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Abstract

Sound generation and propagation in circular ducts for frequencies beyond
the cut-on frequencies of several higher order acoustic modes is investigated.
To achieve this, experimental and numerical set-ups are designed and used to
research aeroacoustic interactions between in-duct components and to con-
ceive noise mitigation strategies.

Describing in-duct sound for frequencies with a moderate number of propa-
gating modes is important, for example, for improving the noise emission from
mid-size ventilation systems. Challenges that are largely unacknowledged in
the literature involve efficient test rig design, quantification of limits in the
methods, numerical modelling, and development of effective noise mitigation
strategies for higher order modes.

In this thesis, in-duct sound is mapped on a set of propagating pressure eigen-
modes to describe aeroacoustic components as multi-ports with sound scat-
tering (passive properties) and a source strength (active properties). The pre-
sented analysis includes genetic algorithms and Monte Carlo Methods for test
rig enhancement and evaluation, multi-port network predictions to identify
model limitations, and scale resolving (IDDES) and Linearized Navier Stokes
computations for numerical multi-port eduction and the silencer design.

It is first shown that test rig optimization improves the quality of multi-port
data significantly. Subsequently, measurements on orifice plates are used to
test the network prediction model. The model works with high accuracy
for two components that are sufficiently separated. For small separations,
strong coupling effects are observed for the source strength but not for the
scattering of sound. The measurements are used for numerical validation,
which gives reliable results for coupled and uncoupled systems. The total
acoustic power of tandem orifices is predicted with less than 2 dB deviation
and the passive properties for most frequencies with less than 5% difference
from the measurement. The numerical (FEM) models are also used to design
a completely integrated silencer for spinning modes that is based on micro-
perforated plates and gives broadband attenuation of 3-6 dB per duct diameter
silencer length.

The multi-port method is a powerful tool when describing aerodynamically
decoupled in-duct components in the low- to mid-frequency range. Due to
a robust passive network prediction, multi-port methods are particular in-
teresting for the design of silencer stages. Furthermore, the demonstrated
applicability to numerical data opens novel application areas.
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Sammanfattning

Ljudalstring och utbredning i cirkulära kanaler för frekvenser bortom cut-
on frekvenserna för flera högre akustiska moder studeras. För att genomföra
detta har experimentella och numeriska metoder utformats för att undersöka
aeroakustisk växelverkan mellan komponenter i kanaler och formulera stra-
tegier för att minska buller. Att beskriva ljud i kanaler för frekvenser då ett
måttligt antal moder kan propagera är viktigt, till exempel för att minska
buller från medel-stora ventilationssystem. Frågeställningar som är till stor
del obesvarade rör bl.a. design av effektiva och nogranna test riggar, kvan-
tifiering av fel, numerisk modellering och effektiva strategier för att dämpa
högre moder.

I denna avhandling projiceras ljudtrycket i en kanal på en uppsättning egen-
moder över tvärsnittet för att beskriva aeroakustiska komponenter som multi-
portar med ljudspridning (passiva egenskaper) och käll styrka (aktiva egen-
skaper). Den presenterade analysen inkluderar genetiska algoritmer och Mon-
te Carlo-metoder för test rigg förbättring och utvärdering, nätverk av multi-
portar för att identifiera modell begränsningar, och skalupplösande (IDDES)
och Linearized Navier Stokes beräkningar för numerisk multi-port bestämning
och ljuddämpar design.

Först visas att test rigg optimering avsevärt kan förbättra kvaliteten på erhåll-
na multi-port data. Därefter används mätningar på en komponent (hålplatta)
för att testa prediktering av par av multi-portar. Modellen fungerar med hög
noggrannhet för komponenter som är tillräckligt separerade dvs som har svag
aerodynamisk växelverkan. För små separationer observeras starka kopplings
effekter för komponenternas källstyrka men inte för spridningen av ljudet.
Dessa mätningar används också för numerisk validering, vilket ger resultat
för både kopplade och okopplade komponenter. Den totala akustiska effekten
för två öppningar i serie förutspås med mindre än 2 dB avvikelse och passiva
egenskaper för de flesta frekvenser med mindre än 5% skillnad från mätning-
en. Slutligen, används numeriska (FEM) modeller även för att designa en helt
integrerad ljuddämpare för roterande moder baserad på mikro-perforerade
plåtar som ger en bredbandig dämpning på 3-6 dB/diameter.

Sammanfattningsvis är multi-port metoder ett kraftfullt verktyg när man
beskriver aerodynamiskt okopplade akustiska komponenter i låg- och mellan-
frekvensområdet i kanaler. På grund av att passiva multi-port predikteringar
visat sig mer robusta att tillämpa på nätverk är metoden särskilt intressant för
utformningen av ljuddämpare. Vidare visar den i detta arbete demonstrerade
tillämpligheten på numeriska data nya applikationsområden.
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Chapter 1

Introduction

Sound generated by aeroacoustic sources in duct and pipe systems is a strong con-
tributor to perceived noise disturbance from, for example, ventilation systems, air-
conditioners, and intake and exhaust systems. Such systems are often convoluted
and inherently complex as they consist of many in-duct components of individual
intricacy like rotating machines (fans, compressors), heat-exchangers, side branches,
orifices, valves, silencing devices, and so on, which scatter and generate acoustic
fields when interacting with the fluid flow through the system. In order to develop
and improve noise mitigation strategies, knowledge about the source mechanisms
is of importance as well as reliable models to describe the sound propagation.
The interest in developing and improving such models is high, as for example con-
veyed by the EC-funded project IdealVent. This project aimed at contributing
to "the greening of air transport through innovative noise modelling and reduction
technologies" with a focus on noise that is generated by the Environmental Control
System (ECS) in aircraft [1].
The ECS is required to provide a circulating air flow inside the aircraft’s cabin and
to guarantee a satisfactory air quality and temperature for the passengers and the
crew. However, it significantly contributes to cabin noise in the frequency range
between 1 kHz and 10 kHz that is very relevant to human annoyance and causes
stress symptoms, tiredness, and, in the case of long-term exposure to elevated
levels, health damage [2]. Even if quantifying the actual impact of the ESC on the
total cabin noise is difficult, strong indication of its importance was provided when
comparing ground tests with off-state engines and flight tests, in the framework of
the EU-project Credo [3]. It was shown that in the given frequency range, the ECS
noise contribution was comparable to the other important noise sources in aircraft
cabins, namely the noise created by the engine and by impinging turbulence from
the engine jet and the flow along the fuselage. Reducing the noise emitted by the
ECS will hence have a direct impact on the safety and comfort of air travel.
Ventilation noise, however, poses problems not only in the cabin, but it can also

3



4 CHAPTER 1. INTRODUCTION

strongly pollute the environment while the aircraft is grounded. This noise is called
ramp or apron noise and it is one of the most significant health risks for apron
workers [4, 5]. All together this motivates the need for better noise mitigation
strategies that can be used by the manufacturers. The objective of the IdealVent
project was to support this by creating improved and more reliable models for the
quantification of the aeroacoustic sources.
Generally speaking, the acoustic source mechanisms and the noise propagation in
flow ducts is governed by the compressible Navier-Stokes Equations, which how-
ever are impractical for many aeroacoustic problems due to their high complexity.
Significant simplification is obtained by assuming linear acoustic propagation in
an inviscid, adiabatic fluid, and by observing the aeroacoustic sources at sufficient
distance, i.e. in the hydrodynamic far field where acoustic wave propagation is
dominant over noise-creating flow mechanisms. The acoustic propagation can then
be described with a convective wave-equation and with its frequency domain repre-
sentation, the convective Helmholtz equation. For common shapes of hard-walled
ducts and a uniform flow profile, the eigensolutions of the Helmholtz equation can
be derived and these form a set of orthogonal duct mode shapes with corresponding
wave numbers. Once these modes are known, the acoustic pressure state at any
point of a duct can be described as their superposition.
The so called two-port model is a well-recognized model that uses the first duct
eigenmode (the plane wave) to describe aeroacoustic components in terms of their
acoustic source strength and their reflection/transmission or impedance/mobility
properties. The idea of two-ports is based on a black-box model, originally adapted
from communication engineering, where two-ports are used to isolate parts of larger
circuits [6]. Generally speaking, a port connects the poles of the black box and de-
scribes the relation between incident quantities and outgoing quantities through the
component. The number of poles corresponds to the degree of freedom represented
by the component. In communication engineering, a two-port is commonly denoted
as a four-pole.
Two-ports were first mentioned in connection with acoustics by Cremer in 1971 [7].
Cremer introduced the concept of passive (without source) and active (with source)
two-ports and suggested describing axial compressors in terms of their source strength
and source impedance. In analogy to electrical engineering where voltage and cur-
rent are the alternating quantities, Cremer proposed to use pressure and velocity.
The source impedance is formulated as a transfer matrix or a mobility matrix [8]
and the source strength is a vector of pressure and velocity amplitudes of upstream
and downstream propagating waves.
A scattering matrix representation of Cremer’s black-box model that relates inci-
dent to outwards propagating pressure wave amplitudes (and not the velocity) was
suggested by Davies in 1988 [9] and tested by Åbom [10]. Åbom mentioned that
the different source representations (transfer, mobility, and scattering matrix) can
be obtained from each other with linear transformations and the actual choice of
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one of them is only driven by convenience in the considered problem or by physical
interpretations. Since the scattering matrix connects input quantities to output
quantities, it is the causally correct representation of pressure scattering.
The idea of acoustic two-ports was taken up in numerous investigations on this
topic, especially focused on the experimental approaches. Such procedures can be
divided into measurements with external sources and without external sources. The
procedures without external source are used for tests on very strong aeroacoustic
source, e.g. internal combustion engines [11], whereas for investigations on systems
of moderate source strength, the procedures with external sources should be pre-
ferred [12]. For methods with external sources, pinoeering work can be found in
Refs. [13–15]. Lavrentjev et al. [16] eventually advanced the method presenting
strategies for improved flow noise suppression in the measurements which is the
foundation for many kinds of recent two-port eduction strategies.
The two-port method is restricted to plane wave propagation, i.e. to cases of large
wavelength compared to the duct diameter, and to components with a single inlet
and outlet. This limitation covers many practical flow-noise applications where
low-frequency noise is dominant, e.g., piston engine and exhaust noise. However,
when investigating systems with larger radius and higher frequency content, for
example generated by fans in heating, ventilation and air conditioning (HVAC)
systems in aircraft and buildings, higher-order acoustic duct modes can propagate
within the frequency range that contributes to noise annoyance. The two-port
model can be extended to a multi-port model, as demonstrated by Lavrentjev et
al. [17]. The poles of the acoustic multi-port are the complex amplitudes of all
the incident and the outwards propagating acoustic pressure modes at the inlets
and outlets. Examples of mulit-ports of different orders are shown in Figure 1.1,
namely an obstruction in the plane wave range (a, 2-port), a T-junction in the plane
wave range (b, 3-port), and an obstruction for two propagating modes (c, 4-port).
Overlooking problems due to the increased complexity of the experimental set-
up, the procedures developed for the two-port determination theoretically can be
directly applied to multi-ports.

