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Abstract

The human upper airways embrace the source of phonation and affect the mod-
ulation of the voice, which is of vital importance for communication. Moreover,
unwanted sounds may be generated in the upper airways due to elastic, col-
lapsible parts that are susceptible to flow-induced vibration and resonance.
The sound resulting from fluid-structure interaction in the upper respiratory
tract, commonly known as snoring, can be an important indicator for underly-
ing breathing disorders, such as obstructive sleep apnea (OSA).
The scope of this work is the assessment of acoustic sources and the conditions
for sound being produced in the upper airways in healthy and diseased state.
For the study of the vocal tract under phonation, both low- and high-order nu-
merical methods are applied and the obtained results are compared to experi-
mental data from collaborators. The geometries of the vocal tract are based on
magnetic resonance imaging (MRI) data for the different vowel pronunciations
under voiced speech of a healthy male subject. Unsteady, direct compressible
flow simulations using a finite volume solver are carried out for the computa-
tion of the pressure fluctuations and the associated distribution of frequency
peaks as a result of the modulation through the static vocal tract. The peaks
of the envelope of the far-field Fourier spectrum, which are characterising the
spoken tone, are extracted and compared to the Helmholtz eigenfrequencies of
the airway volume. The effect of variations of vocal fold closure, fundamental
frequency, and vocal tract length on the computed acoustic signal is investi-
gated. Thus, an estimation of the impact of vocal disorders on the ability of
vowel production is attempted. A particular advantage of the presented ap-
proach is the attainment of time-resolved pressure and velocity fields of the
flow, which allows for analysis of the coherent structures at the level of the
vocal fold constriction, responsible for sound output during unvoiced speech.
Furthermore, fluid-structure interaction simulations are performed for the study
of the influence of critical parameters, such as Reynolds number of the flow or
elasticity of the structure, on the onset of oscillations for a simplified model.
The acoustic sources involved in the generation of the dominant frequencies
of tissue vibrations are identified by application of an acoustic analogy. The
obtained results of this work contribute to the development of a computational
tool that assists physicians in the assessment of the airway function and the
effectiveness of treatment plans prior to their application.

Descriptors: Biomechanics, vocal tract acoustics, fluid-structure interaction,
numerical flow simulation
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Sammanfattning

Människans övre luftvägar genererar b̊ade avsiktliga och oavsiktliga former av
ljud. Dessa omfattar de centrala organen för fonation och röstproduktion och
har s̊aledes avgörande betydelse för v̊ar kommunikation. Dessutom inneh̊aller
luftvägarna elastiska och stängbara delar som är mottagliga för flödesinducerad
vibration och resonans. Oljudet som genereras av denna fluid-struktur interak-
tion, allmänt känt som snarkning, kan vara en viktig indikator för underliggande
andningssjukdomar, t.ex. obstruktiv sömnapné (OSA).
Syftet med detta arbete är att undersöka akustiska källor och de villkor för
ljud som genereras i de övre luftvägarna för ett friskt respespektive ett sjukt
tillst̊and. Initiellt har talorganet studerats under fonation. För detta har b̊ade
lägre och högre ordningens numeriska metoder tillämpats och de erh̊allna resul-
taten har jämförts med experimentella data fr̊an samarbetspartners. Geome-
trierna av röstapparaten är baserade p̊a magnetresonans-bilder (MRI) fr̊an en
frisk manlig försöksperson när denne uttalar olika vokaler. Tryckvariationer lik-
som de tillhörande frekvensdistributionstoppar som följer av moduleringen fr̊an
det statiska talorganet har beräknats numeriskt med icke-stationära kompress-
ibla simuleringar användandes av finita volymmetoden. Den talade tonen har
karaktäriserats med topparna i enveloppen av Fourierspektrat i fjärrfältet, vilka
här har extraherats och jämförts med Helmoltz egenfrekvenser i luftvägarna.
Därefter har p̊averkan p̊a den beräknade akustiska signalen till följd av stäm-
bandsstängning, grundfrekvens och röstkanalslängd undersökts. S̊aledes erh̊alls
även en uppskattning av effekten av dessa parametrar p̊a den vokala produk-
tionsförm̊agan. En särskild fördel med metoden i detta arbete är att tid-
supplösta tryck- och hastighetsflt erh̊alls , vilket möjliggör analys av de ko-
herenta strukturer p̊a samma skala som stämbandssammandragningen, vilken
ger upphov till ljud vid tonlöst tal. Vidare har simuleringar utförts med en
förenklad modell för att studera inverkan av kritiska parametrar som p̊averkar
uppkomsten av vibrationer, som t.ex. flödets Reynoldstal eller elasticiteten
hos strukturen. De akustiska källorna som ger upphov till de dominerande
frekvenserna i vibrationen av vävnaden har identifierats med hjälp av en akustisk
analogi. De erh̊allna resultaten av detta arbete bidrar till utvecklingen av ett
beräkningsverktyg som hjälper läkare i bedömningen av s̊aväl luftvägens funk-
tion som effektiviteten av behandlingsplaner innan de tillämpas.

Nyckelord: Biomekanik, vokala vägs akustik, fluid-struktur interaktion, nu-
merisk flödessimulering
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The minute you know you’re on safe ground, you’re dead.

David Bowie (1947-2016)
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Preface

The underlying licentiate thesis focuses on studies on the mechanisms of both
sound generation and propagation in the human upper airways by means of
numerical methods applied to increasingly complex geometries. Methods for
the assessment and prediction of acoustic waves arising from the flow inside the
upper airways are investigated and used on both idealised and realistic models.
The thesis is written in the form of a monograph.
In the first chapter an introduction to the topic of this work is given by pre-
senting the basics of the anatomy and physiology of the human upper airways,
which represent the region of interest. Additionally, their importance and main
functions in our body are discussed.
Chapter 2 focuses on the motivation for this project and highlights the most
important questions to be answered. The pathology of upper airway diseases,
both with respect to phonation, as well as to the respiratory function is re-
viewed.
Chapter 3 gives details on the applied methods and models for the numerical
investigation of the human upper airways in this work.
Chapters 4 and 5 show and analyse the obtained results, with chapter 4 focus-
ing on the findings related to phonation and chapter 5 on the observed effects
due to fluid-structure interaction as present in the upper respiratory tract.
Finally, chapter 6 concludes the work performed and states the most important
findings. An outlook of planned future work is given.
The numerical simulations, post-processing, and writing presented in this thesis
have been carried out by the author, unless stated otherwise.

April 2017, Stockholm
Lukas Schickhofer
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CHAPTER 1

Introduction

On a daily basis people are subjected to sounds of different origin. The genera-
tion of acoustic waves might be unwanted and disruptive such as in the case of
noise generated through industrial processes, turbomachinery, engines of air-
planes and cars, and air conditioning systems. The occurring acoustic signals
can be hazardous and detrimental to our health, if a certain threshold value of
the sound pressure levels is exceeded. However, the production of particular
sound might also be highly desired as in the case of musical instruments.
Also our own bodies are the source of sound - both wanted, such as in voice
production for talking and singing (i.e. phonation), and unwanted, as a result
of vibrations in the respiratory tract (i.e. snoring) due to airway obstructions.
The centre of this sound generation are the human upper airways, which form a
complex biological system, responsible for two important functions in our body:
On the one hand they contain the necessary organs for phonation. Thus, they
allow us to express ourselves by the articulation of sound and speech, which is
an exclusive human trait. In addition to being the primary means of commu-
nication through verbal expression, our voice enables us to show emotions as
well as to create music. On the other hand the upper airways consist of the
primary conduits for the transport of air to the lungs and are vitally important
for the supply of oxygen.
Due to the interaction of solid, elastic parts with the in- and exhaled air,
research efforts for a better understanding of the functioning of the upper air-
ways are multi-disciplinary and encompass the fields of fluid mechanics, solid
mechanics, and aeroacoustics. Research concerned with the functioning of the
upper airways from a mechanical perspective is a relatively young field: Since
the 1940s engineers and physicists have been trying to uncover the physical
processes of speech production and fluid-structure interaction in the upper air-
ways.

This chapter gives a brief overview of the general anatomy and introduces
the medical terms used in the field (cf. Sec. 1.1). This is important to under-
stand the modelling approaches presented in Chapter 3 and the description of
results in Chapters 4 and 5 of this thesis. Additionally, the modes of operation
for both phonation and respiration are explained and the biological functions
of the upper airways are described (cf. Sec. 1.2).

1



2 1. INTRODUCTION

1.1. Anatomy of the Human Upper Airways

When describing anatomical features, physicians typically refer to one of the
anatomical planes or axes, as shown in Fig. 1.1. These are also used throughout
this work.

Superior

Inferior

Sagittal plane

Transverse plane

Coronal plane

Posterior

Anterior
Medial

Lateral

Lateral

Figure 1.1. Sketch of the different anatomical planes, axes,
and directions.

Fig. 1.2 gives an overview of the critical parts of the human upper airways,
as viewed in the sagittal plane section. Starting from the nose and mouth
opening, the airways consist of the nasal and oral cavities that are separated
by the hard palate, which is a bony, rigid structure. Directly attached to the
hard palate is the soft palate, an elastic, deformable appendage. It is directly
connected to the uvula, its short tail end. The first part of the upper airways is
also referred to as pharynx, which is usually divided into nasopharynx (between
nose and hard palate), oropharynx (from the hard palate to the epiglottis), and
laryngopharynx (between the tongue and the larynx) (Ayappa & Rapoport
2003). The second part is called larynx and is more commonly known as the
voice box. It embraces the essential parts for phonation such as the vocal folds,
vestibular folds, and epiglottis. The larynx extends from the upper border
of the epiglottis to the trachea. The vocal folds, which are a multi-layered
organ, consist of three layers of tissue: the thyroarytenoid muscle, the lamina
propria, and the epithelium (Hirano et al. 1981). The tension in the vocal folds
is adjusted by the intrinsic laryngeal muscles - the thyroarytenoid, posterior
cricoarytenoid, cricothyroid, and lateral cricoarytenoid, which are depicted in
Fig. 1.3. They are symmetric and enclose a constriction, which is also referred
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Figure 1.2. The human upper airways and its anatomical
features in the sagittal plane section (Häggström 2014).

to as glottis. The vestibular (or ventricular) folds, which are also called false
vocal folds, form a second orifice close to the true vocal folds. They are located
approximatey at a distance from the vocal folds of 3.7 mm to 7.5 mm for men
and 2.3 mm to 5.7 mm for women (Agarwal et al. 2003; Agarwal 2004). The
upper airways are terminated by the opening of the trachea, which resembles
a rigid tube and further guides the air towards or from the lungs.

1.2. Physiological Function

1.2.1. Larynx

In addition to the purpose of air passage to the trachea, the larynx is respon-
sible for phonation. The vocal folds constitute the centre and most important
part of the larynx. They work as a gateway between the subglottal region
below the vocal folds with a particular lung pressure and the supraglottal re-
gion above with atmospheric pressure. Apart from being the central organ of
phonation, the vocal folds also ensure that intrusion of foreign particles into
the trachea is prevented (Gehr 1994). Their main purpose, however, is the
modulation of the pressure drop via the glottis in order to obtain a periodic
source signal for voice generation. This is achieved by periodic opening and
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Figure 1.3. The various parts of the vocal folds in cross-
section (Mittal et al. 2013).

closing of the vocal folds that are excited to sustained oscilllations. In order
for phonation to be initiated, the vocal folds must be closed and the subglottal
pressure must exceed the supraglottal pressure by a threshold value. Air being
forced from the lungs is then pushing the vocal folds apart until the elastic
forces in the tissue are bringing them back together again. This flow-induced
vibration leads to successive adduction and abduction of the vocal folds. As
the vocal folds oscillate, a mucosal wave is transmitted along the tissue sur-
face, leading to an orifice geometry that varies in time from a convergent, to a
parallel, and eventually to a divergent constriction before the cycle is repeated
again, as depicted in Fig. 1.4. Thus, the flow through the glottis becomes
intermittent during voiced speech, generating a pulsatile, turbulent glottal jet.
The oscillation frequency of the vocal folds during phonation ranges from 80
to 220 Hz, with the male voice lying in the lower frequency range due to larger
dimension of the larynx, and female voice and children’s voice occupying the
higher frequency band. The glottal jet, together with the unsteady forces act-
ing on the vocal folds are directly responsible for the sound generation in the
larynx (Mittal et al. 2011). Moreover, it is believed that the developed flow
structures during the closing phase of the phonation cycle have an impact on
voice quality (Khosla et al. 2009; Mihaescu et al. 2010).
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Flow

Flow

Opening phase

Closing phase

1 2 3 4

5 6 7 8

Figure 1.4. Movement and deformation of the vocal folds
during one oscillation cycle, following Stevens (2000) and Titze
& Alipour (2006). The direction of the flow from the lungs and
subglottal region is indicated, as well as the stages 1-4 of the
opening phase, and 5-8 of the closing phase.

As a result of the continuous oscillation of the vocal folds during voiced
speech, most of the emitted acoustic energy is contained in the so-called funda-
mental frequency of phonation F0, which is the frequency of the glottal pulse,
and its upper harmonics. Hanna (2014) found the fundamental frequency to be
proportional to the subglottal pressure through experiments on excised human
larynges. The glottal source signal is propagated along the vocal tract and
modified by the shape of the airways and cavities. However, periodic vibra-
tion is obtained only in certain conditions of the transglottal pressure drop,
the glottal opening, and muscle tension. In the case of unvoiced speech (e.g.
whispering), the vocal folds remain static and sound is solely generated by the
vortical structures propagated through the glottal jet.

