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Preamble

Aeroacoustics studies the generation of sound by fluid flow. Human voice production rep-
resents one of its most fascinating examples, where airflow from the lungs is transformed
into audible sound through the interaction of fluid dynamics, structural mechanics, and
acoustics. This process lies at the intersection of engineering and medical science, making
phonation a subject of interest not only for understanding human communication but also
for improving the diagnosis and treatment of voice disorders.

Due to the limited accessibility of the laryngeal region, numerical modelling has become
an essential tool for investigating the mechanisms of phonation. From an aeroacoustic
perspective, voice production is commonly studied using a hybrid computational approach
in which the flow and acoustic fields are solved separately and coupled through acoustic
source terms derived from the flow solution. Nevertheless, source term interpolation and
acoustic wave propagation are commonly performed on fixed acoustic meshes, despite the
continuous deformation of the domain caused by vocal fold motion.

This thesis develops and implements a hybrid aeroacoustic workflow for the simulation
of human voice production on moving acoustic meshes. The framework enables acoustic
computations on time-varying domains, addressing a limitation of conventional hybrid
approaches based on fixed acoustic meshes.
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Nomenclature

The table contains the names of the notations that occur several times, and in the case of
physical quantities, its unit of measurement. The designation of each quantity is, where
possible, the same as that accepted in the domestic and international literature. An
explanation of the rarely used notations can be found at their first location.

Latin letters

Notation Name, comment, value Dimension
A displacement amplitude m

B constant of damper Ns/m
c speed of sound m/s

d glottal gap diameter m

D total derivative

e internal energy J

E Young’s modulus N/m?
f frequency Hz

fa right-hand side force of PCWE m /s?
Ip probability distribution

f body force N/m?
F(t) time-dependent force N

h enthalpy m? /s
H total stagnation enthalpy m? /s
H(f) Heaviside function

I, acoustic intensity W/m?
K spring constant N/m
lga glottal duct length m

lys vocal fold length m

L characteristic length scale m

L. characteristic width m

L;; Lighthill’s stress tensor Pa

L, sound pressure level dB

M mass kg

n normal vector 1

P pressure Pa

P normalization exponent

P threshold pressure Pa

P, acoustic power W

P characteristic point

an heat source W/m?
ar heat flux W /m?
r radius m

R normalization radius m

s surface m?

t time S

T period time s



Latin letters (continued)

Notation Name, comment, value Dimension

u velocity m/s

U velocity m/s

v velocity m/s

U n* interpolated value

w; weight for nearest neighbour interpolation

w vertical displacement m

Wy f vocal fold thickness m

x distance m
Greek letters

Notation Name, comment, value Dimension

o spatial weighting function

r boundary

) Kronecker delta

K isentropic exponent 1

A wavelength m

AR molecular mean free path m

v kinematic viscosity m? /s

p density kg/m?3

o stress tensor Pa

T viscous stress Pa

0) scalar potential m?/s

0] phase shift

Y acoustic potential m?/s

1 vector potential m?/s

w vorticity vector 1/s

Q collision operator

Indices, exponents, acronyms

Notation Name, comment, value
a acoustic

h harmonic

i row index

j column index

ic incompressible
irr irrotational

max maximum

ref reference

rms root-mean-square
S solid

th threshold
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Indices, exponents, acronyms (continued)

Notation Name, comment, value

v vortical

VFu upper vocal fold

VFI lower vocal fold

0 mean value, undisturbed state

1 correction term, first value

2 second value

O mean value

O fluctuating part

O time derivative

O second time derivative

0 derivative

@ order of approximation

Al Artificial Intelligence

APE Acoustic Perturbation Equations
CAA Computational Aeroacoustics
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy condition
CFS Coupled Field Simulation

DNS Direct Numerical Simulation

FEM Finite Element Method

FFT Fast Fourier Transform

FVM Finite Volume Method

FW-H Ffowcs Williams-Hawkings equation
IBM Immersed Boundary Method

MRI Magnetic Resonance Imaging
LBM Lattice-Boltzmann Method

LEE Linearized Euler Equations

LES Large Eddy Simulation

LPCE Linearized Perturbed Convective Equation
OVM Overset Mesh Method

PCE Perturbed Convective Equations
PCWE  Perturbed Convective Wave Equation
PDE Partial Differential Equation