pa−

pa+

pb−

pb+

4-pole or 2-port

pa−

pa+

pb−

pb+

p
c−

p
c+

6-pole or 3-port

pa−1

pa+1

pb−1

pb+1

8-pole or 4-port

pa−0

pa+0

pb−0

pb+0

a) b) c)

Figure 1.1: Multi-ports of different order with incident (-) and outwards (+) prop-
agating pressure waves at the different inlets and outlets, denoted by the subscript
a , b, and c. a) obstruction in the plane wave range, b) T-junction in the plane
wave range, c) obstruction for two propagating modes.
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For the process of measuring/computing and extracting the multi-port data the
word eduction is used, which emphasizes the entire elaborate process of multi-
port data determination involving the design of the test set-up, measurement or
computation, and post-processing. In the scope of this thesis, experimental and
numerical approaches for accurate and efficient multi-port eduction are presented.
The work consists of two parts, namely first an introduction to the topic of multi-
port eduction with a description of the methods applied and a second part in the
form of four appended papers that were published in the framework of this thesis.
The four papers are summarized as a part of the introduction.

1.1 State of the art and research gaps

A problem when describing the aeroacoustics in ventilation systems results from
the small-scale sound sources of the single elements compared to the long sound
propagation distances between them, which makes computational approaches and
measurements on the entire system exceedingly complex and expensive. Using a
multi-port model as described in the introduction yields a significant simplification
as it supports dividing a large system into manageable subsystems and decouples
the sound source from the sound propagation. The single components can be inves-
tigated separately and are afterwards combined into networks in order to predict
the sound emission of the entire system.
Such acoustic network models have rarely been investigated in the literature and
mainly for active two-ports [18, 19] and for the source impedance of
multi-ports [20, 21]. A complete test of the achievable quality of active multi-
port cascades is missing. It has been shown, however, that especially the source
strength of the downstream component can be strongly affected when interacting
with the disturbed flow field of the upstream component [22]. Two components with
such changed aeroacoustic behavior due to hydrodynamic or acoustic interactions
are denoted as a coupled system and the evoked change in the acoustic properties
is an installation effect. Certainly, network prediction models are only useful if the
limitations for coupling and the impact of installation effects are known.
Accurate measurement set-ups are necessary in order to investigate multi-ports
and their possible interaction. Depending on the number of resolved modes, such
measurements involve many probes and external sound sources. To extract the
component’s source strength and the scattering, an inverse problem is formulated
that may be susceptible to measurement uncertainties depending on the condition
number of the inverted matrices. The condition number is mainly constituted by
the probe and source positions. Uncertainties in the educed data can be reduced by
applying an over-determination in the sources and probes, e.g. as in Refs. [23, 24],
causing increased measurement-effort and post-processing complexity.
In fact, the source and probe arrays do not necessarily need to be highly over-
determined in order to enable good decompositions; an optimization of their posi-
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tions can already improve the multi-port eduction significantly, which leads, how-
ever, to a multi-dimensional optimization problem. Picket et al. solved such an
optimization in order to measure the modal power at the blade passing frequency
of turbo engines [25]. At that time in the late 1970s, computational resources were
limited and the optimization had to be conducted step-wise, adding single probes
and optimizing their position to archive low condition numbers of the decompo-
sition matrix. That caused problems, especially once radial modes were cut-on.
Jang and Ih [26] investigated the best probe position for over-determined plane
wave decomposition and concluded that the equidistant spacing gives best results.
This finding, however, is not directly applicable to a multi-mode decomposition as
the angular position for the probes is important, too. Gerhold et al. suggested an
optimization strategy involving all probes [27], but only for the highest frequency.
In general, there is no reason to argue that the highest frequency is more susceptible
to uncertainties than other frequencies, at least for the same number of propagating
modes and it seems to be more reasonable to optimize for a low average condition
number instead. However, this problemhas not yet been addressed in the literature
on experimental multi-port methods.
Measurement data should also be evaluated in terms of their uncertainties. Even
though the uncertainty analysis for the two-microphone method and the scatter-
ing matrix of the two-port can be realized with a multivariant uncertainty anal-
ysis [28, 29], it requires the partial derivatives for all uncertain parameters. The
complexity of this approach increases with the number of probes and sources and
it only accounts for linear uncertainties. The error propagation is, however, not
necessarily linear for an over-determined decomposition, as the involved Moore-
Penrose Pseudoinverse operates as a least-square error filter on the uncertain data.
Schultz et al. showed that the multivariant uncertainty analysis for a two-port is
less accurate than for example a Monte Carlo Method [30].
For the error analysis, the random errors have to be quantified. Åbom simply
based the error analysis on an estimated value for a maximum error in the sampled
pressure spectra [31]. However, when sampling not only the cross-spectra or transfer
functions, but also the coherence between the source and the signal, a more precise
statement of the uncertainties in each spectrum is possible [32], and this can be used
in the error analysis. What remains, then, is to quantify the uncertainty in the wave
number estimate that is used in the wave decomposition. Basically, two methods
are possible. The uncertainties in the temperature and flow velocity measurement
can be estimated and included as parameters in the error analysis, using a wave
number model. Alternatively, a full wave decomposition as described in Ref. [33]
can be used to solve for the wave number at different (over-determined) frequencies,
which gives a mean value and a standard deviation of the wave number for the error
analysis. In any case, a complete analysis of random errors in the scattering has, to
the author’s knowledge, not been tested on higher order modes and is so far simply
omitted when presenting multi-port data.
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The rapidly growing availability of numerical computations for aeroacoustic in-duct
elements complements the classical experimental multi-port eduction with a new
field of application. So far, however, most of the published work on multi-ports is
still experimental and only a few numerical approaches are documented. For the
scattering, good results for plane waves are achieved with the Linearized Navier-
Stokes Equations (LNSE) [34, 35] and the Linearized Euler Equation (LEE) in the
frequency domain [36], but so far only in the plane wave range. Such methods fur-
thermore fail to predict the acoustic attenuation due to eddy viscosity in turbulent
areas of the flow [35].
More expensive (though less empiric) approaches are scale-resolving computations
in the time domain that naturally contain parts of the (otherwise modelled) tur-
bulent content. Large Eddy Simulations (LES) on compressible flow excited with
external sources were successfully tested on single orifices [37–39] and tandem ori-
fices [40] to extract both the source and the scattering. Such pure LES approaches
are exacerbated by the need for uncorrelated, external sound sources either as part
of the LES computation or in an additional scale-resolving computation in order
to extract the source impedance. The most natural and intuitive approach, how-
ever, to separate the scattering from the source computation as done for decades
in measurements has not yet been tested on numerical data.
Conventional muffler and silencer design is traditionally focused on the low fre-
quency range (plane waves) or on high frequencies with many propagating modes [19].
However, the intermediate and mid- frequency range where the plane wave and a
moderate number of acoustic modes propagate, is much less treated in the liter-
ature on silencers. A concept that was mentioned by Cabelli et al. [41] already
in 1985 and which to the author’s knowledge has almost been overlooked in the
literature is the so called modal filter. In the original proposal, a splitter plate is
inserted into a rectangular duct in order to reflect and attenuate higher order duct
modes. This idea allows particular modes to be filtered from the acoustic field. It
has however, not been adapted to circular ducts where a number of plates could be
used to reduce spinning modes.

1.2 Contribution of this work

This thesis contributes to the research in the field of duct acoustic and targets
open questions about multi-port modelling. The key questions can be formulated
as follows

1. How can the optimal set-up of probes and sources in a test rig for multi-port
eduction be found and how good is this set-up in terms of uncertainties in the
educed multi-port data?

2. What are the limitations of network-prediction models, particularly consid-
ering possible installation effects?
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3. How can the established experimental methods be efficiently adapted to nu-
merical set-ups?

4. Can splitter plates made of micro-perforated plates inside a circular duct
cross-section be used to attenuate spinning acoustic modes?