The human voice production is often modelled via a source-filter arrange-
ment, with the glottis acting as an acoustic source and the vocal tract as a filter
(Titze & Alipour 2006; Story 2015). Due to reflections and the resulting con-
structive and destructive interference of acoustic waves, the signal exiting the
upper airways is modulated in such a way that only certain distinctive peaks
remain in the envelope of the Fourier-transformed pressure fluctuations. These
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peaks are referred to as formants and their position in the Fourier spectrum
defines the articulated sound. In the case of vowels, particularly the first two
formants, F1 and F2, identify the spoken tone.
When investigating the impact of physical factors on phonation, this is typi-
cally attempted by a comparison of formant maps showing possible shifts in
the frequency. This then allows for conclusions on the effects of disease-related
changes concerning the vocal tract. A numerical investigation of the impact
of surgical procedures on the ability to generate voice thus becomes possible.
This requires realistic, patient-specific geometries that can be obtained through
magnetic resonance imaging (MRI) data. Although large research efforts have
been dedicated in the past to understand the general process of phonation,
there exist few studies on the effect of biomechanical properties of the vocal
folds and the vocal tract on voice production (Zhang 2016). Computational
fluid dynamics applied to detailed, three-dimensional models allows a reliable
assessment of flow and acoustics in the region of interest, which, particularly in
the case of the human airways, is often difficult to achieve experimentally. It
has been shown that numerical simulations applied to the upper airways pro-
vide valuable insight into the physical consequences a therapeutic intervention
might have on the patient (Mihaescu et al. 2011; Mylavarapu et al. 2013). By
interactively adjusting the numerical mesh, the outcome of surgical procedures
could be predicted and a priori recommendations for effective treatment could
be given to physicians.

As described in Sec. 1.1, the false vocal folds form a second constriction
close to the true vocal folds. However, unlike the true vocal folds, they are
static and not actively participating in phonation. Directly bordering to the
vestibular folds and at the upper end of the larynx is the epiglottis, which
has the important function of separating the larynx from the esophagus and
prohibits food and saliva from entering the airway to the lungs during the pro-
cess of swallowing. It also defends the lower respiratory tract against infection.
The contribution of false vocal folds and epiglottis to phonation is still largely
unclear and under debate. It has been shown in experiments based on excised
larynges that the addition of false vocal folds and epiglottis increased the glottal
flow resistance. Furthermore, Alipour et al. (2007) found the vestibular folds
to be responsible for the low-frequency component in the acoustics as well as to
increase the sound intensity at low frequencies of 50 to 100 Hz. Additionally,
computational studies suggest an impact of the gap between false vocal folds
on both the glottal jet and transglottal resistance (Mihaescu et al. 2013). In
certain musical styles, like the Mongolian and Tibetan throat singing, as well
as Sardinian chanting, the false vocal folds play a significant role and lead to
an effect referred to as period doubling, where they oscillate with half the fun-
damental frequency of the true vocal folds (Fuks et al. 1998; Bailly et al. 2008,
2010).
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1.2.2. Pharynx and Upper Cavities

In humans, the pharynx is part of both the conducting domain of the respira-
tory system as well as the digestive system. While the nasal cavity is crucial
for cleaning and pre-conditioning of inspired air, the nasopharynx guides it to
the throat. Both hard and soft palate are covered by respiratory mucosa tis-
sue that further cleans, warms, and moistens the air. They have an average
total surface area of 140 cm2 to 160 cm2 for an adult. Oropharynx and laryn-
gopharynx serve as a passage for both air and food. Therefore, the epiglottis
temporarily covers the entrance to the larynx to suppress food from entering
the respiratory tract to the trachea and lungs. The pharynx has a tubular
shape and has an approximate total length of 12 to 14 cm (Gehr 1994). In
large parts the upper respiratory tract is a system of pipes transporting air to
the lungs and the alveoli. However, unlike the trachea and the bronchii, which
can be found between the larynx and the lungs, the upper airway is elastic,
compliant, and collapsible. The upper airway is, much like most vessels in the

Nasal Tracheal

Upstream Downstream

Collapsible
part

Pus Pds

Pcrit

Occlusion

Pus Pds

Pcrit

Pcrit > Pus, Pds

Pus Pds

Pcrit

Flow limitation

Pus > Pcrit Pcrit > Pds

Figure 1.5. Model of a Starling resistor demonstrating the
conditions for airway collapse and flow limitation as defined by
Schwartz & Smith (2013). The degree of deformation depends
on the critical pressure of the tissue Pcrit, as well as on the
upstream and downstream pressures Pus and Pds in the flow.

human body, subject to a certain transmural pressure, which is the difference
between internal and external pressure. A collapsible tube model of compara-
ble elastic properties shows a very similar behaviour to the airway tract during
collapse (Heil & Jensen 2003). If the transmural pressure locally drops below
zero, the tube starts to buckle non-axisymmetrically. In this state, it is highly
sensitive to further changes of the internal pressure and can easily deform (Heil
& Hazel 2011).
The self-excited oscillations of a collapsible tube have been investigated theoret-
ically, experimentally, and numerically. Schwartz & Smith (2013) showed that
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the pharynx behaves like a Starling resistor, a model of an elastic, collapsible
tube surrounded by a chamber at a critical pressure Pcrit that simulates tissue
pressure, as depicted in Fig. 1.5. Studies on Starling resistors have identified
several different types of flow-induced oscillations, including high-frequency
flutter and low-frequency waves (Bertram 2003). A problem surrounding the
theoretical models of compressible tubes is the requirement of valid closure
assumptions to obtain tube laws. Another issue is the neglect of wall inertia,
as it is not considered necessary for the explanation of the onset of most flow-
induced instability. However, wall inertia becomes particularly important for
physiological scenarios, where the wall density is much greater than that of the
fluid, as it is the case for respiratory flow. Despite the considerable amount
of studies conducted in this research area, the understanding of processes such
as the generation and propagation of instabilites in single-phase flow through
elastic tubes, leading to wall oscillations as they occur in the upper airway, is
still incomplete (Grotberg & Jensen 2004; Heil & Hazel 2011).

Figure 1.6. Vocal tract geometries of Finnish vowels. The
surface data has been obtained via MRI measurements by the
Speech Modelling Group at the Department of Mathematics
and Systems Analysis, Aalto University.

In addition to its function as airway, the pharynx, together with the upper
respiratory ducts forms the vocal tract and is thus also involved in voice gen-
eration. In this context, phonation can be regarded as a two-step process: The
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larynx, which is further explained in Sec. 1.2.1, acts as voice source emitting a
signal of constant base frequency, while the vocal tract can be seen as a passive
resonator or acoustic filter, which modifies the signal and amplifies it at the
resonance frequencies. Therefore, different sounds and vowels can be generated
by a particular vocal tract geometry with the fundamental frequency F0 being
constant. Fig. 1.6 shows the internal upper airway geometries extracted from
MRI scans of a healthy subject vocalising specific vowels. It can be seen that
already slight changes in the resonance volume of the upper airways cavities at
constant source frequency F0 can cause diverse sounds being propagated into
the far-field. Speech is then produced by the continuous manipulation of the
upper airway geometry. This process is powered by a supply of airflow from
the lungs.



CHAPTER 2

Background and Motivation

The main motivation for this work and research on the biomechanical and
acoustical aspects of the human upper airways is the large prevalence of vocal
and respiratory disorders affecting the common population. By approaching
the problem from an engineering perspective, the goal is to supply medical
specialists with alternative advice on possible therapeutic interventions besides
the conservative methods that are largely based on experiences of physicians.
Additionally, the knowledge and insights gained through such studies will fur-
ther advance the understanding of the function of the upper airways under
normal circumstances. In the following, the most wide-spread airway diseases
are described (cf. Sec. 2.1-2.2) along with a list of research goals of this project
(cf. Sec. 2.3).

2.1. Conditions Affecting Voice Generation

The ability to speak and express oneself by phonation is a basic human feature.
However, the capacity to do so can be considerably compromised by diseases
affecting the upper airways.
The majority of people is able to perform regular voice production as described
in detail in Sec. 1.2.2. However, up to 30% of the human population are esti-
mated to develop a voice production disorder at some point in their life (Mittal
et al. 2013). Roy et al. (2004) found that certain professions with extensive
voice use, like teachers and professors, show an occurrence of voice disorders
of as high as 60%. At any given time, approximately 7% of the general popu-
lation are suffering from some kind of vocal disorder. Although most of these
conditions are short-lived, with less than four weeks in duration, many lead
to severe permanent effects on job performance, occupational voice use, and
social engagement (Roy et al. 2005). Women have a slightly higher incidence
of voice disorders. It has been hypothesized that the reason for this lies in the
differences in laryngeal anatomy: Women have shorter vocal folds vibrating at
a higher fundamental frequency. As a result, there is less tissue mass available
to dampen higher vibratory force, which is released at the impact during ad-
duction. Conditions of the vocal folds and upper airways can directly influence
the fundamental frequency of the periodic movement of the glottis as well as the
waveform of the source signal. This could further impair a patient’s ability to

10
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excite resonances of the vocal tract and generate vowels. Laryngeal pathologies
can significantly contribute to the occurrence of non-linear behaviour during
voice production. The most prevalent of voice disorders is unilateral (partial)
or bilateral (total) vocal fold paralysis or paresis (VFP). Patients of VFP suf-
fer from tissue weakness leading to insufficient closure of the vocal folds. If
only one side of the glottis is affected, this causes an asymmetry in the vibra-
tion pattern, which relates to hoarseness, increases voice fatigue, and decreased
loudness. Laryngeal paralysis has been linked to a considerably larger opening
quotient of affected patients when compared to normal subjects (Hanson et al.
1988). The opening quotient gives the ratio of the time when the glottis is open
to the total pulsation period. Additionally, the intraglottal flow field happens
to be asymmetric, which leads to the glottal jet attaching predominantly to the
immobile side of the constriction affected by paralysis (Erath & Plesniak 2010).
Also biphonation might occur, in which case the two vocal folds are vibrating
at two different frequencies. Xue et al. (2010) showed that the asysnchronous
movement pattern caused by unilateral vocal fold paralysis leads to a higher
subglottal pressure neccessary for phonation onset and that the resulting fun-
damental frequency is given by entrainment of the two eigenmodes of the vocal
folds. Overall, the asymmetric behaviour of the tissue and the flow as a result
of vocal fold paralysis causes non-linear effects and in some cases even chaotic
frequency spectra.
Further examples of diseases affecting vocal fold closure and functioning are
polyps, papilloma, cancer at the glottis, or physical trauma at the voice box
(Mathieson 2013). All these conditions are due to lesions at the vocal fold

Table 2.1. Symptoms of common vocal disorders and their
biomechanical cause. Data based on the work by Mittal et al.
(2013).

Vocal condition Biomechanical origin

Hoarseness Aperiodic vocal fold vibration
Vocal fatigue High subglottal pressure
Breathy voice Incomplete glottal closure
Vocal fold nodules Excessive contact stress on the vocal folds
Biphonation Two independent vibrational frequencies

surfaces, which in turn inhibit complete closure. Consequently, a higher sub-
glottal pressure is required for a sustained vibration of the vocal folds and the
occurring lesions introduce additional vortex shedding at the glottis. The oc-
curring vortices disrupt the glottal aerodynamics and have been shown to alter
the location of flow separation downstream (Erath & Plesniak 2012). Tab. 2.1
shows the physical causes behind the most common symptoms affecting the
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ability to speak.
The most wide-spread surgical intervention in cases of incomplete glottal clo-
sure is the laryngoplasty, in particular the medialisation thyroplasty. In this
procedure, the immobile vocal fold is adjusted by a silicon or plastic implant
such that contact between the vocal folds and therefore the closing phase of
the glottal cycle is reestablished, as shown in Fig. 2.1. This operation is del-
icate and its positive outcome highly dependent on the correct placement of
the implant, for which there are no exact, objective criteria. Also the vestibu-

Figure 2.1. Medialisation thyroplasty for restoring a pa-
tient’s voice. A window is cut into the thyroid cartilage (a).
The position of the immobile vocal fold is adjusted via an
implant (b), which is kept in place by a shim (c) (Nawka &
Hosemann 2005).

lar folds have been found to develop pathological behaviour, called ventricular
dysphonia (Nasri et al. 1996). In this case the false vocal folds are excited
to oscillation during phonation and disturb the regular movement of the true
vocal folds due to back-coupling.

In speech biomechanics, there is considerable research effort dedicated to-
wards finding ways to treat patients with disorders in the upper airways af-
fecting their ability to talk. However, the possibilities to examine the effects of
conditions in these sensitive areas are limited due to multiple reasons. First, the
vocal tract is a confined and complex cavity that makes in-vivo measurements of
its internal dimensions and elastic properties a difficult if not impossible task.
Additionally, phonation implies a complex unsteady flow-structure-acoustics
interaction. It is a highly dynamic process, during which the behaviour of the
upper airways and possible effects of back coupling are hard to monitor. Thus,
when dealing with diseases of the upper airways and the vocal tract, physicians
are often limited in their options to assess the effect a particular surgical proce-
dure might have on the patient. There is no method to estimate a priori what
the outcome of a therapeutic intervention could be for the patient’s ability to
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speak. The large prevalence of laryngeal pathologies in the common population
and the sensitivity of our voice to even small changes in structure and health of
the larynx poses a major motivation for the study of fluid-structure-acoustics
interaction in the vocal tract. As a result, such research will progress the un-
derstanding of cause-effect relationships of phonation and help to gain insight
into the fundamental mechanisms generating the wide range and richness of
the human voice.

