79.2 -

B,RFS 87.7 -
1.2 F,RFS 74.0 -

B,RFS 92.4 -
1.4 F,RFS 71.5 -

B,RFS 79.3 -
1.9 F,RFS 70.1 -

B,RFS 69.1 -
- MFS,¬MPP,Lc,140 - 62.9
- MFS,¬MPP,Lc,200 - 62.5
0.8 F,RFL 89.1 65.1

B,RFL 85.3 -
1.0 F,RFL 78.7 -

B,RFL 87.3 -
1.2 F,RFL 72.6 -

B,RFL 92.7 -
1.4 F,RFL 71.5 -

B,RFL 79.8 -
1.9 F,RFL 70.4 -

B,RFL 69.1 -
- MFL,¬MPP,Lc,140 - 63.2
- MFL,¬MPP,Lc,200 - 62.8
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Table 6.9: Measured and simulated Lp at different operating points of the fan in MFS and
MFL setup [57].
V̇ in m3s−1 Setup Lp in dB Lp,sim in dB Δ(RFS-MFS)
0.8 F,MFS 76.8 - 12.0

B,MFS 74.9 - 10.9
1.0 F,MFS 75.4 - 3.8

B,MFS 76.0 - 11.7
1.2 F,MFS 72.1 - 1.9

B,MFS 76.1 - 16.3
1.4 F,MFS 69.2 - 2.3

B,MFS 73.0 - 6.3
1.9 F,MFS 67.1 - 3.0

B,MFS 67.1 - 2.0
- MFS,MPP,Lc,140 - 60.4 5.3
- MFS,MPP,Lc,200 - 60.1 5.6
- - - - Δ(RFL-MFL)
0.8 F,MFL 77.3 - 11.8

B,MFL 71.9 - 13.4
1.0 F,MFL 73.1 - 5.6

B,MFL 75.6 - 11.7
1.2 F,MFL 68.2 - 4.4

B,MFL 78.0 - 14.7
1.4 F,MFL 66.8 - 4.7

B,MFL 73.7 - 6.1
1.9 F,MFL 65.9 - 4.5

B,MFL 64.2 - 4.9
- MFL,MPP,Lc,140 - 61.2 3.9
- MFL,MPP,Lc,200 - 60.8 4.3
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Reference setup with turbulent inflow - fan characteristics and overall sound
pressure
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(d) Averaged Lp spectra for V̇ = 0.9 m3 s−1.

L
p

in
dB

HeR 0.5 1.8 4.5 18
f in Hz 103 104

(e) Averaged Lp spectra for V̇ = 1.4 m3 s−1.
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(f) Averaged Lp spectra for V̇ = 1.9 m3 s−1.

Figure 6.7: Results of the measurements of RFS-RFL-RTS-RTL setup.
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Overall sound reduction of the compared cavity setups
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Figure 6.8: Overall sound pressure levels of the different cavity setups and the dummy setup.
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Effects on fan aerodynamics - efficiency - other setups
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Figure 6.9: Pressure rise and total-to-static efficiency of the MHFS/MHTS and MMFS/MMTS
setup.
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Additional content C

Calculation of the slit radation impedance

The entire derivation and formulas for the calculation of the radiation impedance of a rect-
angular piston in a rigid baffle can be found in [117]. Here only the fast calculation formulas
are presented:

Zres

Z0
= 1 − 2

πk̃2
0ab

[1 + cos(k̃0
√

a2 + b2) + k̃0
√

a2 + b2 sin(k̃0
√

a2 + b2)

− cos(k̃0a) − cos(k̃0b)] + 2
π

Îa,

Zreact

Z0
= 2

πk̃2
0ab

[k̃0(a + b) + sin(k̃0
√

a2 + b2) − k̃0
√

a2 + b2 cos(k̃0
√

a2 + b2)

− sin(k̃0a) − sin(k̃0b)] − 2
π

Îb,

(6.2)

where b = lpore and a = wpore and with the integrals

Îa =

 �

1+(b/a)2

1

�
1 − 1/x2 cos(xk̃0a)dx +


 �
1+(a/b)2

1

�
1 − 1/x2 cos(xk̃0b)dx,

Îb =

 �

1+(b/a)2

1

�
1 − 1/x2 sin(xk̃0a)dx +


 �
1+(a/b)2

1

�
1 − 1/x2 sin(xk̃0b)dx.