Processing those questions certainly raises subsequent questions which are defined
and addressed in four papers that are appended to this thesis.
In Paper A, an approach to the test rig design for accurate multi-port eduction
is suggested and tested. As a new concept, a genetic algorithm is used to solve a
multi-dimensional optimization problem in order to find suitable probe and source
positions. As an optimization criterion, the condition number of the decomposition
matrix is used averaged over all frequencies (instead for only a single frequency),
which was pointed out as missing in the literature. Additional, an error analysis
is presented, computing a Monte Carlo Method with the coherence of the pressure
spectra for each microphone as input, which allows multi-port data to be presented
in a comprehensive manner. The Monte Carlo Method is further used to evaluate
the quality of the test rig design by computing the error amplification of perfect
(analytic) data into the single modes.
In Paper B, the theory of multi-port cascading is derived and used to demonstrate
the potential of network-prediction models and to investigate possible installation
effects on tandem orifice configurations with different axial separation. To the au-
thor’s knowledge, this is the first time that a network analysis of active and passive
properties of components in sound fields containing higher order modes is presented
and used to investigate installation effects. Additionally, a new concept for the
source strength evaluation is shown by computing the eigenvalues and eigenvectors
of the source cross-spectrum matrix, which gives insight into the characteristics of
the source mechanisms.
In Paper C, a complete multi-port eduction on numerical data is presented. In
contrast to existing schemes that use a single scale-resolving computation, a two-
step method is developed similar to the measurement approach. The advantage
of this scheme is its applicability to already available scale-resolving compressible
in-duct flow data, which opens novel application areas. It is the first time, that
the Linearized Navier Stokes equations are completely solved for higher order mode
propagation with an time averaged scale-resolving flow computation as stationary
background mean flow. An existing method to include attenuation due to turbulent
mixing is improved by scaling the turbulent eddy viscosity with a relaxation time
depending on the frequency.
Scale resolving compressible flow data is post-processed using the cross-correlation
method from the measurements on highly over-determined decomposition zones.
So far, this method has not been successfully applied to numerical data in cases
with propagating higher order modes.
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In Paper D, the concept of a modal filter is applied to a circular duct in order
to create a novel silencer that can filter certain modal content from an acoustic
field. As a new concept, mirco-perforated plates are used as splitter plates with an
impedance. Numerical investigations into basic properties and measurements on a
prototype are presented. In addition, to create a high damping also for the plane
wave mode, the modal filter is combined with a so called Cremer silencer [42, 43].

1.3 Test cases presented in this thesis

The test cases in this thesis are designed to represent mid-size duct systems with
low Mach number flows (M<0.1), and a moderate (up to five) number of higher
order modes. This is motivated by the applicability of the developed schemes to
ventilation systems. However, the thesis should not be understood as an investiga-
tion of only ventilation systems, but is aimed at developing and testing methods to
describe such and similar duct systems with multi-port models.
As a test case, a thin, sharp-edged circular orifice plate is investigated. Such orifice
plates may be used to adjust the pressure drop in the airflow driven by a compressor.
In the presented cases, the duct diameter D is D =0.15m, the thickness t of the
orifice plate is t/D = 0.053, the diameter d of the orifice d/D = 0.77 and the area
expansion ratio (d/D)2 = 0.6.
The orifice plate triggers nontrivial aeroacoustic source effects that have been part
of many scientific investigations and can be found in other geometrical construc-
tions with sharp edges, too. The probably most distinct effect is evoked by the
sharp, unstable separation layer in the shear flow detaching from the leading edge
of the orifice plate; in those shear layers, energy exchange between the acoustic field
and the flow field occurs, which in the case of hydrodynamic or acoustic feedback,
can trigger self-sustaining effects (whistling and pulsating flows). For single orifice
plates and the plane wave range, this effect has been investigated in detail in many
publications [34, 37–39, 44–46], showing the high scientific interest in orifice aeroa-
coustics. Furthermore, it has been shown in Refs. [34, 38] that the source strength
and impedance of orifice plates are sensitive to the inlet flow conditions, which
makes them a good test case to investigate hydrodynamic installation effects.

accurate measurements single orifice plate tandem orifice configuration

numerical computations single orifice plate

validation network model

tandem orifice configuration

accurate measurements tandem orifice configuration

either

difference

installation effects

direct

Figure 1.2: Approach to investigate installation effects in multi-port networks.
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Investigating the installation effect involves a comparison of a direct multi-port
measurements on a coupled system with a network prediction from undisturbed
elements as sketched in Figure 1.2. In this thesis, the coupled system is represented
by a tandem orifice configuration with different axial distances between the orifice
plates. The positions of the plates were motivated by the different regions of the
turbulent flow behind the first plate, as shown in Figure 1.3. In the 4D case, the
downstream orifice is in a zone of expanded jet with developed turbulence. For
2D separation, the jet has not fully developed, and parts of it simply pass the
downstream orifice. In the 10D case (not shown), the downstream orifice is far
outside the jet region.

D
/2

D
/2

D
/2

2D 2D

57 m/s 51 m/s 45 m/s 39 m/s 33 m/s 27 m/s 21 m/s 15 m/s 9 m/s
velocity fields

Figure 1.3: Mean flow (axial direction) through the orifice plates solved with RANS
using a k-ε turbulence model in COMSOL Multiphysics®.

For the tests on the modal filter in Paper C, a filter prototype consisting of four
star-shaped micro-perforated plates of the type Acustimet™ [47] is experimentally
investigated for the numerical model validation. Different filters are then tested
numerically, solving the Helmholtz equation on three-dimensional grids.
Table 1.1 shows the test matrix for the work presented in this thesis.

Table 1.1: Test matrix for data presented in this thesis.

Meas. LNSE IDDES
Mach number 0 0.078 0 0.078 0 0.078
Single orifice x x x x x
Tandem 2D x x
Tandem 4D x
Tandem 10D x
Modal filter x x
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1.4 Software used in this thesis

The numerical computations were run on the commercial FEM-based solvers in
COMSOL Mulitphysics® in the Version 5.2a.152, using the Linearized Navier-
Stokes (LNSE) Module. The interpolation for the transition from the scale-resolving
flow data to the acoustic grid in the LNSE was computed with MATLAB® version
R2016a. Any further data post-processing for the measurement data and the nu-
merical data, as well as the evaluation of the results, the optimization, the error
analysis and the cascading was performed in Python 2.7, especially using the ScipPy
package version 0.17.0, the NumPy package version 1.12.0 and the Matplotlib pack-
age version 20.0. The genetic algorithm used for the optimization was implemented
in the DEAP package in version 1.0 [48] and the parallelized Monte Carlo code
used the Scoop package in version 0.7.1 [49]. The data for the measurements were
acquired in the software environment PULSE LabShop version 17.1.1.



Chapter 2

Multi-port eduction strategy

In this chapter, the multi-port method is introduced including the concept of acous-
tic duct modes with mode shape and wave number, the multi-port matrix equation,
the mode-matching method used, and the scattering and source extraction on ex-
perimental and numerical data.

2.1 Acoustic multi-ports

The sound propagation in the form of pressure waves is assumed to fulfill the linear
homogeneous Helmholtz equation in the frequency (Fourier) domain

∇2p+ k2p = 0 , (2.1)

where p is the complex valued pressure, k is a wave number, and∇2 is the Laplacian
operator. Equation 2.1 is a homogeneous partial differential equation that is solved
by a superposition of homogeneous solutions. Henceforth hard walled boundaries
and uniform circular duct cross-section with a uniform (plug) flow are assumed.
The solutions then emerge as a mode shape Ψmn(r, φ) = CmnJm(κmnr) exp(imφ)
propagated in axial direction with T±mn(z) = exp(−ikmn±z)

pmn(r, φ, z) = CmnJm(κmnr) exp(imφ− ikmn±z). (2.2)

Equation 2.2 is the classical homogeneous solution of the Helmholtz equation for
circular ducts [50]. Here, (r, φ, z) are cylindrical coordinates describing the internal
duct, kmn± is an axial wave number, Jm is the Bessel function of the first kind
and order m, κmn is a radial wave number, Cmn is a constant, and i =

√
−1 is

the imaginary unit. Each set of m and n describes an acoustic mode, where m is
the circular and n is the radial mode order. Modes with m 6= 0 are denoted as
spinning modes or circumferential modes and they appear in degenerate (complex
conjugated) states for negative and positive m. Modes with n 6= 0 are called radial
modes and the mode with m,n = 0 is the plane wave mode with κmn = 0.

13
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A mode is defined by its shape Ψmn and its wave number kmn. The shapes in this
thesis are orthonormal and the constant Cmn is chosen so that the surface integral
over the complex squared modes shapes equals 1∫

A

ΨmnΨ∗
m′n′dA = δmm′δnn′ , (2.3)

where A is the duct cross-section, δ is the Kronecker delta, and (. . .)∗ denotes
the complex conjugate [17]. The wave number kmn including convection (but no
thermo-viscous attenuation) is expressed as

kmn± = ±k
√

1− (κmn/k)2(1−M2)∓M
1−M2 , (2.4)

with k = ω/c being the axial wave-number of the plane wave mode, ω is the angular
frequency, c is the speed of sound, and M is the Mach number of the background
flow in positive direction. The index ± denotes the wave propagation in positive
and negative direction.
Equation 2.4 can be corrected to include attenuation due to thermo-viscous losses
in the boundary layers close to the duct walls by adding an imaginary part to
the wave number. For plane waves, Kirchhoff’s theory in Ref. [51] can be used.
Therefore a parameter K0 is computed, which is multiplied by the wave number k
in Eq. 2.4

K0 = 1 + 1− i√
2s

(
1 + (γ − 1)

ξ

)
− i
s2

(
1 + (γ − 1)

ξ
− (γ2 − γ)

2ξ2

)
. (2.5)

Here, γ is the specific heat ratio, ξ2 = µCp/κth is the Prandtl number, s = r
√
ρ0ω/µ

is the shear wave number, µ is the dynamic viscosity, ρ0 is the quiescent density,
κth is the thermal conductivity, Cp is the specific heat coefficient of the fluid, and
r is the duct radius. The resulting complex wave number is a function of the
fluid properties, but the derivation assumes plane wave propagation which yields
inaccuracy for higher order modes. In this case, Dokumaci’s dissipation model [52]
that iteratively solves the eigenvalues of a dissipative wave equation also for higher
order modes is more appropriate. It is used to correct the measurements presented
in this thesis for thermo-viscous attenuation.
For k � κmn, the imaginary part of the wave number in Eq. 2.4 is large and the
acoustic mode experiences exponential attenuation. The frequency at which

(κmn/k)2(1−M2) = 1 (2.6)

is called cut-on frequency of the (m,n)-mode and denotes the frequency from which
the mode can propagate (the wave number becomes real). It is convenient to sort
the modes in ascending order of their cut-on frequency, i.e. mode ‘i’ is the i-th
propagating (m,n)-mode with the axial wave-number ki and the cross-sectional
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(0,0)-mode (±1,0)-mode (±2,0)-mode (0,1)-mode

Figure 2.1: The mode shapes of the first six acoustic modes in a circular duct.

mode shape Ψi and the plane wave is the 0-th mode. The cut-on frequencies
can be expressed with the dimensionless Helmholtz number He = D

2 k with D
being the duct diameter. For the first five higher order modes, He±10 = 1.841,
He±20 = 3.054, He01 = 3.832. Figure 2.1 shows the mode shapes of those modes.

pa−

pb−

pbs+

pas+
S

pa+ pb+ Flow

Figure 2.2: Sketch of an acoustic multi-port with the scattering matrix S and the
source vector ps+. The indices a and b denote the upstream and downstream sides
of the multi-port and the indices − and + denote incident and outgoing acoustic
modes, respectively.