2.2. Conditions of the Respiratory Tract

Breathing is a basic vital function, which can be significantly compromised for
patients with airway disorders. The upper respiratory tract resembles a system
of deformable tubes of low elastic modulus. Therefore, its opening is depen-
dent on the air pressure and pressure inside the tissue, as discussed in Sec.
1.2.2. Due to muscle relaxation during sleep, this can lead to collapse of the
airways, which poses a severe danger for affected patients. Hypopnea means
partial closing of the pharyngeal airway, while apnea implies total closing (cf.
Fig. 2.2).
Obstructions of the upper airways during sleep are a common occurrence af-
fecting large parts of the population of developed countries. In particular ob-
structive sleep apnea (OSA) and related conditions affect both life expectancy
and life quality of patients considerably. The prevalence of OSA depends on the
applied definition. Typically, an average number of 10 apneic and hypopneic
episodes per hour of sleep is considered as strong indication of OSA (Silverberg
et al. 2002). The number of such events per sleep hour is generally referred
to as apnea-hypopnea index (AHI), or respiratory disturbance index. If the
common definition of an AHI of 10 or more is applied for the classification of
sleep apnea, it can be shown that about 10% of persons in the age group of
30-60 years have OSA, with 15% of men and 5% of women (Young et al. 1993),
making it the most wide-spread obstructive airway disorder with more than
12 million affected people in the United States alone. Although sleep apnea
can manifest at any age, the incidence of cases rises both with age and gain in
bodyweight (Fietze et al. 2011).
Alongside the more obvious complications that can arise due to airway con-
strictions during sleep, like choking or inhibition of air transport to the lungs
leading to low brain oxygen saturation, OSA has been linked to essential hy-
pertension, heart failure, and premature death (Lavie et al. 2001; Silverberg
et al. 2002; Naughton 2006; Oldenburg et al. 2007).
Besides being a harmful condition for the affected patients themselves, OSA has
been identified as a high risk factor for motor vehicle accidents and thus repre-
sents a potential threat for the general public (Tregear et al. 2009; Philip et al.
2010). This is due to the excessive daytime sleepiness, drowsiness, and lack
of concentration resulting from unrestful sleep. In recent years, meta-analyses
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have been carried out that evaluated the relative risk factor of accident involve-
ment of drivers with certain medical conditions: While mental disorders lead
to a relative risk of 1.72, drugs and medicine to 1.58, and alcoholism to 2.00,
sleep apnea and narcolepsy has a risk factor of 3.71, with most of it due to sleep
apnea (Mäkinen et al. 2003). This means that a patient of OSA is almost four
times as likely to be involved in a motor vehicle accident as an ordinary person.
A screening for OSA before both receiving and renewing one’s driving license
is under constant discussion by a specialised working group of the European
Union (McNicholas 2013).
Apart from the considerable human toll and harm to health caused by OSA
and related sleep disorders, there is also a significant financial burden attached
to it. In the United States, the indirect costs of sleep disorders to the general
public have been estimated by the American National Commision on Sleep
Disorders Research to be as high as 15 billion US dollar per year (Shome et al.
1998). In particular untreated sleep apnea is found to accumulate about 3.4
billion US dollar of additional medical costs. Additionally, OSA is estimated
to be twice as expensive for the health care system prior to diagnosis as af-
terwards, stressing the importance of quick and reliable diagnostic methods
(Kapur et al. 1999). Since patients of OSA typically show no detectable respi-

(a) (b)

Figure 2.2. Sketch of the different forms of upper airway ob-
structions (a). The flow condition is shown for a normal sub-
ject (above), alongside cases of hypopnea and apnea (below)
(Somers et al. 2008). During the passive stage of the tissue
(e.g. during sleep), a higher transmural pressure Ptm is re-
quired for sustaining a certain airway cross-sectional area (b).
The pressure difference Pmus is caused by the loss of muscle
activity (Ayappa & Rapoport 2003).

ratory abnormality while awake, the clinical diagnostic method of choice is a
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so-called polysomnography, which involves monitoring vital function and respi-
ration frequency among other parameters of the patient while sleeping. How-
ever, sleep monitoring is not only a time-consuming process for both patient
and physician, it is also expensive with an average health care cost of 390 Euro
per study and person in the European Union. The range of costs in different
countries is from 700 Euro in Finland and Germany to 180 Euro in Greece, with
Sweden placed around the mean (Escourrou et al. 2000). The main diagnosis
of performed polysomnography in Europe is sleep apnea in adults, confirming
its standing as the most prevalent sleep disorder.

Obstructional diseases of the upper airway usually lead to audible sound
being generated by tissue oscillations in the acoustic near field. Elastic struc-
tures subjected to unsteady flow of low Reynolds number tend to exhibit strong
oscillatory behaviour under certain conditions of the pressure fluctuations. This
occurs, if the frequency of the shed vorticity in the flow lies in the vicinity of the
natural frequency of the structure. The amplitude of the vibrational response
then depends heavily on the elastic modulus. In extreme cases resonance can
be obtained and the magnitude of the displacements reaches a maximum. The
resulting structural oscillations emit acoustic waves of significant sound power.
Vibrations at the domain wall can cause noise generation of a broadband,
noise-like character in the high-frequency range (> 500Hz), which is typically
referred to as pharyngeal or non-palatal snoring. However, the dominant sound
source of snoring is the oscillating soft palate, an elongated structure of small
Young’s modulus separating the oral from the nasal cavity, as described in Sec.
1.1, with the pitch of the snoring sound in the low spectral bands (< 500Hz)
(Huang et al. 1995; Pevernagie et al. 2010). This process is called palatal snor-
ing. The soft palate tends to have a higher length and area for obstruction

Table 2.2. Anatomical dimensions of the soft palate of nor-
mal subjects, as well as of snorers and OSA patients. The data
was obtained by Rodenstein et al. (1990) through polysomnog-
raphy and MRI measurements of the pharynx.

Soft palate length (cm) Soft palate area (cm2)

Normal subjects 4.1 (±0.4) 3.7 (±0.5)
Simple snorers 4.5 (±1.1) 4.8 (±1.2)
OSA patients 4.7 (±0.7) 5.6 (±1.3)

cases of increasing severity, as demonstrated in Tab. 2.2 for sample groups of
normal subjects, pathological snorers, and OSA patients. The longer the soft
palate, the higher the probability of partial or total occlusion of the respiratory
channels, which can be seen in Fig. 2.2(a).
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Snoring source identification indicated that the origin of noise-generating vi-
brations are mainly the tongue, the soft palate, and the nasal cavity, with the
highest sound power being emitted at the resonance frequencies of the soft
palate (Liu et al. 2007). When both nose and mouth are open and an inflow
occurs over upper and lower surfaces of the soft palate, an intermittent ob-
struction of the airways in the nasal and oral cavities takes place. If the mouth
is closed, the soft palate temporarily obstructs the nasopharyngeal channel
(Bertram 2008). In some cases snoring sound might result from oscillations
of the elastic pharyngeal airway itself. All these scenarios however include the
excited vibration of flexible parts of the upper airways leading to a considerable
noise generation. The measurement and characterisation of tissue properties is
widely considered a crucial obstacle towards the accurate simulation of patient-
specific cases. Constitutive laws and equations of state for the modelling of the
tissue behaviour have been based on experimentally determined parameters,
which show large discrepancies depending on source and applied methodology,
as demonstrated by data from different publications in Tab. 2.3. Additionally,

Table 2.3. Material properties of the soft palate taken from
various literature. The data was obtained through ex-vivo1

and in-vivo2 measurements, as well as through meta-studies3.

Young’s modulus E (Pa) Poisson’s ratio −dεtrans

dεaxial

Birch & Srodon (2009)1 585-1409 0.22-0.54
Cheng et al. (2011)2 7539 0.49
Zhu et al. (2012)3 3000 0.49
Wang et al. (2012)3 25000 0.42

the tissue surrounding the upper airways shows different stiffness and resistance
depening on its active or passive state, as Fig. 2.2(b) demonstrates. The mus-
cle activity and elasticity during sleep drops, causing relaxation of the tissue
and making it more likely to collapse or be excited to vibrations.

It has been found in population studies that up to 81% of middle-aged men
snore for more than 10% of the time between bedtime and getting up (Bearpark
et al. 1995). Conservative estimates of snoring as a prevalent disorder suggest
that it affects 20-40% of the general population. Although there is a strong
correlation between obstructive sleep disorders and snoring, not all snorers are
automatically OSA patients. An estimated 10% of snorers are considered to
be at risk to OSA (Bertram 2008; Chouly et al. 2008; Rasani et al. 2011).
The role of the nasal cavity in snoring and sleep-disordered breathing, as well
as its coupling to other parts of the upper airway, has yet to be understood
(Rappai et al. 2003; Pevernagie et al. 2005). The change in nasal airflow due
to obstructions during sleep and the accompanying rise in airway resistance
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might trigger OSA in particular cases. However, the causality between nasal
constrictions and the development of sleep-disordered breathing is not clear.

Different approaches exist for the treatment of OSA and heavy snoring.
Usually, non-invasive therapeutical measures are preferred. The most common
is the use of a continuous positive airway pressure (CPAP) device. Thereby,
the patient wears a facial mask during sleep, which applies a pressure at the
nose to keep the pharynx from collapsing. If non-invasive treatment plans fail,
surgical procedures are considered. These can range from minimally invasive,
like the pillar procedure, where small pillars are inserted into the soft palate
to artificially stiffen the tissue, to highly invasive, like the uvulopalatopharyn-
goplasty, a downsizing or removal of the flexible parts around the uvula. Sher
et al. (1996) conducted meta-studies based on long-term observation of patients
and found that surgical procedures for the treatment of OSA are effective in
less than 50% of cases. A high failure rate with surgeries turning out to be not
helpful, or even detrimental for the patient are thus the reality. So far there
is no possibility to assess the outcome of a surgical procedure at the airways
a priori. However, by analyzing both flow and acoustics of the problem, valid
assumptions can be made on how a particular airway configuration may trig-
ger breathing problems or the generation of noise. Thus, it could be possible
to anticipate the outcome of certain medical measures by means of numerical
simulations in advance to actually performing them. A practical example is the
study of efficacy of the mandibular advancement splint (MAS), a device worn
during sleep that protrudes the lower jaw and thus potentially inhibits snoring
and OSA events from happening (Zhao et al. 2013a,b). Up until now, studies
on airway closure and reopening have been based on highly idealised geome-
tries, thus neglecting important factors such as asymmetry and anisotropy in
physiological channels.

2.3. Research Objectives

The goal of this work is a better understanding of the physical processes in the
upper airways related to the intended (cf. Sec. 2.1) and unintended generation
and propagation of sound in the human upper airways (cf. Sec. 2.2). The study
aims at understanding the physical mechanisms leading to coupling between
the flow, the flexible structures, and acoustics in the respiratory and vocal
tract. In the following, a brief outline of the main goals of the research project
is given:

• Test of low- and high-order models for acoustic simulations of the human
upper airways.

Initially, models of different complexity are assessed in terms
of their ability to accurately predict acoustic frequencies of
airway volumes. Up until now, no computational model ex-
ists that fully simulates the dynamic behavior of the upper
airway during respiration and phonation. A model, which
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takes into account the fluid-structure interaction between
the airflow and the compliant parts of the respiratory tract
is needed to assess the conditions of blockage or sound gen-
eration due to vibrations. A particular challenge is the
design and successful application of realistic airway models
to achieve reliable predictions.

• Verification and validation of the proposed numerical method for sim-
plified models.

The numerical method chosen for this work is to be vali-
dated by the use of simplified geometries used in literature
and experiments in order to compare the results with avail-
able data, such as profiles of mean surface pressure and
mean velocity.1

• Implementation of a method for strongly coupled fluid-structure inter-
action simulation.

Simulations based on fluid-structure interaction with strong
coupling are essential for the prediction of noise generation
of flexible bodies under the influence of shear flow. Espe-
cially flow-induced body vibrations, which contribute to a
significant part of the total sound output, need to be pre-
dicted accordingly.

• Demonstration of convergence of the first and second statistical mo-
ment (mean and variance) of the important flow variables for increasing
numerical grid resolution.

The solution of the unsteady numerical flow simulations is
compared for different cell counts and computational grid
sizes for the investigated geometries. The discretisation
errors shall be computed and minimised.

• Computation of the unsteady, intermittent flow through simulations of
a realistic, patient-specific model of the upper airways.

Eventually, a computational tool shall be developed to al-
low for reliable prediction of flow and acoustics related to
changes of the vocal tract due to disease or surgical inter-
vention. The improved understanding of the mechanisms
of voice disorders and their possible treatment has ben-
efits for both diagnostics and therapeutic outcome. The
data gained from a full upper airway model based on MRI
images from patients would help surgeons in their decision-
making process concerning the individual choice of ther-
apeutic method best suited for a particular case. Thus,
the failure rate of medical procedures could be significantly
lowered and an a priori estimation of the outcome could be

1cf. studies conducted by Scherer et al. (2001) and Aalto et al. (2014)
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given. The lack of a current predictive model for the airflow
and acoustic pressure in case of an obstruction can be met
with a realistic model of the human upper airway. The ef-
fectiveness and success rate of surgical procedures can thus
be improved by intervening already at the diagnostic stage.
In this study, a full-scale airway model is constructed, tak-
ing into account MRI images and resulting surface files ex-
tracted by the Speech Modelling Group at the Department
of Mathematics and Systems Analysis, Aalto University
(Aalto et al. 2014).

• Identification and quantification of the acoustic sources inside both sim-
plified and realistic geometries of the upper airways by applying direct
compressible simulations and acoustic analogies.

By studying the fluid-structure interaction and the acoustic
response of the vibrating structures of the human upper air-
ways to flow fluctuations, a correlation between dominant
frequencies in the spectrum and the anatomical character-
istics of the respiratory tract could be achieved. The partic-
ular connection between airway and nasal resistance during
sleep on the one hand, and sleep apnea and snoring on the
other hand, has not been shown and literature suggests
that it is still an open research question (Pevernagie et al.
2005). Resonance effects of flexible elements and the onset
of aerodynamic sound generation need to be investigated in
order to understand effects due to fluid-structure-acoustics
interaction in the upper airways.