(6.3)
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Additional content D

General form of JCAL and JCAPL models

The final expressions (2.38) and (2.39) if further scrutinized reveal [12, 102, 114]:

α(ω) = α∞
�
1 + 1

iωF (ω)



with F (ω) = 1 − bform + bform

�
1 + M

2b2
form

iω,

iω = iωρ0k0α∞
µ0φ

and M = 8k0α∞
φΛ2

(6.4)

β(ω) = γ − (γ − 1)
�
1 + 1

iω	 F
	(ω)


−1
F 	(ω) = 1 − b	

form + b	
form

�
1 + M 	

2b	2
form

iω

M 	 = 8k	
0

φΛ	2 , iω	 = iωρ0Prk	
0

µ0φ
b	
form = M 	

4(α	
0 − 1) = 2k	

0
φΛ	2(α	

0 − 1)
(6.5)

In (6.4) and (6.5), M is a shape factor and ω is the reduced frequency (as a measure of un-
steadiness or another shape factor). For identical cylindrical pores with characteristic length
rpore = d/2, then the viscous and thermal problem happen to have the same mathematical
form and the following relations hold [102]:

k	(ω) = k(Prω) M = M 	 Λ = Λ	 = rpore

k0 = k	
0 = φr2

pore/8 σ = 8µ0/(φr2
pore) bform = b	

form = 1 (6.6)

Here, the superscript ()	 signifies a thermal acoustic model parameter.
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Details on JCAPL

The drag within pores of variable shape is considered in this model, with a relative fluid flow
defined by

v(r) = ũ(r) − us. (6.7)

Thereby, ũ(r) is the non-averaged fluid velocity in the tube-like channel, with r = f(y, z)
as the distance from the tube axis (in x-direction of the pore channel) in 2D and us is the
average solid frame velocity. The two Biot frequency domains defined in (2.36) control the
nature of the relative flow (viscous or inertia dominated). If one defines the local Strouhal
number with

Srlocal = |us · ∇v|
|∂v/∂t| , (6.8)

and assumes a constant-width of the circular pore channels, the convection term is zero, but
nonzero for relative flow in channels that possess a half-width function h(z), then one can
establish estimates for a variable-width flow channel where the local Strouhal and Reynolds
number tend to zero in the limit of high and low frequencies:

Srlocal ≈ 1
h0

�����dh

dz

����� εc0

ω
and Relocal = ω

ωv
Srlocal. (6.9)

Here, the parameter ε is the wave strain (the strain of the surface area covered by the fluid),
h0 is the mean channel half width and |dh/dz| is a characteristic (flow-controlling) channel-
wall or streamline slope. The form drag always contributes to drag forces if there is a non-
constant channel width. Thereby, the contribution increases with increasing slope of the
channel walls. Friction drag mainly appears in the smallest apertures (pores).[133]

Influence of plate vibration

The equations (2.28) and (2.29) account for the situation when the porous frame material is
allowed to move and air phase and solid material produced a coupled response to an imping-
ing sound wave. It has been established that a coupled response (dilatational and rotational
waves) can be ruled out due to the low decoupling frequency (2.30). But, if the influence of
a vibrating frame is to be considered, one can add the elastic properties of the frame with a
structural impedance of the panel Zp. The structural impedance is a function of the eigen-
frequencies, frame mode shapes and the modelling of the relative motion of the frame to the
envisioned moving air plug in the pore. For only plane air wave coupling with the frame,
the structural-acoustic coupling can be cast in the form [32, 38, 147, 151]:

Zeff = Zeq,scrZp

Zeq,scr + Zp
− iZ0 cot(k̃0Lc), with Zeq,scr = Zm. (6.10)
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Additional content E

Calculation of Kelvin-Helmholtz wavenumbers

The function F (σ1, σ2) is defined by [61]

F (σ1, σ2) = −σ1J0(σ2)[J0(σ1) − 2W (σ1)] + σ2J0(σ1)[J0(σ2) − 2W (σ2))]
σ1W (σ2)[J0(σ1) − 2W (σ1)] − σ2W (σ1)[J0(σ2) − 2W (σ2)]

, (6.11)

with W (x) = ix(J0(x) − iJ1(x)).

Definition of the ratio of timescales of the hydraulic pressure

The ratio of timescale of the random (hydraulic) pressure is defined in [68] by

RT = δ99/Ue

ν0/u2
τ

, (6.12)

with uτ = (τw/ρ0)0.5 as the friction velocity.
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