If the sound is considered sufficiently far from the source, the pressure field in the
duct is described by the complex amplitudes of the cut-on modes propagating in
negative and positive axial direction. Here, sufficiently far from the source means
far enough for all cut-off modes to be attenuated. However, there are studies where
including the cut-off modes is useful, for example in acoustic holography [53].
A linear, time invariant source as sketched in Figure 2.2, can be described with a
multi-port model in the frequency domain

p+(ω) = S(ω) p−(ω) + ps+(ω) . (2.7)

Here, p± =
[

pa±
pb±

]
, ps+ =

[
pas+
pbs+

]
and pa± and pb± are the vectors of outgoing

and incident complex pressure amplitudes of the N cut-on modes at the upstream
and the downstream sides of the multi-port. The vector ps+ is the complex valued
source strength which contains the modes that are excited by the multi-port itself.
The acoustic modes are computed at reference cross-sections, which are usually
close to the inlet and outlet of the component.
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The scattering matrix S contains the transmission and reflection of all N modes
between the reference cross-sections and its main diagonal describes pure reflection
of single modes, the N-th minor diagonal describes pure transmission, and the re-
maining elements describe scattering of acoustic pressure between dissimilar modes
(Figure 2.3).

S =

Reflection a

N

N

N

Transmission
b to a

Transmission
a to bN Reflection b

Figure 2.3: Schematic of the contents of the scattering matrix.

2.2 Method assumptions

To use the multi-port model in Eq. 2.7, a number of assumptions have to be fulfilled,
most importantly:

Linearity Acoustic linearity for pressure waves in ducts implies low pressure am-
plitudes of the acoustic fluctuations compared to the ambient pressure. Reliable
sound power level for linear acoustics, e.g., the transmission of sound, can vary
for different applications, e.g. around 140 dB in resonators and up to 185 dB in
expansion chamber mufflers [54]. For plane waves in terrestrial reference conditions
Davies suggested sound pressure levels possibly lower than 135 dB, but not higher
than 155 dB [9], i.e., the upper limit is around 1% of the ambient pressure. Even if
the pressure level is low, nonlinear effects can occur, for example due to wave steep-
ening (especially in long wave guides and for wave propagation in fluids) [8], and
convective acceleration in high Mach-number flows or for high local acoustic veloc-
ities [55, 56]. Recent attempts to include nonlinear effects in the multi-port model
are presented in Refs. [57, 58]. In Refs. [59, 60], tests for linearity of multi-port
sources are presented.

Time invariance Claiming time-invariance implies constant system properties
over time. Key parameters for the acoustic propagation are temperature, density,
and flow velocity in the fluid, but also the geometry and boundary conditions. Es-
pecially measurements that are carried out over a longer time suffer from changing
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system properties. In Paper A appended to this thesis, a method to estimate the
error due to changing and uncertain fluid parameters is suggested.
Another aspect of time invariance is the scattering from an incident harmonic to
lower and higher frequencies due to Doppler shifts in rotating machinery. Wang et
al. showed that, for multi-blade machinery, an incident mode of circular mode order
m at a frequency fi scatters modulated waves with the frequency f̃ = fi + sfbpf
and the mode order m̃ = m+ sB, where sfbpf are harmonics of the blade passing
frequency and sB are integer multiples of the number of plates. In practical ap-
plications, this shift indeed has to be considered, but the effect is often very small
especially since cut-off spinning modes of high order are excited [21, 61].

Isentropic flow Close to the duct walls, energy is dissipated from the acoustic
wave due to thermal conduction and viscous friction, which violates the assumption
of isentropic flow. The effect of thermo-viscous dissipation can be accounted for
as an additional imaginary part of the wave-number, as proposed classically by
Kirchhoff [51] and extended for higher order modes by Dokumaci [52]. A comparison
of these wave-number corrections can be found in Paper A of this thesis.

Mode shapes Due to refraction in the viscous boundary layers, the acoustic
pressure profiles (mode shapes) in fully developed flow differ from the distribution
computed with Eq. 2.2. This effect increases with the frequency and the Mach
number. It is strongest for the plane wave mode for which the acoustic pressure at
the duct wall becomes higher than at the center for downstream propagation and
lower for upstream propagation [62, 63].

Acoustic and hydrodynamic far field Only the sound field far enough from
the areoacoustic sources should be considered to allow the cut-off modes to be
sufficiently attenuated. For frequencies clearly below the cut-on frequencies this
distance is usually very short. However, close to the cut-on frequencies and for fluid
machines with very strong modal contribution, the cut-off modes can propagate
many duct diameters and have then to be included into the model as shown in
Ref. [64]. This is demonstrated in Paper C of this thesis for the (0,1)-mode, which
is triggered particularly strongly at circular orifice plates by incident plane waves.
Furthermore, the duct section engulfed by the multi-port should include all dom-
inant aeroacoustic sources and ideally also all parts of not fully developed flow.
Especially the latter may be difficult to realize in some cases, for example when
measuring components with strong jets or swirling flow.
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2.3 Mode-matching method

In this thesis, a multi-port eduction technique using external sound sources as
presented in Ref. [17] is applied to measurements and numerical data in order to
extract the scattering matrix and the source strength (in the form of a source cross-
matrix, as explained later). The concept is based on the assumption that sound
fields uncorrelated to the multi-port source can be excited with external sound
sources. This assumption works for many practical cases, where the external sources
can be much stronger than the multi-port source. However, problems occur for very
strong sources and for low frequencies, e.g., the first harmonics of diesel engines that
may dominate exhaust system noise [65]. Then, the external sources have to be
uncorrelated, e.g. by using transfer functions between the probes and the external
sources, or the source has to be turned off during the scattering measurements.
Uncorrelated external sound fields decouple the scattering matrix from the source
vector in Eq. 2.7 and make the multi-port eduction viable in two separate steps for
the active and the passive part.
The sound fields are represented by complex-valued modal pressure amplitudes.
Theories to split a measured sound field into its modal content are denoted as
mode-matching or modal decomposition methods. A comparison of early research
on mode-matching methods can be found in Ref [31]. In this thesis, a linear system
of equations is solved to extract the modes. The eigensolutions of the wave propa-
gation from Eq. 2.2 are therefore superposed in order to describe the pressure at a
point (r, φ, z)

p(r, φ, z) =
N∑
i=0

p̂+iΨi(r, φ)T+i(z) +
N∑
i=0

p̂−iΨi(r, φ)T−i(z). (2.8)

Here, N is the number of included modes and Eq. 2.1 has 2N unknown complex
valued pressure amplitudes p̂±i. If the sound field is sampled for at least 2N
positions, an inverse problem can be formulated that decomposes the sound field
into its complex modal content

p = M p± , M = [M+ M−] . (2.9)

The matrix M is denoted as the decomposition matrix, p± is a row vector of the
unknown pressure amplitudes, and p is a vector containing the frequency represen-
tations of the sampled pressure at different probe positions.
In the early research on modal decomposition, various frequency representations
of the sampled sound fields were tested. Davies et al. [66] simply used the (finite)
Fourier Transform of the time pressure, assuming periodic signals. Seybert and
Ross used auto-spectrum densities and cross-spectrum densities for the frequency
representation [13] and Chung and Blase used transfer functions [14]. It has to
be noted that all those tests were conducted in the 1970s and early 1980s, where,
considering the available hardware, multi-channel spectral analysis was very difficult
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and only methods with a low number of probes were investigated. A decade later,
Lavrentjev et al. [16, 17] extended the transfer function approach for multi-ports
and obtained sufficient flow noise suppression. This method is also the most general
one, as it is independent of the excitation [28] and it is used in this thesis.
The elements of the decomposition matrix M have the following structure

M±j,i = Ψi(rj , φj)T±i(zj). (2.10)

The index j denotes the number of the pressure probe in p (Eq. 2.9) with the
coordinates (rj , φj , zj), and the index i is the mode order. The sound field is
decomposed by inverting M in terms of a Moore-Penrose pseudoinverse. The quality
of the decomposition is indicated by the condition number of this inversion. A
detailed discussion of suitable probe positions in measurements for well-conditioned
decomposition matrices is given in Paper A appended to this thesis. In Paper C,
the presented mode-matching method is adapted to computational data.