• Determine the sensitivity of flow instabilities, structural oscillations, and
acoustics towards changes of critical parameters (i.e. Reynolds number
Re, elasticity E, etc.).

The different configurations are tested for varying inflow
velocities and Reynolds numbers, taking into account ma-
terial parameters of patient-specific scenarios. The neces-
sary soft tissue properties and constitutive models in liter-
ature show significant variations between studies (Birch &
Srodon 2009; Cheng et al. 2011). Thus, it is necessary to
study the impact of variations in quantities like the Young’s
modulus E on the behaviour of the tissue. The computed
data for flow and acoustic fields will give valuable input on
the impact and direct consequences of a prevalent condi-
tion. Thus, the critical areas of the patient’s airway could
be identified and direct, effective measures could be initi-
ated based on the findings.
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Modelling of the Human Upper Airways

Due to their complexity and the interaction of tissue and fluid mechanics the
first approach for simulating the behaviour of the upper airways are low-order
models. This is particularly the case for speech acoustics, where the main
interest lies in the prediction of resonance frequencies and sound pressure levels
(cf. Sec. 3.1). A downside of this approach is the strong simplification and
restriction to only wave propagation, while flow physics and tissue elasticity
are neglected.
In order to get a physical understanding of the sound-generating processes, the
occurring flow structures, and the tissue deformation, high-order models are
thus required (cf. Sec. 3.2).

3.1. Low-Order Models

When looking at the upper airway as a resonance body, it is possible to extract
the dominating frequencies in the acoustic spectrum by solving a simplified
problem based on the one-dimensional wave equation.

3.1.1. One-Dimensional Wave Equation

In order to obtain the resonance frequencies related to a particular airway con-
figuration, one can start out with the idealised, one-dimensional homogeneous
wave equation

1

c20

∂2pa
∂t2

−∇2
zpa = 0, (3.1)

for the acoustic pressure pa. The speed of sound at room temperature is
c0 = 343.21 m/s. A commonly known general solution of this equation is
of d’Alembert type

pa (z, t) = p+
a (z − c0t) + p−a (z + c0t) , (3.2)

which is a superposition of waves travelling in the positive and negative di-
rection, indicated by the superscripts + and −, that are reflected by the solid
domain boundaries. The one-dimensional wave equation can be applied to ge-
ometries of different shapes in order to give the resonance frequencies of the
particular object. It is particularly suited for simple symmetric geometries,
where boundary conditions such as reflection and transmission coefficients can

20
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be easily specified. One such example is the wave reflection analogue for upper
airways.

3.1.2. Wave Reflection Analogue

A common approach to model vocal tract acoustics is based on using the ap-
proximation of an axially symmetric tube for the upper airways (Liljencrants
1985a,b). Story et al. (1996) showed that the segments of the tube can be
defined by vocal tract area functions that are extracted from an upper airway
geometry. Thus, the approximation is one-dimensional, as the area function
shows only a dependence on the distance in the axial direction along the tubu-
lar vocal tract. In this case the solution to the one-dimensional wave equation
as introduced with Eq. (3.1) is a sum of d’Alembert waves propagating back
and forth in the channel. Thereby, the resulting solution for the fluctuating
pressure pa is evaluated at each section interface of the tube. The spatial vari-
able and the time are discretised as k = z/∆z and n = t/∆t, respectively. The
acoustic resistance of the vocal tract is computed by taking into account the
cross-sectional area Ak of its segments k as follows:

Rk =
Ak −Ak+1

Ak +Ak+1
. (3.3)

After some rearrangements, the solution for the acoustic pressure pa → p
can be achieved as the ultimate recursive relationships

p−k,n = (1−Rk) p−k+1,n−1 +Rkp
+
k,n−1,

p+
k+1,n = (1 +Rk) p−k,n−1 −Rkp−k+1,n−1, (3.4)

in terms of incident and departing waves.
The reflection analogue method is applied in this study for comparison with
the data obtained through computational fluid dynamics, as well as for the
investigation of the effect of length variations of the vocal tract (cf. Sec. 4.2).

3.2. High-Order Models

Despite the good performance of low-order models for the prediction of res-
onance modes of an airway geometry and their obvious advantage in compu-
tational costs, eventually only high-order modelling gives the necessary infor-
mation about physical effects occurring during the process of phonation and
acoustic wave interaction.

3.2.1. Three-Dimensional Helmholtz Eigenvalue Problem

The resonance frequencies of a full-scale, three-dimensional upper airway model,
as it can be achieved through magnetic resonance imaging (MRI), can be ob-
tained through solution of the homogeneous wave equation in three dimensions.
The problem can be treated by rearranging the wave equation as a Helmholtz
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eigenvalue problem. Here, the wave equation is applied to the velocity potential
φ = φ (~r, t): (

∂2

∂x2
i

− 1

c20

∂2

∂t2

)
φ = 0. (3.5)

with the speed of sound in air c0. By assuming the scalar potential to be
separable,

φ (~r, t) = Φ (~r) f (t) = Φ (~r) eikct, (3.6)

the wave equation (3.5) can be rewritten as an eigenvalue problem(
∂2

∂x2
i

+ k2

)
φ = 0, (3.7)

with the derivative in the normal direction at the solid walls given by the
Neumann boundary condition

∂φ

∂n
= 0. (3.8)

Eq. (3.7) is also referred to as Helmholtz equation. Its eigenvalues are a set of
wave numbers kn for a particular domain, that are related to the Helmholtz
frequencies by fn = ωn/ (2π) = knc/ (2π). These are the acoustic frequencies,
at which a considered volume is resonating. By solving Eq.( 3.7) for a particular
domain, the dominant, energy containing peaks in the frequency spectrum are
computed.

3.2.2. Numerical Flow Simulation

Computational fluid dynamics (CFD) is a fairly recent approach to voice acous-
tics that allows to compute acoustic pressures as a by-product of the numerical
solution of the compressible Navier-Stokes equations. CFD has been applied
within the field of biomechanics of the human upper airways with the aim
to model and correctly predict the flow characteristics (Löhner et al. 2003).
Although simplified geometries of the respiratory tract have been successfully
used initially, the need to move on to patient-specific geometries obtained from
medical imaging (e.g. MRI scans) for the purpose of higher accuracy became
evident (Martonen et al. 2002; Collins et al. 2007). Particularly for cases with
surgical intervention that directly alters the structure of the patient’s upper
respiratory tract, CFD became a viable method to assess the effectiveness of
these invasive measures to alleviate obstructive sleep apnea (OSA). CFD sim-
ulations have been applied to study the consequences of nasal surgery and to
perform virtual surgery in order to evaluate treatment plans for disorders such
as atrophic rhinitis and septum deviation alongside OSA (Wexler et al. 2005;
Garcia et al. 2007; Mihaescu et al. 2008; Chen et al. 2009). Parameters like
airway resistance and pressure drop along the pharyngeal domain have been
assessed in order to make estimations about the effectiveness of a proposed
treatment plan (Xu et al. 2006; Mihaescu et al. 2011).
For a direct computation of both the velocity field in the vocal tract and the
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acoustic pressure fluctuations in the near field, compressible flow simulations
using the finite volume method are performed in this work. Therefore, the be-
haviour of the fluid is described by the Navier-Stokes equations in compressible
form. The continuity equation

∂ρ

∂t
+
∂ (ρui)

∂xi
= 0, (3.9)

ensures conservation of mass in the fluid, while the momentum equation

∂ (ρuj)

∂t
+ ui

∂ (ρuj)

∂xi
= − ∂p

∂xj
+ µ

∂2uj
∂x2

i

+
1

3
µ
∂

∂xj

∂uk
∂xk

, (3.10)

guarantees conservation of momentum. The Dirichlet boundary condition, ui =
0, referred to as no-slip boundary condition, is imposed at the solid walls.
Energy conservation is ensured by

∂

∂t
(ρe0) +

∂

∂xi
(ρuje0) = − ∂

∂xi
(pui)−

∂qi
∂xi

+
∂

∂xi
(ujτij) , (3.11)

with the shear stress tensor τij . The position in Cartesian coordinates xi, the
fluid velocity ui, and the heat flux qi are vector quantities with indices i, j, and
k, while the time t, density ρ, dynamic viscosity µ, and static pressure p are
the occurring scalar quantities. The total energy per unit volume e0 is defined
as the sum of the specific internal energy and the specific kinetic energy

e0 = e+
1

2
uiui, (3.12)

with the internal energy being related to the enthalpy h = cpT via e = h−p/ρ,
with the specific heat capacity of air at constant pressure cp. Body forces like
gravity are not considered in this study as their effect on airflow in the upper
airways is negligible.

Initially, a steady Reynolds-averaged Navier-Stokes (RANS) simulation of
the flow is conducted in order to obtain a reliable estimate of the mean pressure
field. In this approach, the governing Navier-Stokes equations of the flow are
solved numerically in a time-averaged manner. This is achieved by applying
Reynolds decomposition and splitting up flow velocity ui (~r, t) = ui (~r, t) +
u′i (~r, t) and pressure p (~r, t) = p (~r, t) + p′ (~r, t) into its mean part denoted by
the overbar and its fluctuating part denoted by the prime. The time average
of a flow variable ψ (~r, t) is thus defined as

ψ (~r, t) = lim
T→∞

1

T

t+T∫
t

ψdt, (3.13)

with the average of the fluctuating part vanishing as

ψ′ (~r, t) ≡ 0. (3.14)

In the RANS approach, applying the Reynolds average as presented in Eq.
(3.13), the density fluctuations are neglected. However, for the purpose of
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establishing an estimate of the mean flow properties and for flow cases of M �
1, as in the human upper airways, it is a fast alternative. The resulting set of
mean flow equations then reads as

∂ρ

∂t
+

∂

∂xi
(ρui) = 0, (3.15)

∂
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∂
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)
+ ρf i, (3.16)
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u′iu
′
i

]
. (3.17)

Here the τ ij is the mean viscous shear stress tensor given by the time-averaged
net momentum flux through molecular motion at microscopic scales. The tur-
bulent stress tensor τRij , also known as Reynolds stress tensor, gives the time-
averaged transport of momentum through velocity fluctuations at macroscopic
scales. It is defined as

τRij = −ρu′iu′j . (3.18)

Following the assessment of mean values by applying RANS in this work,
an unsteady simulation is performed. The chosen method is referred to as large
eddy simulation (LES). It resolves only fluctuations of the flow variables in the
large scales, which contain the majority of the turbulence energy. As opposed
to RANS, where the underlying equations are derived from averaging, LES
applies a filtering operation to the flow variable

ψ̃ (~r, t) ≡
∫
V

ψ (~r′, t)G (~r, ~r′) d~r′, (3.19)

by use of the filter function G (~r, ~r′) = G(~r − ~r′) that acts as a convolution
kernel. Thus, the quantity can be decomposed into a filtered part, specified by
the tilde and defined in Eq. (3.19), and a subfilter one, denoted by the prime:

ψ (~r, t) = ψ̃ (~r, t) + ψ′ (~r, t) . (3.20)

Unlike the Reynolds decomposition, filtered fluctuations arising from LES are
not generally equal to zero as

ψ′ 6= 0, ψ 6= ψ (3.21)
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For the time-dependent computations, the spatially filtered Navier-Stokes equa-
tions for the momentum of the fluid,

∂ρũi
∂t

+
∂ρũiũj
∂xj

= − ∂p

∂xi
+
∂σij
∂xj

−
∂ρτSGSij

∂xj
+

∂

∂xj
(σij − σ̃ij) (3.22)

with the shear stress tensor σij and the subgrid stress tensor τSGSij , are calcu-
lated for a numerical mesh size small enough to properly handle the complex
geometry of the upper airways and to resolve the most important, energy con-
taining flow structures. The subgrid scales of the flow, which are smaller than
the numerical cell size, are low-pass filtered by the computational grid. Thus,
the filter width is directly related to the spatial resolution of the mesh.

LES gives better prediction of the time-averaged flow field than RANS
and the lattice Boltzmann method (LBM) in cases of large domains. Chen &
Gutmark (2014) were able to show that LES gives better estimates of the root
mean square flow field than the Reynolds stress model (RSM) and LBM . This is
the reason for using this approach as the method of choice for the computations
performed in this study. The underlying computational meshes are refined with
regards to the obstacle as well as towards the boundaries of the domain. Grid
spacing ∆x and time step ∆t are chosen to satisfy the Courant-Friedrichs-Levy
(CFL) criterion. The convective Courant number CFLc = u∆t/∆x and the
acoustic one CFLa = c0∆t/∆x are related via the Mach number

CFLc
CFLa

=
u

c0
= M. (3.23)

As the Mach number of the considered flow regime is small (M � 1), the
convective Courant number becomes the critical parameter for the choice of
grid and time step sizes to capture all the aerodynamic fluctuations in the
source region (CFLc � CFLa).

The maximum timestep of the computation is chosen as ∆tmax = 10−4

s, sufficiently small to resolve the full Fourier spectrum of frequencies relevant
for phonation. The near-wall regions are resolved accordingly such that a non-
dimensional wall distance of

y+ =
yu∗

ν
=
y
√
τw/ρ

ν
≤ 1, (3.24)

depending on the wall shear stress τw and the kinematic viscosity ν, is obtained.
The fluctuations in velocity and pressure are computed in a coupled manner.
The convective flux is computed by spatial discretisation via a bounded central-
difference scheme. Integration in time is performed via an implicit scheme
and with a temporal discretisation of second order consisting of 5 to 15 inner
iterations per time step.

The air is modelled in the numerical simulations by the ideal gas law

p = ρRT, (3.25)
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relating gas pressure p and temperature T via the specific gas constant of air
R = 287.06 J/(kgK).

3.3. Fluid-Structure Interaction

Due to the wide range of effects and phenomena that can be attributed to
fluid-structure interactions, it remains a highly relevant field of research in the
area of physiological fluid mechanics.
An important factor is the flexibility of the airway that leads to displacement
of the soft tissue and thus significantly alters the flow conditions and acoustics.
This challenge has been partially adressed by the quasi-static approximation,
using the steady flow fields inside static geometries at different stages of the
deformation to make predictions about the dynamic behaviour (Zhang et al.
2002; Lucey et al. 2010).
However, ultimately flexibility needs to be taken into account by modelling the
fluid-structure interaction (FSI) between the airflow and the elastic walls.

In this work, FSI is simulated in an explicit two-way coupling approach.
The absolute and static pressure as well as the wall shear stress fields at the
interfaces are used for computing the overall stress imposed on the structure at
each time step, while the displacement fields are fed back in order to rearrange
the grid via mesh morphing at each inner iteration.

Soft tissues, like the ligaments and mucosa in the human upper airways,
show mechanical properties that depend strongly on factors such as age, gender,
and health status, but also on temperature, osmotic pressure, and strain rate
(Holzapfel 2001). However, for the purpose of this study and for the considered
degree of tissue displacement, a linear isotropic elastic stress-strain relationship,
valid for small strains, is employed. In this approach, the strain field of the
solid is directly related to the gradient of the displacement field. The stress
field is linked to the strain field via the constitutive law

σij = 2G

[
εij − δij

1

3

3∑
i=1

εii

]
+ δijK

3∑
i=1

(
εii − εTii

)
, (3.26)

expressing the stress tensor σij as a linear function of the strain tensor εij via
the shear modulus G, the bulk modulus K, and the isotropic thermal strain
tensor εTij . This relationship can also be expressed in terms of Young’s modulus
E and Poisson’s ratio −dεtrans/dεaxial as

E
(
εij − εTij

)
=

(
1− dεtrans

dεaxial

)
σij + δij

dεtrans
dεaxial

3∑
i=1

σii, (3.27)

with

G =
E

2
(

1− dεtrans

dεaxial

) , (3.28)
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K =
E

3
(

1 + 2dεtrans

dεaxial

) . (3.29)

For the structural mechanics a finite element model is used to account for the
deformation of the tissue as response to the shear stress and surface pressure
imposed by the fluid on the boundary walls. This requires a simultaneous
solution of both fluid and wall properties for a coupled FSI simulation. The
numerical approach applied in this project has been validated for an extensive
benchmark case (Turek & Hron 2006; Turek et al. 2011).

3.4. Aeroacoustics

On the one hand, large eddy simulations (LES), or even direct numerical sim-
ulations (DNS) have been used in the past for directly computing acoustic
pressure levels generated and propagated by flows. On the other hand, acous-
tic analogies are regularly applied to obtain the acoustic signal generated by
aerodynamic sources. In general, two main sources of aerodynamic sound can
be identified: The velocity variations associated with the developed vortical
flow structures in a turbulent flow scenario and the fluctuations of pressure on
a surface. The latter are caused by the unsteady flow and vortices impacting on
the boundaries of a rigid or elastic body. Therefore, a turbulent flow field can
be seen as a distribution of acoustic quadrupole sources, while surface pertur-
bations are typically dipole sources. The nature of the pressure perturbations
is dependent on the domain. In the source region (i.e. near-field) they are due
to flow fluctuations and turbulence, convected with the flow velocity, while in
the propagation region (i.e. far-field) they are caused by acoustic fluctuations
that are irrotational, moving with the speed of sound.

3.4.1. Lighthill Equation

Lighthill (1952) was the first to draw the analogy of acoustic wave propagation
to fluid mechanics for the application of jets into free stream. The Lighthill
analogy suggests a direct causal connection between the aerodynamic pressure
fluctuations in a near-field and the acoustics in the far-field. It considers the
flow-induced perturbations in the near-field as source for an inhomogeneous
wave equation obtained through reformulation of the governing equation system
of fluid mechanics, in this case the Navier-Stokes equation for compressible
viscous flow (3.10): (

1

c20

∂2

∂t2
−∇2

)[
c20 (ρ− ρ0)

]
=

∂2Tij
∂xi∂xj

(3.30)

Eq. (3.30) is the Lighthill equation, in terms of the density fluctuation ρ−ρ0 =
ρ′ and the double divergence of the Lighthill stress tensor

Tij = ρuiuj + δij (p0 + p′ − c0ρ′)− σij , (3.31)
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with the viscous stress tensor σij . Tij is the strengh per unit volume of the
distribution of acoustic sources. Apart from the generation of sound, it also
accounts for convection by the flow and refraction as a result of sound speed
variations (Howe 1998). The expression c20 (ρ− ρ0) tends to the pressure fluc-
tuation p′ = p− p0 as |~r| → ∞ in the fluid outside the source region.

3.4.2. Ffowcs-Williams-Hawkings Equation

Lighthill’s equation was consequently generalised by Ffowcs-Williams and Hawk-
ings (Williams & Hawkings 1969) in order to include moving solid surfaces in
the acoustic source region. The general Ffowcs Williams-Hawkings (FWH)
equation is

(
∂2

∂t2
− c20∇2

)
[H (S) ρ′] =

∂2

∂yi∂yj
[TijH (S)]

− ∂

∂yi

{
[pδij − σij + ρui (uj − vj)]

∂S

∂yj
δ (S)

}
+
∂

∂t

{
[ρ0vi + ρ (ui − vi)]

∂S

∂yi
δ (S)

}
, (3.32)

where H (S) is the Heaviside function, δ (S) is the Dirac function, and S (y, t)
defines the geometry of the wall boundary with S > 0 inside the flow region
and S < 0 outside. Eq. (3.32) contains additional terms for the relative
motion between the fluid of velocity uj and the solid boundaries of velocity
vj . However, its original solution does only apply to unconfined flow scenarios
in free stream, which allow for an unperturbed propagation of the generated
acoustic waves from the near field to the far field. This is not the case in the
considered setups of this study. Nevertheless, a duct-like geometry permits a
few assumptions for the solution of the FWH equation:

• Propagated waves can be assumed planar,
• The propagation direction can be assumed one-dimensional.

The chosen Green’s function fitting with these assumptions is

g (x1, t|y1, τ) =
c0
2
H

(
t− τ − |x1 − y1|

c0

)
, (3.33)

defining a pulse being released at the source location ~y at time τ and detected
at the observation location ~x at time t (Hofmans 1998). The resulting integral
expression gives the pressure fluctuation field originating from the source region
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and satisfies the boundary conditions of the domain:

p′ (x, t) =
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, (3.34)

with the cross-sectional area of the duct S0, the source region V , the unit
normal vector nj , and the retarded time t∗ = t − |x1 − y1|/c0. The terms
on the right hand side of Eq. (3.34) can be attributed to each source type of
aerodynamic sound in the near field. These terms further simplify or cancel
out considering the particular set of boundary conditions and flow properties
present. Term (I) can be identified as a quadrupole source due to the turbulent
flow inside the domain. This contribution to the total pressure perturbation
can be assumed to vanish, since the considered Reynolds numbers of this study
are Re = 100 − 1000, where turbulence is not expected to occur. Term (II)
is a dipole source due to the unsteady forces imposed by the solid surfaces on
the fluid. Term (III) is a monopole source related to the motion of surfaces.
The terms (IV ) and (V ) are monopole sources related to reflections at the inlet
and outlet boundaries. These terms can be neglected in case of acoustically
non-reflecting boundary conditions as applied in this study. Additionally, the
viscous stress components σij in terms (I) and (II) can be ignored even for
low mean inflow velocities (Zhang et al. 2002).

The acoustic signal of the vibrational response of the elastic parts in this
study will be assessed both via direct unsteady, compressible simulations and
the acoustic analogy of the FWH equation. The integration domain includes
both moving and static walls and the formulation takes into account excited,
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vibrating surfaces. Thus, a characterization of sources is pursued for the treated
geometry to quantify the contribution of dipoles and monopoles to the total
acoustic pressure. This is achieved by solving the individual source terms of
the FWH equation in integral form.

3.5. Computational Domain and Boundary Conditions

3.5.1. Rigid Glottal Model

The initial geometry for verification of the applied numerical method, as well
as first studies of the flow structures generated at the glottis are based on
the so-called M5 model for the vocal folds, which was introduced by Scherer
et al. (2001). It is based on average values of the anatomical dimensions of

T

Q4

Q3

Q2

Q5

40◦

B

Q1

Ψ/2

RΨ

RL

Figure 3.1. Geometrical dimensions of the M5 vocal fold
model in the divergent configuration as introduced by Scherer
et al. (2001).

the glottal constriction (cf. Tab. 3.1) and was used for the experimental study
of the pressure distribution at the airway walls. The vocal fold surface design
equations for the geometry depicted in Fig. 3.1 are

Rψ =
R0

1− sin
(
ψ
2

) , RL =
T

2
, (3.35)
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Q2 = RL sin

(
ψ

2

)
, Q3 = Q1 cos

(
ψ

2

)
, (3.38)

Q4 = R0, Q5 = RL sin (50◦) , (3.39)

with human values for the curvature radius R0 = 0.0987 cm, the axial length
T = 0.3 cm, and the glottal angle −40◦ ≤ ψ ≤ 40◦. After initial validation

Table 3.1. Mean values of the laryngeal airway variables as
defined by Scherer et al. (2001) and used for the geometry of
the rigid glottal model. A-P in the table stands for anterior-
posterior direction.

Laryngeal airway variable Physical values

Glottal length (cm) 1.2
Glottal diameter (cm) 0.04-0.08
Glottal thickness (cm) 0.3
Glottal entrance angle (◦) -40-40
Subglottal lateral diameter (cm) 2.0
Subglottal A-P diameter (cm) 2.0
Supraglottal lateral diameter (cm) 2.0
Supraglottal A-P diameter (cm) 2.0

of the numerical method of this study (cf. Sec. 3.6.1), the vestibular folds are
added to the model to account for realistic confinement of the glottal jet. The
computational mesh of the rigid glottal model is unstructured and consists of
polyhedral elements. It is locally refined at the constriction of true and false
vocal folds to capture the flow separation points and vortex shedding, as shown
in Fig. 3.2. Three prism layers are applied towards the solid boundaries and
the mesh is extruded from the in- and outlet with increasing cell base size to
avoid the reflection of pressure fluctuations. The boundaries of the domain
are modelled as static walls with no-slip condition. A constant flow velocity is
imposed at the inlet, while the stagnation pressure at the outlet is atmospheric.



32 3. MODELLING OF THE HUMAN UPPER AIRWAYS

TVF
FVF

(a) (b)

Figure 3.2. Geometry of the rigid glottal model including
both true vocal folds (TVF) and false vocal folds (FVF) (a)
and a magnified plane section of the unstructured mesh at the
glottal constriction (b).

3.5.2. Geometry Based on MRI Measurements

In order to obtain realistic models of the vocal tract for the pronounciations
of different vowels, geometries based on MRI data of a 30 year-old, healthy
male subject are applied. The MRI recordings were performed by the Speech
Modelling Group at the Department of Mathematics and Systems Analysis,
Aalto University, and capture the anatomy of the upper airway cavities during
phonation with the subject in supine position (cf. Fig. 1.6). The subject was
vocalising specific vowels (i.e. [a], [e], [i], [o], [u]) while being firmly aligned
by a head coil in order to allow only movement of the body parts involved in
phonation. The final surface models for the study are obtained by segmen-
tation of the MRI data and extraction of the tissue-air interface. Details on
the acquisition of the MRI data and surface geometries, as well as on the seg-
mentation process have been published by Aalto et al. (2014) and Ojalammi &
Malinen (2017).
The numerical mesh is unstructured and consists of the fluid domain ranging
from the airway channels to a far-field domain terminated by non-reflecting
boundaries. It is shown for the vowel [a] in Fig. 3.3. The grids for the different
vowel articulations used in this study have a resolution based on the results
of a grid convergence study (cf. Sec. 3.6.2) with an approximate cell count
of 3.5 · 106. As pictured in Fig. 3.4, they are locally refined towards the con-
strictions of the airways. The airflow is considered as compressible according
to Sec. 3.2.2 and the surrounding tract is assumed as rigid.

The inlet boundary condition is given as a repetitive cycle with intermittent
stagnation pressure mimicking the dynamic behaviour of the vocal folds. Dif-
ferent waveforms have been suggested as a realistic model of the glottal source.
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(a) (b)

Figure 3.3. Vocal tract geometry (a) and generated mesh
with added far-field region (b). The mesh consists of polyhe-
dral elements with refinement towards the domain boundaries
(Schickhofer et al. 2017).