2.4 Scattering and source extraction

The scattering matrix can be extracted solving Eq. 2.7 with a set of sound fields
that are uncorrelated to the source

S = P+P−1
− . (2.11)

Here, P± are matrices (other than in Eq. 2.7, where they are vectors) which have
different decomposed acoustic fields, one per test case 1, 2, . . . , 2N (denoted by the
superscript), as columns and the complex mode amplitudes at both sides of the
component as rows

P± =

 p1
a± p2

a± . . . p2N
a±

p1
b± p2

b± . . . p2N
b±

 . (2.12)

The scattering matrix has the dimension 2N × 2N and N independent sound fields
upstream and downstream need to be generated and decomposed in order to solve
for all components in the scattering matrix. Again, the quality of the results is gov-
erned by the condition number of the matrix inversion, which is here constituted by
the source positions. This is discussed in more detail in Paper A for measurements
and Paper C for numerical computations.
In this thesis, the sound fields for the scattering computation are excited with
external sources. Generally speaking, such sound fields can also be created by
using the sound source of the tested component and changing the acoustic loads on
the upstream and downstream side. Then, however, additionally a set of anechoic
terminations is needed in order to extract the source strength. The changed loads
must furthermore not change the flow conditions or the operational state of a fluid
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machine. Realizing both is difficult in practice and a measurement procedure with
external excitation is preferred for the test cases in this thesis.
Once the scattering matrix is determined, Eq. 2.7 can theoretically be solved di-
rectly for the source strength turning off the external sources and decomposing the
sound field that is created by the multi-port. In order to minimize flow-induced
noise on the probes they are normally flush-mounted at the walls. However, be-
cause of usually strong unsteady pressure due to turbulence (hydrodynamic noise)
even at the walls, the acoustic field is not directly accessible and a flow-noise sup-
pression technique has to be applied. If a source signal is available, for example the
tacho-signal from a rotating machine, the probe signals can be correlated to that
signal if only the noise at the engine harmonics is of interest. However, in many
aeroacoustic applications, it may be difficult to find a reference signal that is coher-
ent with all the elements of the source cross-spectrum density and then methods
without reference signals must be used [12].
A formulation without reference signal that extracts the source strength using cross-
spectrum densities between pairs of probes is introduced in Ref. [17]. First, a
reflection coefficient of the test rig terminations is defined

R = P−P−1
+ , (2.13)

which can be computed using the same data that is measured for the scattering
eduction. Therefore, the excitations at the downstream side can be used to deter-
mine the reflection of the termination at the upstream side and vice versa. For
test objects with high Transmission Loss, it can be difficult to determine the re-
flection coefficients as the sound signals become too weak. In this case, additional
measurements for the rig terminations without test object should be arranged.
The reflection coefficient couples the incident and the outgoing pressure waves and
Eq. 2.7 can be rearranged to solve for the modal source strength

ps+ = [E− SR] p+ (2.14)
ps+ = [E− SR] M̃+p = Cp . (2.15)

The matrix M̃+ decomposes the sound fields at both sides of the multi-port

M̃+ =
[

Ma+ + Ma−Ra 0
0 Mb+ + Mb−Rb

]−1
. (2.16)

Equation 2.15 only requires the sound field to be decomposed into its p+ compo-
nents for which only half the probes are necessary. A correlation technique between
the source strength p1

s+ and p2
s+ that is determined with two different sets of probes

can be used to reduce the effect of local hydrodynamic fluctuations, which results
in a source cross-spectrum matrix G

G =
[

G11 G12
G21 G22

]
=
[

p1
as+

p1
bs+

] [
p2
as+

p2
bs+

]c
, (2.17)
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where [. . .]c denotes the complex conjugate and transpose. Equation 2.15 inserted
in Eq. 2.17 leads to the cross-spectrum matrix expressed with measurable quantities

G = C1 (p1pc2) Cc
2 , (2.18)

where (p1pc2) is a matrix containing the cross-spectrum densities between the probes
in the decomposition zones 1 and 2 [17]. Sufficient spectral averaging in the compu-
tations of the cross-spectrum density yields noise reduction in the spectra. In fact,
this can be critical when post-processing numerical data, for which the unsteady
pressure samples are usually very short (in the order of 0.1 s compared to 1 h in the
presented measurements). However, in numerical data a large number of probes
are available and noise reduction can be achieved by spacial averaging with highly
over-determined decomposition matrices. Furthermore, the decomposition can be
solved for p+ and p− in both decomposition zones. The source strength vector is
then extracted directly by solving Eq. 2.7

ps+ = [E − S]
[

p+
p−

]
. (2.19)

Here, [E − S] spans a new matrix with the sub-matrices E and−S. The two-sided
decomposition is formulated as follows:

[
p+
p−

]
=


pa+
pb+
pa−
pb−

 = M∗
[

pa
pb

]
, (2.20)

with M∗ being the inverse of a (reordered) decomposition matrix

M∗ =
[

Ma+ 0 Ma− 0
0 Mb+ 0 Mb−

]−1
. (2.21)

Similar to Eq. 2.15 and 2.18, the source strength is

ps+ = [E − S] M∗
[

pa
pb

]
= C̃p (2.22)

and the cross-spectrum matrix can be extracted by decomposing into two separated
decomposition zones

G = C̃1 (p1pc2) C̃c
2 . (2.23)

In contrast to Eq. 2.15, this formulation contains no reflection coefficients for the
terminations of the computational domain in order to extract the source strength.
This is useful considering that the scattering and the source strength computations
are conducted on two different numerical set-ups (with different terminations).
The source cross-spectrum matrix should be Hermitian and a corrected represen-
tation of G in Eqs.2.18 and 2.23 is obtained from 0.5(G + Gc) [67].
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2.5 Presentation of the data

In this thesis and the appended papers, the scattering data is presented in the form
of transmission and reflection coefficients between two reference cross-sections at
the inlet and at the outlet of the considered duct component. Those coefficients
are complex numbers, whereas most of the time only the magnitudes are presented.
The phase data is available; however, it is very sensitive to the position of the
reference cross-sections and therefore only partly useful for the model validation.
In most of the cases, only transmission and reflection within a mode (and not
between modes) is shown and only one of the degenerate (±) spinning modes is
included. For the frequency range in this thesis (see section 2.6) and considering
upstream and downstream transmission and reflection, the 144 elements of the full
scattering matrix are reduced to the 16 elements that are considered to be most
meaningful.
The frequencies are in most cases normalized to the dimensionless Helmholtz num-
ber. One example of a typical scatter matrix plot can be found in Figure 2.4. Here,
the transmission and reflection of an empty duct (the test case for the experimental
set-up) with flow is plotted, and the mode corresponding elements of the scattering
matrix are denoted.
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Figure 2.4: Example for scattering plots shown in this thesis, here data for an
empty duct with flow (M=0.87) is presented. The 144 complex elements of the
scattering matrix are reduced to 16.

The source strength is represented as modal acoustic power density. The diagonal
elements of the source cross-spectrum matrix G are used to compute the acoustic
power

Ĝi,i = αi

ρc

(
1−M2

x

1−αiMx

)2
Gi,i, (2.24)

αi = [1− (κi/k)2(1−M2
x)]1/2 . (2.25)

Note that the presented formulation differs from the classical formulation, e.g. in
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Ref. [68], missing the cross-sectional area due to the orthonormal eigenmodes (see
Eq. 2.3). The source cross-spectrum matrix in the range of Helmholtz numbers in
this paper contains 144 complex values. In most of the cases, only the auto-power
in the upstream and downstream directions is presented. A typical plot for the
active data can be seen in Figure 2.5, where the modal sound power density emit-
ted by a single orifice plate is shown and the corresponding elements of the source
cross-spectrum matrix are denoted.
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Figure 2.5: Example for source strength plots shown in this thesis, here data for a
single sharp-edged orifice plate with flow (M=0.078) is presented.

2.6 Measurement set-up

All experiments presented in this thesis and the appended papers were conducted
on the same test rig. The rig dimensions corresponded to common dimensions of
HVAC systems in aircraft and were specified in the framework of the EU project
funding this research [1]. The specifications can be found in Table 2.1. The test
rig was designed for optimal mode-matching and low-error scattering eduction, as
demonstrated in Paper A.

Table 2.1: Specifications of the test rig used for the experiments of this thesis and
the appended papers.

Cross-section Circular
Diameter 0.15m
Volume Flow 0.56m3/s
Bulk velocity ≈ 30m/s
Temperature 293.15 K
Helmholtz numbers 0.6 - 4.1
Number of cut-on modes 6

The test set-up contained probes and source sections upstream and downstream
of an exchangeable test-section and absorptive silencers at the inlet and outlet.
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The order of the different sections from upstream to downstream side were as
follows: silencer → source section→ probe section→ test section→ probe section→
source section → silencer. The probe sections were mounted with flanges to the
test section. To reduce possible structural vibrations evoked by the wall-mounted
sources, the duct of the source sections was not physically connected to the probe
sections, following the advice in [29]. The small gaps between the source section and
the probe section were closed with tape. A sketch of the test set-up can be found
in Figure 2.6, whereas the silencers and the mounting to the pressurized chamber
are not included in the drawing.

12 microphones 8 loudspeakers12 microphones8 loudspeakers
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Figure 2.6: Sketch of the test rig with loudspeaker, microphone, and test section.
The silencers at the inlet and outlet are not included in the drawing.

The source sections consisted of eight loudspeaker sources and each probe array had
12 wall-mounted Brül and Kjaer 1/4-inch 4938-A11 high pressure microphones. The
microphones were calibrated relative to each other for amplitude and phase in the
considered frequency range by exposing them to the same sound field at the closed
end of a standing wave tube, following the procedures described in Ref. [69]. The
calibration included the complete signal transduction pathway, i.e. the microphone,
the pre-amplifier and amplifier, the band-pass filter, the cables, and the acquisition
system. The source strength eduction required an additional level calibration for
one of the microphones and a single frequency with a sound level calibrator. Cali-
bration was conducted before and after a measurement campaign.
Photos of the probe section and the loudspeaker section of the test rig are presented
in Figure 2.7 a) and b), and the empty duct test section is shown in Figure 2.7 c).
The upstream side of the test rig was mounted at a pressurized silent chamber with
a gradually contracting set of pipes to create constant flow. To determine the flow
properties, the temperature was sensed on the outlet of the duct and the axial flow
velocity was measured eleven duct diameters upstream of the test section at 14
radial positions up to 0.5mm close to the duct wall. The bulk velocity that is used
in the post-processing was computed interpolating and averaging the velocity over
the cross-section.
The external sound fields for the scattering eduction were excited with step-sinusoidal
signals. Here, the advantage compared to other excitation like white noise and swept
sinusoidal excitation, is a variable number of spectral averages for each measured
frequency; Frequencies with higher condition numbers in the modal decomposition
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a) b) c)
microphonesection loudspeakersection test section

empty duct

Figure 2.7: Photos of test rig sections. a) a probe section with optimized probe
positions. b) a source section with optimized source positions. c) a piece of empty
duct, engulfed in rubber (black) and clamped with a steel cramp (yellow).

and scattering eduction were sampled longer, which yielded low random uncertain-
ties over the whole frequency range.
The measurement time could be reduced by applying multi-channel excitation. In
the presented measurements, six sources were excited at the same time, but on dif-
ferent (uncorrelated) frequencies. A typical complete scattering determination with
100 frequency points as presented in this thesis took around 1.5 hours without, and
6 hours with flow. The sound fields for the source strength eduction were sampled
with 11000 averages and a resolution of 1Hz, leading to a measurement time of
around 1 hour. For the post-processing, only the frequencies were considered, for
which scattering data was measured.
Coupling between an acoustic mode and a wall vibrational mode when their phase
velocity coincide can cause strong vibro-acoustic coupling, as for example described
in Ref. [70]. Inertial tests uncovered such coincidence frequencies between the
acoustic field and the structural duct vibrations close to the cut-on frequencies
of the higher order modes that resulted in an unacceptable attenuation of the
acoustic energy. Reduction was achieved by damping the wall vibrations with
a constrained-layer damping for which the test sections were engulfed in rubber
clamped with 5mm thick steel cramps. This reduced the coupling significantly, as
shown in Figure 2.8, where the transmission and reflection of the (2,0) mode in a
straight duct (length 2 duct diameters) is plotted. The theoretical values are 1 for
the transmission and 0 for the reflection.
More information about the test rig, its design and the achievable quality of the
educed data can be found in Paper A.
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Figure 2.8: Transmission (solid lines) and reflection (dashed lines) coefficients of an
empty, straight piece of duct for the test rig with (black lines) and without (grey
lines) constrained-layer damping.

2.7 Numerical approach

The target of the numerical study presented in this thesis is to extract complete
multi-port data, i.e., both the source strength and the scattering from numeri-
cal data. Thereby, the focus is on the approach rather than the actual numerical
methods. Nevertheless, the numerical software is used with care and following the
standard numerical procedures (e.g. geometry simplification, studies on the bound-
ary conditions, mesh convergence test). The scattering is determined with a linear
acoustic computation and the source strength is extracted from scale-resolving sim-
ulations.
Technically, most of the documented numerical linear aeroacoustic approaches use
a two-step method, i.e. in Refs [34, 36, 67, 71]. The procedures are based on
the assumption that the acoustic perturbations about the flow outside the source
regions are small enough that (1) the flow is mostly unaffected by external acoustic
sound fields and (2) the external sound fields can be linearized around a steady
mean flow [72]. The flow field can then be computed in a first step separated from
the acoustic wave propagation. This is commonly realized solving the Reynolds
Averaged Navier Stokes (RANS) Equations. In a second step, the acoustics are
computed linearized around the stationary mean background flow, commonly with
the Linearized Euler Equations (LEE) or (retaining fluid viscosity and thermal
conductivity) the Linearized Navier Stokes equations (LNSE).
The quality of the computed data is sensitive to the solution of the stationary flow
field [64, 72], particularly in regions of shear flows [73]. Running RANS computa-
tions that lead to realistic flow conditions often involves comparisons of different
turbulence models and fine-tuning of their parameters. To make the computation
less empirical the flow computations need to resolve more of the turbulent content
by solving much more expensive equations on finer numerical grids. It stands to
reason that this generally dissents from the idea of computationally inexpensive lin-
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ear aeroacoustics. However, in cases for which scale-resolving data is available or a
computation is affordable, its time-averaged solution should be preferred to RANS
computations as it naturally includes finer flow details and a better prediction of
the separated shear layers. That can be seen in Figure 2.9, where the streamwise
velocity field around a circular orifice plated computed with a scale-resolving Im-
proved Delayed Detached Eddy simulations (IDDES) [74] and with RANS (with an
SST k-ω turbulence model [75]) is plotted, showing the considerable differences in
the solutions. In particular, as is typically for RANS it underestimates the growth
rate of the width of the separated shear layer and, consequently, overestimates the
length of the recirculation zone behind the orifice plate. This emphasizes the us-
age of less empirical flow computations for the background flow. Certainly, in a
complete numerical multi-port eduction, the sound sources in the flow need to be
computed and a scale-resolving computation is anyway mandatory which can be
reclaimed for the scattering computations.
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Figure 2.9: Comparison of IDDES (upper panel) and RANS (lower panel) predic-
tions of mean streamwise velocity in a meridian plane of the duct for the single
orifice plate configuration (Uo=average flow speed).

Some cases are documented, where scale-resolving compressible flow data have been
used to extract the source strength of in-duct components [22, 37, 38]. The acous-
tics field created by the flow is naturally contained in the solutions because it has
much longer wave lengths than the resolved turbulent structures. For the flow
computation, approaches of different levels of complexity exist, for example Di-
rect Numerical Simulations (DNS), Large Eddy Simulations (LES), and (as in the
presented case) Improved Delayed Detached Eddy simulations (IDDES). IDDES is
currently well established for unsteady simulations in aeroacoustic applications (see
e.g. Refs. [76–79]) and offers a computationally affordable scale-resolving simulation
strategies with a low level of empiricism.
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The present study aims at combining a set of computationally inexpensive LNSE
solutions for precise scattering determination with accurate source data, extracted
from scale-resolving compressible flow simulations. This novel approach allows
comprehensive multi-port data to be obtained while using the advantages of the
two numeric methods. The approach is very intuitive as noise source and sound
scattering are solved in separate (though connected) steps, com parable to the
measurement procedures. First, the scale-resolving, compressible flow computation
is carried out in the time domain, which contains the source mechanisms and from
which the source strength is extracted. Second, the acoustic scattering is computed
with a linear acoustic approach in the frequency domain, using the time-averaged
flow solution as a background mean flow.
Compared to methods by, for example, Alenius et al. [38], and Sovadi et al. [37]
where the complete multi-port data is extracted in one single computation, here no
special scale-resolving computations with background noise sources are necessary
and the method is technically applicable to any kind of (possibly already available)
scale-resolving compressible flow data for in-duct components. As discussed above,
in this thesis the unsteady pressure field in the flow is computed with IDDES,
but the approach is not restricted to that particular method. The actual IDDES
computation was run by a consortium partner in the framework of the IdealVent
project and is described in appended Paper C. The main contribution of this thesis
to the source eduction of numerical data is the post-processing of the unsteady
pressure fields.
The source strength extraction is carried out on four separated decomposition zones
(two at the upstream and two at the downstream sides of the component). The
cross-spectrum density of the unsteady pressure fields in those zones are computed
and Eq. 2.23 is used to extract the source cross-spectra. In the presented cases,
the decomposition zones have a size of 0.1m. The upstream decomposition zones
are located at a distance of 0.3m and 0.5m and the downstream zones are at 0.6m
and 1.1m from the orifice plate(s). Following the theory in Refs [28, 80], the flow
noise in the decomposition zones is approximately uncorrelated if the separation s
is ks > 2πM (where k is the wave number and M the Mach number) which for the
smallest considered frequency in the presented cases (500Hz) is around 0.07m.
In this thesis, the scattering is computed solving the LNSE in the frequency domain.
LNSE is preferred to LEE because attenuation due to the viscosity is included in
the modelling. Especially in the area downstream of the orifice(s), strong turbulent
mixing occurs and the acceleration of turbulent structures by the acoustic field
considerably contributes to the attenuation of sound waves [81]. In the original
LNSE approach in Ref. [34], the effect was neglected assuming a quasi-laminar
fluid. Holmberg et al. [35] as well as Gikadi et al. [82] included turbulent mixing
in the modelling and added the full eddy viscosity to the fluid viscosity which
is referred to as a quasi-static eddy viscosity model. Weng [83] emphasized the
importance of the inertia of the turbulent eddies on the sound attenuation and
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suggested a frequency dependent transition model. All three models are tested and
compared in this thesis. The quasi-static and quasi-laminar model are the lower and
upper bounds for possible LNSE solutions because they give minimal and maximal
damping created by the turbulent eddies. The transition model estimates a solution
within these bounds but a relaxation time has to be fitted.
Symmetry assumption in numerical computations can significantly reduce the com-
putational costs. The assumptions made in the scattering computations of this the-
sis are as follows: in an axis-symmetric set-up, the radial modes should exchange
no energy with the spinning modes and vice versa. This hypothesis is justified
for the cases considered with the measurement data shown in Figure 2.10. Here,
the transmission coefficients between different modes are plotted for a single orifice
plate with and without flow. Only between the plane wave mode and the radial
mode was coupling observed. In turn, all the other considered modes are decoupled,
which allows them to be computed on individual geometries, i.e. the radial mode
and plane-wave mode on a two-dimensional, axisymmetric geometry and the spin-
ning modes on three-dimensional quarter arc duct section with mode-corresponding
periodic boundary conditions. Furthermore, the degenerate (±m,n) modes are as-
sumed to experience the same scattering, which is valid for any static components
with non-rotational flow. These assumptions reduce the number of (expensive)
three-dimensional computations per frequency for a full scattering determination
from twelve to four and simplify the geometry from a full duct to a quarter arc,
yielding considerable reduction in computational time. The sound fields are created
with harmonic body force distributions in the shape of the duct modes (Eq. 2.2)
that are applied to special source domains upstream and downstream of the test
object.
A detailed description of the numerical multi-port eduction is given in Paper C.