For the purpose of this study, the Rosenberg waveform fR (t) = fp (t) + fn (t)
of the glottal pulse is applied (Rosenberg 1971). It consists of the function

fp (t) =
A0

2

[
1− cos

(
t

tp
π

)]
0 ≤ t ≤ tp, (3.40)

for its positive slope and the function

fn (t) = A0 cos

(
t− tp
tn

π

2

)
tp ≤ t ≤ tp + tn, (3.41)

for its negative slope, with the pulse amplitude A0. The relative duration of the
glottal opening tp with respect to the total pulse length ttot = tp+tn is referred
to in the following as glottal opening quotient. Its magnitude influences the
discontinuity of the waveform and thus impacts the number of modes present
in the Fourier spectrum of the source signal. If the discontinuity is sharp,
there is generally a higher amount of frequency peaks present in the spectrum
and thus more resonance frequencies in the vocal tract can be excited. In the
example given in Fig. 3.5 the glottal pulse shows a fundamental frequency
of 120 Hz, characteristic for a male voice, and a glottal opening quotient of
tp/ttot = 0.85. In the case of conditions affecting the vocal folds (cf. Sec. 2.2),
the ability of the vocal folds to close rapidly might be compromised, which leads
to a more continuous pulse waveform. The pressure amplitude at the glottal
entrance is chosen to be the mean subglottal pressure P0 = Ps ≈ 800 Pa. Free
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Figure 3.4. Surface geometry of the dataset for the pronoun-
ciation of vowel [a] with a magnified sagittal plane section of
the mesh in the glottal region.
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Figure 3.5. Rosenberg glottal waveform for a typical source
signal of a male voice. The time histories of the unperturbed
signal are given in (a), while the frequency content is shown
in (b).

stream boundary conditions are imposed at the outlet to the acoustic far-field
with the fluid characteristics being specified by Mach number, atmospheric
pressure, and room temperature.
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3.5.3. Elastic Element in Cross-Flow

In order to perform a numerical analysis of the effects of vibrations of a flexible,
beam-like structure in crossflow, the two-dimensional Navier-Stokes equations
are solved for the flow around the model shown in Fig. 3.6 by means of the
finite volume solver described in Sec. 3.2.2.
The model consists of an elastic element that is attached to a rigid circular
cylinder. In the course of the study the aerodynamics and -acoustics of the
system are investigated with regards to three parameters, all of which are
indicated in Fig. 3.6: the Reynolds number of the flow Re, as well as length l
and elastic modulus E of the flexible element. The length is also given in terms
of the non-dimensional parameter l∗ = l/d, where d is the cylinder diameter,
which is kept constant. The streamwise velocity at the inlet is specified as a

In�ow Out�ow
dRe u p∞

elastic part

no-slipwall

rigid part

E
l

~
1 2 3 4

1 2 3 4

Figure 3.6. Sketch of the model geometry with the param-
eters of the study Re, E, and l and the applied boundary
conditions. The point probes used for measuring the pressure
fluctuation in the wake region are indicated in green (centre)
and orange (wall) (Schickhofer et al. 2016a).

parabolic, fully developed, laminar profile

u(0, y) = 1.5ū
y(h− y)(

h
2

)2 , (3.42)

modelling a conventional Poiseuille flow inside the pipe with the mean inflow
velocity ū, the normal coordinate y, and the height of the channel h. A no-
slip condition is imposed on all solid boundaries of the region, while atmo-
spheric pressure is predefined at the outlet. The Reynolds number is defined
as Re = ū · d/ν, with the mean inflow veloctity ū, the obstacle diameter d, and
the kinematic viscosity ν of air at room temperature. Since the parameters d
and ν are kept constant throughout the simulations, the Reynolds number is
adjusted by variation of the mean inflow velocity at the inlet as introduced in
Eq. (3.42). The value for d is the maximum diameter of the obstacle and is thus
the cylinder diameter, which is chosen to be one fourth of the channel height
h, while the length of the flexible element l is set to be 3.5 times the obstacle
diameter d. The element of specified Poisson’s ratio −dεtrans/dεaxial = 0.45
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and elastic modulus E is compliant and deforms according to lift and drag
forces exerted by the flow.
Since the Mach number M of the investigated cases of this study is well below
0.3, the flow can be assumed to be incompressible. However, in order to capture
the aeroacoustics of the problem and thus generate an additional set of pres-
sure fluctuation data for the verification of any acoustic analogy, the unsteady
compressible Navier-Stokes equations are employed. The density of the fluid
is thus a function of the pressure. The mean values of the relevant parameters
are extracted after a fully developed state of the flow has been reached. By
applying a Taylor expansion for the isentropic case

ρ ≈ ρ0 +

(
∂ρ

∂p

)
S

(p− p0) , (3.43)

which is truncated after the first order of the pressure perturbation p′ = p−p0,
and by applying the derivative (∂ρ/∂p)S = 1/c20, the fluid is characterised by
an equation of state specifying the density as

ρ = ρ0 +
p′

c20
, (3.44)

with the constant values ρ0 = 1.241 kg/m3 and c0 = 343.21 m/s of air at room
temperature.

3.6. Verification and Validation

3.6.1. Glottal Pressure Distribution

A validation study is carried out to assess the performance of the solver towards
accurate prediction of the pressure at the airway walls. Thus, the rigid glottal
model, as described in Sec. 3.5.1, is subjected to particular subglottal pressures
at the inlet to compare against experimental results under the same conditions.
Fig. 3.7 shows the pressure profiles for the three investigated cases. Despite
small deviation of the numerical data at higher inlet pressures, the overall
agreement is good. The differentiation between flow and non-flow wall is due
to the so-called Coanda effect, which leads to asymmetry in the downstream
region and is further explained in Sec. 4.1.1.

3.6.2. Grid Convergence Study

The appropriate resolution of the unstructured mesh is chosen following a grid
convergence study including five grids of decreasing base size of the cells and
increasing cell count. The procedure follows the recommendations given by
Celik et al. (2008). A grid refinement factor of r = hcoarse/hfine ≥ 1.3 is
chosen for the study, with an initial value of r = 2 being reduced to r = 1.3 for
the finest grids. Tab. 3.2 gives the base size of the polyhedral cells, the chosen
time step of the simulation, and the approximate cell count. During the grid
convergence study, both base size and time step are reduced by the same factor



3.6. VERIFICATION AND VALIDATION 37

2 2.2 2.4 2.6 2.8 3
-16

-14

-12

-10

-8

-6

-4

-2

0

Figure 3.7. Profiles of surface pressure distribution at the
vocal folds for subglottal pressures of 3 cmH2O, 5 cmH2O, and
10 cmH2O (1 cmH2O = 98.0665 Pa). The numerical results
(blue and red lines) are compared to the experimental data for
the flow wall (black dots) and the non-flow wall (white dots)
obtained by Scherer et al. (2001).

Table 3.2. Properties of the numerical grids and simulations
applied for the convergence study.

Grid no. Base size (m) Time step (s) Cell count

1 5 · 10−3 1 · 10−4 ∼ 1 · 105

2 2.5 · 10−3 0.5 · 10−4 ∼ 5.5 · 105

3 1.25 · 10−3 0.25 · 10−4 ∼ 9 · 105

4 0.9615 · 10−3 0.192 · 10−4 ∼ 17 · 105

5 0.7396 · 10−3 0.148 · 10−4 ∼ 38 · 105

to avoid interaction of spatial and temporal discretisation errors. The values
to analyse are the first and second statistical moments (mean and variance)
of the important flow variables, in this case pressure and velocity. They are
extracted from the computation via line probes at the glottal constriction, as
shown in Fig. 3.8. The mean values of both pressure and velocity converge well
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Figure 3.8. Placement of line probes in the axial and lateral
direction at the glottis, shown in the sagittal plane section of
the numerical mesh.
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Figure 3.9. Mean (a) and variance of pressure (b) along the
axial centreline of the glottal jet for the five investigated grid
resolutions.

within the considered range of mesh sizes (cf. Fig. 3.9(a) and Fig. 3.10(a)).
For the variance of these quantities, convergence is reached despite not being
as clear as in the case of the mean profiles (cf. Fig. 3.9(b) and Fig. 3.10(b)).
The same holds true for the mean of velocity taken across the narrowest point
of the glottal constriction and plotted in Fig. 3.11.
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Figure 3.10. Mean (a) and variance of velocity (b) along the
axial centreline of the glottal jet for the five investigated grid
resolutions.
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Figure 3.11. Mean of velocity as obtained along the lateral
direction across the glottal jet for the five investigated grid
resolutions.

The discretisation errors are computed for the investigated base cell sizes
hi < hj < hk of the grids with numbers i < j < k by first calculating the order
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p of the method via

p =
1

ln(rji)
| ln |εkj

εji
|+ q (p) |, (3.45)

with

q (p) = ln

(
rpji − s
rpkj − s

)
, (3.46)

s = 1 · sign
(
εkj
εji

)
. (3.47)

The absolute errors are computed as

εji = φj − φi, εkj = φk − φj , (3.48)

with the numerical solution φi for the i-th grid. The extrapolated relative error
is obtained as

ejia = |φi − φj
φi

|, (3.49)

and further used for the calculation of the grid convergence index (GCI):

GCIjifine =
1.25ejia
rpji − 1

. (3.50)

The computed discretisation errors using Eq. (3.50) for the two finest grids of
number 4 and 5 (cf. Tab. 3.2) are presented in Fig. 3.12 for the mean fields of
the flow variables. It can be recognised in Fig. 3.12 that the errors are small
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Figure 3.12. Discretisation errors for the mean values of
pressure (a) and velocity (b).

and close to zero over a large distance. However, uncertainty in the flow velocity
becomes larger before the glottal entrance and after the exit. Therefore, based
on the convergence study of the mean values and the associated discretisation
errors, grid number 4 is chosen for further use in this study with additional
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local mesh refinement in the sensitive domains surrounding the glottis. Thus,
the final meshes for the vocal tract geometries have an approximate cell count
of 3 · 106 − 3.5 · 106. The chosen mesh sizes are well above the minimum
requirement of 40 points per wavelength for the highest frequencies occurring
through phonation and are thus suited for extracting the relevant acoustic
information.



CHAPTER 4

Phonation and Glottal Aerodynamics

This chapter describes the findings of this work concerning the flow and acous-
tics related to phonation. It presents the aerodynamic effects and coherent
structures observed at the level of the glottis (cf. Sec. 4.1) and the acoustics
related to realistic upper airway geometries (cf. Sec. 4.2). The generation of
different tones and vowels during speech becomes possible through amplifica-
tion of the formant frequencies by the upper airways. The first formants F1 and
F2 are characteristic for the spoken sound and can be recovered in the far-field
acoustic spectra. Data of both velocity and pressure fluctuations obtained thr-
ough direct compressible large eddy simulations (LES) is used to characterise
the occurring sound-generating flow structures and pressure perturbations over
the upper airway domain.

4.1. Glottal Flow and Supraglottal Flow Structures

As a result of the difference between the lung pressure in the subglottal region
and the atmospheric pressure in the supraglottal region, flow is established
through the opening of the vocal folds. Due to the variation of the glottal
diameter, the maximum flow velocity is unsteady.

4.1.1. Glottal Jet and Coanda Effect

The intermittent flow through the vocal folds leads to the emergence of a jet
that is pulsated by the periodic oscillation of the vocal folds. Fig. 4.1 shows the
glottal jet for two different opening diameters dTV F of the true vocal folds for
the rigid glottal model including both true and false vocal folds, as introduced
in Sec. 3.5.1. Despite the symmetric laryngeal geometry, the jet is deviated
towards one side of the channel. This is due to the Coanda effect, which is the
phenomenon of jet flow attaching to a close surface and following its curvature
due to a favourable pressure gradient between the surrounding pressure and
the surface pressure (Coanda 1936). Fig. 4.1 demonstrates that the Coanda
effect becomes stronger at smaller distance dTV F , making it attach directly to
the true vocal folds instead of the false vocal folds. The side to which the jet
deflects is random and depends on physical or numerical instabilities. During
one full glottal cycle, the jet might change orientation arbitrarily and switch
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(a)

TVF FVF

(b)

Figure 4.1. Comparison of the intraglottal flow for the open-
ing distances between the true vocal folds dTV F = 0.08 mm
(a) and dTV F = 0.04 mm (b). The position of true vocal folds
(TVF) and false vocal folds (FVF) is marked.

from one side to the other, introducing additional surface pressure fluctua-
tions. Additionally, a smaller opening of the glottal constriction leads to larger
velocity fluctuations in the supraglottal region, causing a rise in the acoustic
contribution of quadrupole sources in the turbulent flow. Fig. 4.2 shows the
instantaneous flow field around the vocal folds with the peak velocity values
occurring in the core of the glottal jet.

4.1.2. Vorticity and Coherent Structures

Coherent structures in the supraglottal region are produced through impact
of the glottal jet at the solid airway walls and in its shear layers towards the
resting fluid. The magnitude of vorticity undergoes a sharp rise at the exit
of the glottal constriction, as demonstrated in Fig. 4.3 and Fig. 4.4(b). Fig.
4.3(a), which depicts the perpendicular y-component of vorticity, shows that
the vortices shed in the vicinity of the glottal jet arrange as counter-rotating
pairs. The y-component of velocity, perpendicular to the flow direction, is plot-
ted in Fig. 4.4(a). Its deviation from a zero value marks the onset of rotating
motion in the fluid and thus the production of vortical structures. The coherent
structures shed in the supraglottal region are convected downstream and intro-
duce turbulent fluctuations even far away from the vocal source (cf. Fig. 4.5).
Therefore, they could contribute to the overall sound output during phonation.
This hypothesis is investigated by comparing point-probe Fourier spectra of
velocity fluctuations at different levels of the upper airways. As demonstrated
in Fig. 4.6 for the case of phonation of the vowel [a], the turbulence organisa-
tion changes considerably along the length of the vocal tract. The dominant
frequencies F1 and F2 of the spectral envelope, which distinguish the vowel
from other spoken sounds, start to appear only close to the end of the vocal
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 1

 2

 3

Figure 4.2. Snapshot of the velocity field at the glottis show-
ing the glottal jet in the sagittal plane section for the airway
geometry of the vowel [a]. The position of probes P 1, P 2,
and P 3 for the monitoring of velocity fluctuations is indicated.

(a) (b)

Figure 4.3. Perpendicular y-component of vorticity (a) and
vorticity magnitude (b) in the coronal plane section.
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Figure 4.4. Velocity in the y-direction (a) and vorticity (b)
along the centreline of the glottal jet. Entrance and exit of the
glottis are marked.

tract. Thus, they are likely to be amplified through constructive interference in
the mouth cavity. The positions of F1 and F2 in the spectra are indicated thr-
ough resonance modes from solution of the Helmholtz eigenvalue problem and
experimental values obtained through measurements in an anechoic chamber
by the Speech Modelling Group at Aalto University.