0.20

0.15

0.10

0.05

0.00
1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.20

0.15

0.10

0.05

0.00
1.0 1.5 2.0 2.5 3.0 3.5 4.0

m
ag

ni
tu
de

m
ag

ni
tu
de(0,0)-mode and (1,0)-mode

(0,0)-mode and (2,0)-mode
(1,0)-mode and (2,0)-mode
(0,0)-mode and (0,1)-mode

(0,0)-mode and (1,0)-mode
(0,0)-mode and (2,0)-mode
(1,0)-mode and (2,0)-mode
(0,0)-mode and (0,1)-mode

He He

a) b)

Figure 2.10: Transmission between the modes for a single orifice a) without flow
and b) with flow.





Chapter 3

Key results and summary of the
appended papers

In this section, the key results of each of the papers are presented. The contribution
of the appended papers includes:

• The development of a reliable approach to designing test set-ups for accu-
rate and efficient multi-port eduction, including optimization strategies and
uncertainty analysis (Paper A).

• Derivations and testing of active multi-port cascading on circular orifice plates
including test on hydrodynamic and acoustic installation effects, using exper-
imental data (Paper B).

• A full numeric multi-port eduction on circular orifice plates, post-processing
scale-resolving compressible flow simulations and solving the Linearized Navier
Stokes Equations in the frequency domain using the time-averaged flow data
as the background flow. The procedure extends earlier work beyond the plane
wave range and suggests a two-step approach which is computationally more
efficient (Paper C ).

• Investigations on a novel modal filter design exploiting the symmetry in
the mode shapes of the spinning duct mode. The filter is based on micro-
perforated plates arranged at mode shape velocity maxima. To increase the
efficiency and also damp plane waves it can be combined with a so called
Cremer silencer (Paper D).

31
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CHAPTER 3. KEY RESULTS AND SUMMARY OF THE APPENDED

PAPERS

3.1 Paper A

On Acoustic Multi-port Characterisation Including Higher Order
Modes

New concepts and results: Optimization of probe and source arrays for a high stability in the
mode matching method. Estimation of random uncertainties in scattering data with a Monte
Carlo Method. Effect of the optimization on the random error in single modes.

Theory for an advanced test rig design to measure multi-port data of in-duct com-
ponents is presented. The focus is on the condition number of the modal matrix
M in Eq. 2.9. High condition numbers indicate an increased sensitivity to random
uncertainties whereas low condition numbers testify a stable decomposition. The
decomposition becomes ill-conditioned due to a phenomenon that is denoted as
’mode coupling’ within the modal matrix due to pressure probes sensing similar
values for dissimilar modes. This effect is only related to the probe positioning and
can be reduced by designing appropriate probe arrays. It is shown that mode cou-
pling naturally occurs at the cut-on frequency (weak coupling), but in the case of
insufficient probe positions it can exist for large frequency bands (strong coupling).
At frequencies with mode coupling, a reliable decomposition is not guaranteed.
Analytic formulations are derived to find guidelines that prevent strong mode cou-
pling. However, in order to consolidate the overall stability, an optimization of the
probe position should be aspired to. Here, a genetic algorithm is proposed, which
proves to be efficient in solving this multi-dimensional optimization problem. This
algorithm is used in order to optimize the probe positions for a test set-up that can
decompose up to six higher order modes with twelve (the minimum number) probes.
Additionally, the effect of over-determination is demonstrated by optimizing set-ups
with more probes (Figure 3.1).
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Figure 3.1: Condition number of M in Eq. 2.9 over frequency for optimized set-ups
with different numbers of pressure probes.

It is demonstrated, that the position of the external sources lead to a similar opti-
mization problem, whereas the bulkiness of loudspeakers should be accounted and
a certain source over-determination is useful to realize well-conditioned excitation.
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In a second step, an error analysis for scattering data based on a Monte Carlo
Method is presented. Therefore, the scattering matrix is repeatedly computed for
randomly distributed pressure around a mean value. The variance of the pressure
is determined from the coherence between the external sources and the pressure
probes and from their transfer functions. Using analytical solutions for the wave
propagation on an optimized and unoptimized microphone and source set-up, the
positive effect of optimization on the uncertainty in the scattering of single modes
can be demonstrated (Figure 3.2). It is shown, that the uncertainties for the
optimized set-up are balanced between all modes, whereas for the unoptimized
set-up, uncertainties are strongly pronounced in particular modes.
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Figure 3.2: Results of a Monte Carlo Method in the form of the standard deviation
in the transmission coefficient in an empty, straight duct based on analytical data
for an uncertainty in the pressure values of 2 % . Two cases are presented, namely an
unoptimized case with 16 microphones and an optimized case with 12 microphones.

The transmission coefficients of a straight, empty pipe are measured using the
optimized set-up. The Monte Carlo Method is used to estimate the uncertainties
in the data ( Figure 3.3). It is shown that the optimized test set-up can be used
to gain accurate measurement results with standard deviations lower than 2 % for
most of the frequencies.
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PAPERS

3.2 Paper B

Investigation of Orifice Aeroacoustics by means of Multi-Port
Methods

New concepts and results: Cascading of multi-ports for scattering and source strength prediction.
Accurate measurements on tandem configuration of thin orifice plates in low Mach number flow
(M<0.1). Uncovering possible installation effects by comparing prediction and direct measure-
ment. Eigenvalue analysis on the source cross-spectrum matrix to analyze source characteristics.

The aeroacoustic interaction between tandem orifice plates is investigated. There-
fore, the theory for cascading active multi-ports is derived, using transfer matrices
and source cross-spectrum matrices. This results in a combined scattering matrix
and source cross-spectrum matrix, accounting for the internal resonances between
the plates, but neglecting effects related to aerodynamic coupling or installation ef-
fects. Accurate measurements on a single and on tandem orifice configurations with
three different separations (10D, 4D, 2D) are presented and compared to predic-
tions with the cascade model. The difference between prediction and measurements
is analyzed in order to investigate the installation effects.
It is shown, that the scattering of orifice plates is quite insensitive to installation
effects, whereas the source strength is highly sensitive to disturbed inflows. In
Figure 3.4, a part of the results for the scattering prediction is shown, namely the
transmission from the downstream to the upstream side and the reflection at the
downstream side for the tandem orifice with a separation of 4D and 2D for the (0,0)-
mode and (2,0)-mode. An accurate scattering prediction even for the closest tested
configuration is archived. Only the small oscillations for low Helmholtz numbers in
the 2D case are not predicted, which indicated flow-acoustic coupling. In further
studies (see Paper C ), those oscillations were related to acoustic interaction effects
due to impinging perturbation sheds at the downstream orifice.

1.0
0.8
0.6
0.4
0.2
0.0

1.0 2.0 3.0 4.0

m
ag

ni
tu
de

(0,0)-mode (2,0)-mode

2D 4D 2D 4D

He

(0,0)-mode (2,0)-mode

transmission meas. transmission pred. reflection meas. reflection pred.

1.0 2.0 3.0 4.0
He

1.0 2.0 3.0 4.0
He

1.0 2.0 3.0 4.0
He
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Results yielded with the active cascade prediction for 4D and 10D separated orifice
plates are presented in Figure 3.5. The most important observation is the strong
installation effect in the low Helmholtz numbers for the 10D case and the entire
spectrum for the 4D case. The under-prediction indicates increased noise levels
due to disturbed inflow, whereas in the 4D case many structures of different scales
and frequencies and in the 10D case only large scale structures can impinge on
the downstream orifice. In both cases, the characteristic periodic modulation is
predicted well, demonstrating that the resonances between the plates are modelled
correctly.
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(10D and 4D) at the upstream side. Direct measurements and prediction using the
cascade model.

It should be noted, that the source cross-spectrum matrix is Hermetian and hence
diagonalizable. Its eigenvalues may be interpreted as a number of uncorrelated
superposed modal sources in upstream and downstream direction. Applying that
analysis to the single orifice measurements, uncovers the dipole character of the
orifice source for all frequencies and for the higher order modes, as shown in Fig-
ure 3.6. The upstream and downstream components for the different modes of the
dominant eigenvectors are plotted with phase and amplitude. It is shown, that the
amplitudes of the mode-sources in upstream and downstream direction are similar
but with a phase shift of 180 deg, which corresponds to a dipole source mechanism.
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3.3 Paper C

Numerical eduction of active multi-port data for in-duct
obstructions

New concepts and results: Linearized Navier Stockes equation (LNSE) applied to higher order
mode scattering including acoustic dissipation due to turbulent mixing. Extraction of source
cross-spectrum matrix from scale-resolving simulations (IDDES). Quantifing the effect of source
over-determination by oversampling the IDDES data.

A comprehensive multi-port eduction from numerical data is presented. Therefore,
a similar two-step multi-source approach as in the measurements is applied to nu-
merical data. The test-cases are a single, sharp-edged orifice plate and a tandem
orifice configuration with 2D axial separation. In a first step, the compressible
flow through the orifice plate(s) is computed using a scale-resolving computation,
namely an enhanced version of the detached delayed eddy simulation (IDDES).
A method is presented to extract the source cross-spectrum matrix from the un-
steady pressure fields using cross-correlations between numerous pressure probes.
In contrast to the measurements, no knowledge about acoustic reflections at the
terminations of the numerical set-up is needed. It is successfully tested on the sin-
gle orifice data and the tandem configuration (Figure 3.7). Both the level and the
shape prediction agree with the measurements. Also, the total acoustic power is
predicted well as shown in Table 3.1.
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Table 3.1: Acoustic power in the predicted frequency range.