4.2. Generation of Vowel Sounds

First, the effects of variation of fundamental frequency and glottal opening
quotient on the resulting sound signal are examined by evaluating the far-field
pressure fluctuations.
Consequently, the vocal tract length is varied in order to assess the effect of geo-
metric variations of the resonator on the spoken signal and the dominant modes
of its Fourier spectrum. For the analysis of the articulated sound, the pressure
fluctuations close to the mouth exit are monitored and Fourier-transformed to
give the associated sound pressure level for the contained frequencies. This is
shown for the upper airway configuration of the vowel [a] in Fig. 4.7. The
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Figure 4.5. Coherent structures at the glottis visualised with
the λ2-criterion in the coronal plane section. Isosurfaces of
λ2 = −5 · 106 s-2 are shown in three dimensions.

carrier frequencies of the signal wave are identified as the fundamental fre-
quency and its upper harmonics. They are identical to the peaks present in
the source spectrum depicted in Fig. 3.5(b). Overset to these frequencies are
the formants of the particular generated sound. Both the peak envelope and
the curve of local maxima identify the formants F1 and F2 for the vowel [a]
in Fig. 4.7(b). The resulting formant frequencies from the LES computations
of this study show good agreement with the resonance frequencies of the vocal
tract achieved by application of the Helmholtz equation with Dirichlet bound-
ary condition at the mouth outlet. Furthermore, the acoustic spectra for the
vowels [u] and [i] are shown in Fig. 4.8 and Fig. 4.9. While the frequency
F1 coincides well with experimental data in both cases, F2 for the vowel [i] is
not captured by the LES computations. The reason for this could lie in the
particularly narrow shape of the airways during generation of the vowel [i], as
apparent in Fig. 1.6, making it difficult to capture its exact dimensions thr-
ough MRI measurements and discretisation. Another possiblity is a different
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Figure 4.6. Semilogarithmic plot of the power spectral den-
sity of velocity fluctuations at increasing distance from the
glottal source for the vowel [a]. The position of the probes
P 1, P 2, and P 3 is given in Fig. 4.2. Helmholtz eigen-
frequencies and experimental data have been provided by the
Speech Modelling Group at the Department of Mathematics
and Systems Analysis, Aalto University.

sound-generating mechanism responsible for formant F2 in the case of vowel
[i].

4.2.1. Fundamental Frequency and Glottal Opening Quotient

In the following, the formants related to the vocal tract configurations of the
vowels [a], [e], and [i] are assessed with respect to changes of the fundamental
frequency and the glottal opening quotient.
The fundamental frequency of glottal vibration can be affected by various con-
ditions of the upper airways. In this part of the study, the base frequency is
varied and the spectrum at the mouth exit is evaluated at the location of a
pressure probe shown in Fig. 4.7(a). An increase of the glottal frequency in
four steps in a range of 120 − 240 Hz is found to lead to only marginal devi-
ation of the formant frequencies F1 and F2. Despite the change of the carrier
frequencies with variation of the fundamental frequency, the position of the
dominant peaks of the envelope of the Fourier spectrum is not affected. This
is shown for the investigated vowels [a], [e], and [i] in Fig. 4.10(a)-(b).
However, an increase of the glottal opening quotient from 0.5 to 0.85 triggers
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Figure 4.7. Acoustic pressure in the near-field (a) and re-
sulting Fourier spectrum of the sound (b) for the vocal tract
geometry of the vowel [a]. The spectrum is obtained at a probe
positioned at point P depicted in (a), which has a distance of
approximately 8.5 cm to the mouth opening. It is shown to-
gether with an upper peak envelope smoothed over 12-sample
intervals and a graph of local maxima. The first formants F1

and F2 are marked and compared to the Helmholtz resonance
frequencies and experimental values obtained by the Speech
Modelling Group at the Department of Mathematics and Sys-
tems Analysis, Aalto University.

an approximately linear drop in the dominant frequencies, which is depicted
in Fig. 4.10(c)-(d). Although the decrease is generally small and on average
more pronounced for the first formant F1, it is consistent for all the investi-
gated vowels and the considered parameter range. Nevertheless, the observed
maximum deviation is small enough to still give a vowel sound well identifiable
within the range of specific formants.

4.2.2. Vocal Tract Length

The effect of variations of the vocal tract length on the position of vowel for-
mants is investigated by application of the wave reflection analogue, which is
introduced in Sec. 3.1.2. The vocal tract area function is obtained from the
magnetic resonance imaging (MRI) data used in this study and the vocal tract
length (VTL) is varied in relative units of the initial length. It can be shown
that a reduction in length of the vocal tract leads to an increase in both F1 and
F2 formants, such that the corresponding points in the frequency space shift
towards the upper right (cf. Fig. 4.11). Hence, subjects with shorter vocal
tracts (e.g. females, children) articulate in general at higher vowel modes.
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Figure 4.8. Spectrum of far-field acoustic pressure for the
vowel [u]. Helmholtz frequencies and experimental data are
courtesy of the Speech Modelling Group at Aalto University.
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Figure 4.9. Spectrum of far-field acoustic pressure for the
vowel [i]. Helmholtz frequencies and experimental values are
courtesy of the Speech Modelling Group at Aalto University.
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Figure 4.10. Effect of variation of fundamental frequency on
formants F1 (a) and F2 (b), as well as of glottal opening quo-
tient on F1 (c) and F2 (d).

The effect of airway indentation and vocal tract length variation is either oc-
curring naturally during phonation, as the tongue is used for manipulating the
vocal tract volume, but also due to unwanted constrictions, which can result
from diseases of the upper airways.
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Figure 4.11. Formant map showing the shift of dominant
frequencies F1 and F2 with relative vocal tract length (VTL)
for the vowels [a], [e], and [i]. Experimental data for the base-
line case is provided by the Speech Modelling Group at Aalto
University.



CHAPTER 5

Fluid-Structure Interaction of Breathing Disorders

An important question to be adressed concerns the investigation and predic-
tion of flow-induced acoustics in the human upper airways. Vibrations of elastic
structures are a common occurrence in numerous fields of engineering such as
aeronautics, aerodynamics, civil engineering, and biomechanics. Particular ef-
fort is dedicated to aeroacoustics of elements that are excited to oscillatory
behaviour due to fluid instabilities.
In this study, a description of the physical behaviour of a flexible plate attached
to a circular cylinder is attempted under variation of its length and stiffness.
The flow is confined by walls and shows a parabolic profile upstream as pre-
sented in Sec. 3.5.3. Its mean velocity and thus its Reynolds number is varied
throughout the study. The mechanical and acoustic response of the object,
which serves as a simplified model of the soft palate under crossflow in the
pharyngeal airway as described in Sec. 1.1, have been evaluated for a range
of elastic moduli. The presented results are obtained through the numerical
investigation of the flow-induced vibrations of the flexible element in cross-
flow at low Reynolds numbers of Re = 100− 1000 by means of fluid-structure
interaction simulations that are specified in Sec. 3.3. The aeroacoustics in
the near field are assessed by direct computation of the compressible airflow
(cf. Sec. 3.2.2). Additionally, the Ffowcs-Williams-Hawkings (FWH) acoustic
analogy (cf. Sec. 3.4.2) is applied, characterising the acoustic sources and the
corresponding sound propagation.

5.1. Flow Instabilities and Vortex Generation

First, the underlying fluid mechanical effects due to the strong coupling between
fluid and structure were studied in order to assess the unsteadiness of the
pressure in the wake of the element due to vortex shedding.
The interaction of incoming flow of a certain low Reynolds number with a bluff
body causes shedding of vorticity that typically leads to the formation of a trail
of vortices in the wake of the body. This classical phenomenon is referred to as
von Karman vortex street. The resulting vortices can impinge on the surface
of the obstacle, generating fluctuating forces that excite the flexible element
to vibrations. The shedding frequency in the downstream region is related to
the object diameter d and the mean inflow velocity ū by the Strouhal number
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St = f ·d/ū, which is approximately constant over a wide range of the Reynolds
number Re (Norberg 1994).

5.1.1. Influence of Reynolds Number

An increase of Re leads to more vortices being shed from the obstacle. Although
the dominant shedding frequency is almost constant for all investigated values
of Re, there are higher modes occuring in the power spectral density, which are
due to secondary vortex shedding triggered by collisions of the main vortices,
as demonstrated in Fig. 5.1. The vorticity shed by the structure shows a
base frequency with additional upper harmonics appearing at higher Reynolds
numbers. The upper harmonics are integer multiples of the base frequency
and originate from vortex interaction in the wake region. The well-ordered
trail of vortices at low Reynolds numbers becomes increasingly unstructured at
Reynolds numbers of Re = 500 and above. However, transition to turbulence
in this constricted geometry is not observed sooner than considerably above a
Reynolds number of Re = 1000. The flow is thus laminar throughout the entire
range of Reynolds numbers considered.

Lift and drag forces on the body are calculated in terms of force coefficients
and compared for a range of values of Reynolds number and elastic moduli. The
force coefficient in a specified direction is calculated as

CD =

∫
A′

(
~fpA + ~fsA

)
· ~nDdA

1
2

(
ρrefu2

refaref

) , (5.1)

where ~fpA and ~fsA are the force vectors due to pressure and shear stress on
the surface A, ~nD is the specified normal vector, and ρref , uref , aref are
the reference values for density, fluid velocity, and area, respectively. In the
considered setup, shown in Fig. 3.6, ρref is taken as the mean density, uref
as the mean inflow velocity, and aref as the planform area of the obstacle.
The lift and drag forces acting on the structure are computed by applying Eq.
(5.1) and thus normalising the force distribution by the dynamic pressure force.
The frequency of the drag force for the considered cylinder with attached plate
is twice the lift force frequency. Due to the vorticity being produced in the
wake of the cylinder, the lift and drag force on the element show an oscillatory
behaviour. This is demonstrated in Fig. 5.2, where the time series of both lift
and drag force coefficients are shown in (a) and (b) along with the frequency
content of the lift force coefficient given in (c). The Strouhal number of the lift
force rises proportionally to the Reynolds number. Furthermore, the maximum
of the lift force coefficient is consistently higher than that of the drag force
coefficient for cases of Re ≥ 300. Lift and drag force coefficients undergo a
transition between Re = 150 and Re = 300, as illustrated in Fig. 5.2(d). This
can be linked to the delay of vortex shedding by the plate at low Reynolds
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Figure 5.1. The effect of Re-increase on the flow structures
in terms of the normalized vertical vorticity component is given
for a non-dimensional element length of 1.75 in (a)-(e). The
pressure time history is recorded at probe P and is Fourier
transformed to give the power spectral density (PSD) proper-
ties for St, which are shown for each case in the right column.

numbers. At higher Re the vortices impinge directly onto the plate surface,
thus inducing stronger forcing in the perpendicular direction (cf. Fig. 5.1).

5.1.2. Effect of Appendage Length

The considered case is investigated for different normalised, non-dimensional
lengths l∗ = l/d and Reynolds numbers Re at a constant elastic modulus E.
Tab. 5.1 shows the resulting values of the dominant shedding frequencies of
an element of E = 0.1 MPa in terms of St. The data is obtained by a Fourier
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Figure 5.2. The coefficients of lift and drag force acting on
the obstacle are given in (a) and (b) for the case withRe = 300,
l∗ = 1.75. The effect of increasing Re on the lift force is
shown in (c). The peak coefficients of both lift and drag force
are transitioning to almost constant values at higher Reynolds
numbers, as demonstrated in (d) (Schickhofer et al. 2016a).

analysis based on a point probe measurement of the pressure close to the object.
The exact position of the probe is indicated in Fig. 5.1. The effect of the length
of the elastic element on the wake flow is considerable, as it leads to a delay or
complete suppression of the production of vortices. It acts as a splitter plate
and an increase of its length relates to a decrease in the frequency of vortex
shedding and thus in St (cf. Tab. 5.1). After reaching a certain critical length
at a given Re, the flow unsteadiness in the wake region can be suppressed
and a steady, laminar flow field is obtained. This has also been demonstrated
by the author in a previous study based on incompressible flow simulations
Schickhofer et al. (2016b).
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Table 5.1. The dominant shedding frequencies for an elastic
element of Young’s modulus E = 0.1MPa are presented in
terms of the Strouhal number St. The cases of steady, lam-
inar flow in the domain are marked by a dash -, while cases
with mainly broadband fluctuations covering large parts of the
frequency spectrum are assigned by a star *.

Normalised length Re = 100 Re = 150 Re = 300 Re = 500 Re = 1000

without 0.30 0.31 0.33 0.35 0.35
0.875 0.32 0.32 0.35 0.18∗ *
1.75 - 0.36 0.35 0.34 0.28
2.625 - - 0.27 0.27 *
3.5 - - 0.24∗ 0.22∗ *

5.2. Vibrations and Dominant Frequencies

The pressure fluctuations in the wake region of the solid obstacle are composed
of aerodynamic pressure unsteadiness due to shed vorticity being convected
downstream on the one hand, and the acoustic pressure fluctuations generated
by moving and stationary surfaces on the other hand. The trail of vortices
convected downstream dissipates quickly and rarely propagates pressure in the
far-field, while the acoustic pressure component is propagated into the acoustic
far-field with almost no losses. Vibrations and displacement of elastic parts
are expected to further enhance the emission of acoustic frequencies, which is
investigated in this section.

5.2.1. Effect of Elasticity

The displacement of the flexible element is dependent both on the Reynolds
number of the flow as well as on the elastic modulus of the structure. Addition-
ally, the effect of the elastic modulus is studied with regards to the oscillation
amplitude and frequency of the flexible element. It is found that a decrease of
Young’s modulus triggers both a significant increase of the amplitude of the
oscillations as well as an appearance of higher order modes in the frequency
content of the vibrations. This is likely due to an excitation of structural oscil-
lations of the natural frequency of the element, as the Strouhal number of the
higher dominant peaks in the power spectral density of Fig. 5.3 is related to
the elastic modulus via St ∼

√
E, in the same way as the natural frequencies

of all orders of a cantilever beam (Wu & Lin 1990). The peak at the lower end
of the spectrum of Fig. 5.3(b) is present for all Young’s moduli and is due to
the displacement induced by the periodic vortex shedding. As the elasticity
is reduced, the Strouhal number of the higher mode in the spectrum drops
in proportion and its peak is shifted towards the lower spectral end. Elastic
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Figure 5.3. Characteristics for three different Young’s mod-
uli of the elastic plate with a non-dimensional length of 1.75
for Re = 300. Plot (a) shows the displacement monitored at
the tip of the flexible element. The spectra illustrated in (b)
exhibit the frequency content of the signals shown in (a). The
scale to the left of the plots (a) and (b) corresponds to the
case E = 0.01MPa, and the scale to the right to the cases
E = 0.05MPa and E = 0.1MPa (Schickhofer et al. 2016a).

structures subjected to unsteady flow of low Reynolds number tend to exhibit
strong oscillatory behaviour, if the frequency of the shed vorticity in the flow
lies in the vicinity of the natural frequency of the structure. The amplitude of
the vibrational response then depends heavily on the elastic modulus. In ex-
treme cases resonance can be obtained and the magnitude of the displacements
reaches a maximum. The resulting structural oscillations emit acoustic waves
of significant sound power.

5.2.2. Resonance

If the frequency of vortex shedding and the eigenfrequency of one of the modes
of the structure are matching, resonance occurs. This behaviour is investigated
under variation of elasticity and Reynolds number with the results depicted
in Fig. 5.4. It can be recognised that the oscillations of second dominant
modes at higher stiffness of the element show consistently higher frequency
and Strouhal number for all investigated Reynolds numbers (cf. Fig. 5.4(a)-
(b)). In these cases resonance is not reached. However, as the stiffness is
reduced, the curve of second dominant modes is approaching the limit of the
flow-induced vortex shedding frequency. Finally, resonance is observed at the
point of intersection of the two curves (cf. Fig. 5.4(c)-(d)). The Strouhal
number of the periodic vortex production is approximately constant over the
considered range of Reynolds numbers, as demonstrated in Tab. 5.1.
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Figure 5.4. Resonance of the structure is observed for cases
of low Young’s modulus and high Reynolds number at the
matching of first and second dominant mode in the frequency
spectrum of structural oscillations. Plots (a)-(d) show the oc-
currence of modes in the Fourier transform of the displace-
ment for materials of elasticity E = 1 MPa to E = 0.01
MPa. The first dominant modes relate to the frequency of
flow-induced vortex production. The second dominant modes
represent higher order vibrational frequencies dependent on
the stiffness of the structure.

5.2.3. Acoustic Sources

For the assessment of the near-field acoustics of the vibrating element, di-
rect compressible flow simulations are performed. The total pressure p (~r, t) =
p (~r, t) + p′ (~r, t) inside the domain is thus decomposed into mean and fluctuat-
ing part. The mean of pressure p (~r, t) is obtained by taking a fully developed
flow solution and integrating the pressure field over a significant duration. The
resulting pressure fluctuations p′ (~r, t) consist of an aerodynamic constribution
due to the unsteadiness in the wake region imposed by the vortex trail as well
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as an acoustic contribution due to monopole and dipole radiation at the ob-
stacle surfaces. While the aerodynamic part propagates downstream at the
convective velocity of the flow, the acoustic part travels at the speed of sound
of the medium. The order of magnitude of the pressure fluctuations coincides
with the order of magnitude of the mean of pressure, which agrees with the
acoustics of bluff bodies subjected to low Mach number flow (Howe 1998).
For the case of a bluff body in crossflow, similar to the model considered in this
study, the intensity and efficiency of the dipole-radiated sound is of the order of
M−2 (M being the Mach number) larger than the quadrupole-radiated broad-
band noise (Curle 1955). Thus, the assessment of tonal aerodynamic sound
generated by structures in an unsteady flow field is particularly important for
the case of low Mach number flow as considered here.

The wake region shows a dominating first harmonic of the base shedding
frequency with superposed upper harmonics, whereas the peripheral region
above the object or close to the wall gives mainly lower frequencies that relate
to the outside emission of sound waves away from the body (cf. Fig. 5.5). The
wake region shows increasingly chaotic vortex patterns with higher Reynolds
numbers.

Characterization of acoustic sources is performed by applying the integral
formulation of the FWH equation (3.34) to the duct. The contribution of both
compliant and static boundaries is assessed by evaluating the different terms
of the integral expression. By computation of the acoustic pressures from dif-
ferent source types, a clear indication of the dominance of dipole-like sources
at the element and channel walls, including the rigid and elastic parts of the
geometry, is achieved (cf. Fig. 5.6(a)-(b)). A monopole source, located at
the free end of the flexible structure, shows only small production of acous-
tic pressure at both low Reynolds numbers and high Young’s modulus, while
its significance increases at high Reynolds numbers and low Young’s modulus.
This is due to the strong vibrational response of the structure being excited by
the aerodynamic fluctuations in the flow. Fig. 5.6(c) shows that the frequency
of acoustic waves being emitted by the monopole is significantly higher than
the dipole frequency, reaching the audible range in some of the cases. The solid
cylinder and the flexible beam both act as dipoles in the crossflow, producing
acoustic waves of small frequencies. In particular the sound radiated from the
cylinder can be characterised as typical Aeolian tones of a bluff body in shear
flow. The flexible part itself responds to the vortex shedding of the bluff body
by vibrations and oscillatory transversal and longitudinal deformations. This
leads to periodic displacement up- and downside of the beam, producing a
dipole-like acoustic field. Acoustic waves of the same frequency are reflected
from the rigid sidewalls of the channel. The attenuation of the sound waves is
significant towards larger distances outside the near-field and the source region.
A direct comparison of dipole- and monopole-generated noise shows that the
former is several orders of magnitude larger for low Reynolds numbers. This
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Figure 5.5. The pressure perturbation at the centreline of
the duct is given in (a). Its frequency spectrum in plot (b)
shows peaks at the upper harmonics of the vortex shedding
frequency. The fluctuation at the wall boundary, as depicted
in (c), contains dominant modes in its spectrum at the vortex
shedding frequency and its first harmonic, as exhibited in plot
(d). The data refers to the case of Re = 300 and E = 0.1 MPa
at non-dimensional length l∗ = 1.75. The pressure probes were
positioned at increasing distance from the obstacle, as illus-
trated in Fig. 3.6. Plots (a) and (c) visualise the attenuation
of registered pressure waves (Schickhofer et al. 2016a).

relationship however is reversed as the Reynolds number is increased and the
elastic modulus decreased. The monopole due to structural vibrations takes
over as the dominating sound source and emits acoustic noise in the audible
range of frequencies of the order of 100 Hz (cf. Fig. 5.6(c)). The monopole in
the investigated scenario is located at the tip of the flexible element, where the
amplitude of vibrations is highest. The closer the system comes to a resonance
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Figure 5.6. Characterisation of the acoustic sources con-
tributing to the total pressure perturbation for both the rigid
part in (a) and the elastic part of the obstacle in (b) at
Re = 300, E = 0.1 MPa. Plot (c) gives the frequency con-
tent of the dominating sources at different Re for the Young’s
moduli E = 0.01 MPa, E = 0.05, and MPaE = 0.1 MPa,
showing both monopole and dipole contribution to the total
sound output (Schickhofer et al. 2016a).

state, the larger is the contribution of the monopole to the total emitted sound
power. The consideration of relatively low Reynolds numbers and a wide range
of elastic moduli allows for an analysis of the prevalent effects at different phys-
ical conditions in order to identify acoustic sources and their origin. At low
Reynolds numbers and high elastic moduli the dipole source produces the high-
est pressure perturbation in the near field. At higher Reynolds numbers and
low elastic moduli, however, the monopole source due to structural vibrations
becomes the important sound generating mechanism.



CHAPTER 6

Conclusions and Outlook

The presented work aims at investigating the physical processes involved in the
production and propagation of sound in the human upper airways by means
of numerical methods. Due to the airways being a highly dynamic system of
channels, with material properties of the tissue layers depending on multiple
factors (e.g. age, gender, health status, sleep or awake state), they are very
difficult to monitor and characterise. Experimental studies showed to be in-
conclusive and the obtained results vary with chosen methodology (in-vivo,
ex-vivo, or in-vitro). Thus, numerical modelling turns out to be a viable option
for the assessment of the upper airway function. A particular goal of this work
is the understanding of cause-effect relationships between physiological changes
in the vocal and respiratory tract and the far-field acoustics.

The chosen approach of direct computation of articulated vowel sounds
via compressible flow simulations using large eddy simulations (LES) has been
applied on realistic vocal tract models of different vowel pronounciations of a
healthy male subject, which were obtained through magnetic resonance imaging
(MRI). An initial study on the consequences of changes of the waveform of
the glottal pulse on the articulated sound, as they might occur as a result of
upper airway diseases, has been carried out and evaluated, showing several
implications:

• The computational method using LES is validated by comparison of
the dominant modes in the far-field acoustic spectrum with Helmholtz
resonance frequencies of the vocal tract and results from experimental
studies. An initial verification study based on a rigid glottal model yields
surface pressure data in good agreement with published experimental
results.

• A decrease of the vocal tract length leads to an increase in both F1

and F2 formant modes and thus to a shift of the vowel points in the
frequency space (i.e. formant map) to the upper right and thus to
higher frequencies.

• An increase of the relative glottal opening fraction leads to a drop of
the dominant vowel frequencies. The glottal opening quotient is higher
in cases of lesions and polyps at the vocal folds, or for disorders leading
to reduced tissue elasticity and incomplete glottal closure.

62
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• The variation of the fundamental frequency of the glottal pulse did not
show a significant impact on the formants of the speech signal. Hence,
despite the lower number of harmonics present in the Fourier spectrum
of the source signal, there is no apparent downside of changes in the
fundamental frequency of phonation for the excitation of the relevant
acoustic modes.

• Vorticity and velocity fields were monitored at the level of the vocal
folds, capturing the coherent structures produced at the glottal con-
striction.

• Fourier analysis of the velocity fluctuations along the length of the vo-
cal tract have been carried out, indicating the approximate region of
amplification of the formant frequencies.

Additionally, an idealised model of the pharyngeal channel with a flexible
structure resembling the human soft palate was considered for the study fluid-
structure-acoustics interactions. The impact of critical parameters of the flow
and structure on the onset of vibrations and the dominant frequencies in the
near-field was explored, leading to several conclusions:

• The vibrational response of a flexible element in crossflow is found to
depend significantly on the investigated parameters Reynolds number
Re of the flow, as well as non-dimensional length l∗ and elastic modulus
E of the structure.

• Larger amplitudes of the structural oscillations are observed for a de-
crease in E and increases in l∗ and Re. This information can be of use
for the assessment of clinical therapy of snoring and sleep apnea. As
found in this work, there exists a critical length of the elastic element
at which vortex shedding and therefore flow-induced vibrations are sup-
pressed. Furthermore, by artificially increasing the elastic modulus, the
tissue is prohibited from resonating or collapsing. This concept is al-
ready in use through the so-called pillar procedure, a minimally invasive
method that involves the placement of thin polyester rods in the soft
palate.

• In the case of lower Young’s moduli additional superimposed oscillation
frequencies are observed, which could couple with the flow to a resonance
effect. Hence, resonance takes place as the second dominating mode of
the structural displacement matches with the vortex shedding frequency.
This is likely to occur for structures of E < 0.05 MPa as the flow
approaches Re = 1000.

• It is shown that there exists a critical element length in the range of
lower Reynolds numbers, for which the unsteadiness in the wake region
is suppressed and vortex shedding does not occur.

• The computed pressure fluctuation field near the flexible element shows
perturbations in the acoustic near field similar to a dipole field. The
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directivity of acoustic pressure waves propagating at sound speed is
normal to the element surface on both sides with a phase shift of π and
attenuation in the flow.

• The dominating sound source of the investigated structure changes from
dipole at low Re and high E to monopole at high Re and low E. This
is due to the strong vibrational response at low stiffness causing an
increase in emitted sound power of the monopole. The frequency of
sound waves emitted by the monopole lies consistently in the audible
range above 100 Hz, with Strouhal numbers of St = 50− 250, even for
Young’s moduli of around E = 0.1.

Although this study is performed for two dimensions, the presented results can
be assumed to be equally relevant for three-dimensional cases. This assump-
tion is based on the fact that the Strouhal number in the wake of a bluff body
(and in particular of a circular cylinder) shows the same dependence on the
Reynolds number for the range of considered values (Ma & Karniadakis 2002).

This thesis represents a report on the current findings of this work. There-
fore, many important questions surrounding the topic are still to be answered.
Particular emphasis is placed on the possible practical application of the ob-
tained data for the better understanding of the fluid-structure interaction (FSI)
and aeroacoustics involved in the process of snoring and airway obstructions.
Correlations between anatomical and mechanical properties of the upper air-
ways and airway collapse and sound production will be examined for increas-
ingly complex cases of obstructions. The analysis will allow making associa-
tions between the sound produced and the severity of the obstruction. Also,
potential treatment plans could be assessed based on the resulting findings. An
important open question is the role of the nasal cavity in the management of
the pressure balance in the upper respiratory tract during episodes of tissue
collapse. For the reestablishement of speech in case of vocal disorders and a
targeted therapy, the identification of critical parameters of the source signal
and the upper airways impacting the far-field acoustics is crucial. By varying
parameters of the glottal waveform and the airway geometry, their impact on
the formant positions, voice loudness, and intelligibility can be assessed. The
critical locations in the upper airways leading to constructive and destructive
interference of acoustic waves, which are exciting the resonance modes of the
airway under voiced speech, should be identified. This further develops the
knowledge of causal relations in phonation and opens up new therapeutic op-
tions for vocal tract disorders.
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