Upstream Acoustic power for: Single Orifice Tandem Orifice
Measured 81.22 dB 98.87 dB
Computed 81.55 dB 96.88 dB
Downstream
Measured 80.81 dB 96.93 dB
Computed 81.24 dB 95.73 dB

As only a small part of the sampled pressure points in the mesh is used to extract
the source cross-spectrum matrix, a statistical analysis can be conducted by de-
composing the field with sets of different points, which results in a 65% confidence
interval. It is shown that this interval is indirectly proportional to the square root
of points used in the decomposition zones (Figure 3.8)
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Figure 3.8: Standard deviation for the extraction of the source cross-spectrum
matrix if sets with different points are used.

For the scattering computations, the LNSE are solved in the frequency domain
with the time-averaged solution of the IDDES as the background mean flow. The
effect of turbulent mixing is included using a scaled eddy viscosity, whereas the
quasi-static model and the quasi-laminar model are used to estimate the upper and
lower bounds for possible solutions of the computation [83]. The scattering for the
single orifice plate is computed directly with the LNSE and the scattering of the
tandem orifice plate is predicted using the network model presented in Paper B. The
results are presented in Figure 3.9, showing good agreement with the measurements.
Greater differences are found for the reflection coefficients on the upstream side for
the plane wave, which may be related to the effect of the flow profile on the mode
shapes [62, 63].
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flow, predicted with the network prediction model.

The LNSE computation is used to visualize the acoustic installation effect that was
observed in Paper B for the 2D configuration. Therefore, the low frequencies of
the 2D configuration are computed and the velocity perturbations caused by the
flow-acoustic interaction are plotted (Figure 3.10). The effect can be related to
velocity perturbations detaching upstream and impinging on the downstream plate
which amplifies or attenuates the transmitted wave, depending on the sign (+/-)
of the velocity perturbation.
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3.4 Paper D

Modal filters for mitigation of in-duct sound
New concepts and results: A novel silencer concept that uses micro-perforated plates at the velocity
maxima of duct modes to mitigate spinning modes. Numerical computations on the modal filters
to investigate the behaviour by solving the Helmholz equation with internal impedance boudary
conditions. Measurements on prototypes of the filter.

A novel silencer concept for higher order acoustic modes is presented, which breaks
their specific geometric symmetry applying acoustic resistance perpendicular to the
duct cross-sections. The basic acoustic properties of this so called modal filter are
investigated. Therefore, a simplified impedance model for micro-perforated plates
(MPPs) is introduced, assuming a constant resistance r0 and a mass reactance that
grows linearly. The reactance is defined by the so called cross-over frequency f0
where its magnitude equals the resistance. The ideal MPP assumption is used for
most of the investigations in this paper.
The concept of a modal filter is based on the idea that the fluid oscillated by the
spinning acoustic modes experiences losses due to friction inside the perforation
holes of the MPP. Hence, plates added perpendicular to the duct cross-section in
flow direction, as shown in Figure 3.11, attenuate incident spinning modes. It is
shown that for a star-shaped set-up, the number of plates used must be at least
double the circular mode order of the targeted mode to be effective. In this case
and for ideal MPPs, the plate position for highest damping is a symmetric set-up.

a) b)

Figure 3.11: Modal filter consisting of four MPP plates in a star shape. a) un-
mounted, b) mounted to a duct section

In Figure 3.12 a), the attenuation of the (1,0)-mode in a modal filter with 2 plates
is tested for different plate position, showing that highest damping is realised for
a separation of 90 degree (symmetric set-up), regardless of the Helmholtz number
and plate resistance. This position corresponds to plates in the velocity maximum
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and minimum of the mode. For real plates (f0 6= ∞ ), however, the optimal plate
position changes (Figure 3.12 b)).
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Figure 3.12: Normalized attenuation of the (1,0) mode in a modal filter with 2 a)
ideal MMPs and b) real MPPs.

The optimal impedance for modal filters with ideal MPPs in a star shape is shown
to be around 1-2 times th e plane wave impedance ρco. The filter is highly reflective
close to the cut-on frequency and becomes more absorptive for higher frequencies
with an optimal broad-band attenuation of around 3-4 dB per duct diameter filter
length as shown in Figure 3.13. Here, the Transmission Loss and the Power Loss for
filters of the length 4D is plotted for different numbers of ideal MPPs with r0 = 1.5
in optimal configuration. Thereby, the Power Loss is the Transmission Loss but
cleaned of inlet reflections, i.e., the power that is actually absorbed inside the filter.
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Figure 3.13: Transmission Loss and Power Loss along a modal filter of the length
4D with one, two, and four ideal MPPs with r0 = 1.5. No flow is considered.

Placing resistant plates inside the duct cross-sections adds additional flow resistance
to the system. For smooth plates, the additional pressure drop compared to an
empty pipe is around 64% per additional plate.
Furthermore, the effect of combining the modal filter with a so called Cremer si-
lencer is addressed. This can improve the performance and also add damping of
the plane wave mode.



Chapter 4

Conclusion and further directions

The work presented in this thesis was driven by four scientific questions which
have not been fully addressed before in the literature on multi-port modelling (see
Section 1.2). By adding new knowledge to those questions, the thesis contributed
directly to the improvement and comprehension of the multi-port method which is
particular useful for describing mid-size duct systems with a moderate number of
propagating higher order acoustic modes such as ventilation systems in buildings
and aircraft. To extract multi-port data, experimental and numerical set-ups were
presented.
The complexity of multi-port measurements rapidly grows with increasing fre-
quency. A key problem is the accurate decomposition of a given acoustic field
into its modes or the excitation of a certain mode. It was shown in Paper A of this
thesis, that an optimization can increase the quality of educed multi-port data sig-
nificantly, even without any over-determination being applied. With the presented
methods, a test rig can be designed that precisely fulfills the needs of the targeted
measurement. Therefore, this thesis filled a gap in the present literature on multi-
ports by defining optimization criteria and uncertainty evaluation methods for an
efficient test rig design for higher order mode decomposition. It was demonstrated,
that a test set-up designed with the described methods can acquire data with very
low random uncertainties in the obtained scattering matrix. With the Monte Carlo
Method, a reliable error estimate for measured scattering data could be realized.
Future work should focus on quantifying uncertainties in the source data that was
not addressed in Paper A. However, these were investigated in connection with the
numerical source data eduction in Paper C.
Measurements on empty ducts uncovered strong wave attenuation at coincidence
frequencies that occur when the phase velocity of the acoustic mode and a corre-
sponding duct-wall mode match. The vibrations were reduced using constrained
layer damping which improved the results even though the coupling was still present
and disturbed the measurements close to the cut-on frequencies. Further attempts
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to improve the design of test rigs for high quality multi-port eduction may involve
such effects. Theoretically, the structural wall modes could be included in the de-
composition by solving a coupled system of equations, which requires additional
sensors at the channel walls leading to new optimization problems. A different
approach is using a calibration measurement of the vibrating duct in order to de-
convolute structural vibrations from the measurements.
The accurate scattering and source data educed with the optimized test rig al-
lowed a number of detailed studies to be performed. In Paper B of this thesis,
the coupling between in-duct components was tested for a tandem orifice configu-
ration with different axial separations. Therefore, formulas to cascade multi-ports
were derived and tested against direct measurements on single and tandem orifices.
These formulas can be used for systems of unbranched serial connected networks
with single inlets and outlets. The general performance of the cascading procedure
was promising. The installation effect for the sound source was distinct up until
a separation of 10D, whereas the scattering matrix stayed mostly unaffected down
to very close separations (2D). For very close separations (2D), small installation
effects occurred for the scattering at low Helmholtz number. To investigate this in
more detail, further tests on either closer configurations or on orifice plates with
higher potential for amplification can be targeted in further work.
In Paper C, the multi-port eduction was tested on numerical data, applying a sim-
ilar two-step multi-load approach as in the measurements. The potential of highly
over-determined mode matching methods together with scale-resolving IDDES com-
putations was uncovered, yielding accurate source cross-spectrum matrices and a
very good total sound power prediction. The novelty of the presented approach is
the applicability to available compressible scale-resolving in-duct flow data without
a need for additional expensive computations.
Decomposed solutions of the LNSE with the time-averaged IDDES velocity field
as a background mean flow resulted in accurate scattering data. The results were
dependent on the attenuation due to turbulent mixing, and different models to in-
clude the effects were tested. A scaled perturbation model fitted to the plane wave
mode showed good performance for the other modes, too. This was the first time
that several higher order modes were extracted from the full, three-dimensional
LNSE. It has been shown that the method would profit from more accurate turbu-
lence modelling, which could be addressed in future work. A remaining problem is
the inaccuracy in the reflection coefficients for higher Helmholtz numbers, which is
most likely evoked by deformed mode shapes due to the turbulent flow. To improve
the post-processing for high Helmholtz numbers, advanced solutions for the mode
shapes including the flow profiles should be used.
A new type of silencer (modal filter) that attenuates particular modes using micro-
perforated plates (MPPs) aligned with modal velocity maxima was presented in
Paper D. The basic characteristics were investigated in cases without flow. Since the
modal filter is a purely resistive device, the concept of ideal MPPs was introduced
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as plates with negligible reactance and used to investigate the behaviour of modal
filters.
Solving the Helmholtz equation numerically, an optimal resistance for ideal MPPs
was found that is between 1 and 2 times the characteristic plane wave impedance.
The plate position in star-shaped configurations should be symmetric to achieve
the best attenuation if two plates per propagating circumferential mode are used.
A possible next step continuing the work on modal filters should be to build an op-
timized modal filter of sufficient filter length and validate the simulated properties.
Linear multi-ports have shown to be a powerful tool to describe noise sources in
middle-size duct systems with a moderate number of propagating modes. Limi-
tations occur once the sound power becomes too high or if the elements are too
close. In the latter case, the sources may be grouped and measured/computed as a
single element. Since the scattering prediction was shown to be stable and mostly
unaffected by hydrodynamic coupling between components, multi-ports may be
emphasized for applications with a focus on sound scattering.
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