RHS Right hand side

RMS Root-mean-square

SGS Sub-grid-scale

SPL Sound Pressure Level
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1 Introduction

The human voice is one of the fundamental elements of communication. It enables us
to convey information, express thoughts and emotions, connect with others, or engage in
activities such as singing. At the same time, voice production (also called as phonation)
is a complex process from both biological and engineering perspectives. Its scientific
complexity, as well as individual and societal importance, is aptly summarized by the
following quote, attributed to the renowned German composer Richard Strauss [1]:

“Human voice is the most beautiful instrument of all, but the most difficult to play.”

According to a survey conducted in 2018, approximately 16% of the population expe-
rience mild, and 1.4% severe phonation-related problems [2], indicating that such condi-
tions are relatively common. These various voice disorders are still actively investigated
within the medical community, including potential surgical interventions and therapeu-
tic approaches. However, research in this field is significantly obstructed by the limited
accessibility of the laryngeal region, which restricts the feasibility of direct, so-called in
vivo measurements [3]. Consequently, numerical simulations have gained increasing im-
portance over the past decades, with the underlying physical fields modelled with the help
of descriptive partial differential equations (PDEs).

From an engineering standpoint, phonation can be described as a highly complex, triply
coupled phenomenon involving fluid dynamics, structural mechanics, and acoustics [4].
Airflow generated by a pressure gradient in the lungs is transformed into an audible signal
in the larynx, as displayed in Figure 1.1. The vocal folds, located in the glottal region of
the larynx, periodically oscillate under the combined influence of aerodynamic, muscular,
and elastic forces [5]. During each vibration cycle, the vocal folds alternately open and
close completely, producing a pulsating jet flow. This disturbed, turbulent flow field in
the supraglottal region acts as the primary source of sound wave generation, making
phonation an aeroacoustic phenomenon. The resulting sound is then shaped within the
oral and nasal cavities, making it perceivable.

= Vocal folds

Figure 1.1: Mechanism of human voice production. Extracted from [6].



The thesis focuses on the computational aeroacoustic (CAA) aspect of voice production,
specifically the modelling of sound sources arising from flow phenomena. A current state-
of-the-art approach in CAA is the so-called hybrid methodology [7], where the flow and
acoustic fields are solved separately and coupled through an aeroacoustic formulation.
In such hybrid workflows, fluid dynamics and acoustic wave propagation are typically
computed on separate computational grids, each tailored to the respective physical phe-
nomenon to reduce computational cost. Fluid meshes require high resolution to resolve
turbulent structures, whereas acoustic meshes — designed to capture acoustic wavelengths
— are generally coarser. As a result, transferring data between the two grids requires an
additional interpolation step. The acoustic source terms, computed on the CFD mesh,
must be mapped onto the nodes of the acoustic mesh in a physically consistent manner.

1.1 Objectives

The existing literature exclusively performs the interpolation step and acoustic simulation
in hybrid CAA frameworks on fixed acoustic meshes. However, a more realistic repre-
sentation of the physical problem may be achieved by synchronizing the motion of the
acoustic domain with the CFD simulation. This allows both the source term interpolation
and acoustic wave propagation to be performed on moving acoustic nodes. The present
study aims at develop and implement a hybrid aeroacoustic framework that can handle
moving geometries in human voice production simulations. The study compares simula-
tions performed on fixed and moving acoustic meshes and assesses the influence of mesh
motion on the resulting acoustic field.

In the glottal region, airflow remains in the low Mach number regime, justifying the
incompressible flow assumption. For acoustic wave propagation, we employ the Perturbed
Convective Wave Equation (PCWE), in which the acoustic source terms are derived from
the incompressible pressure field. This results in a computationally efficient hybrid mod-
elling framework in which the source terms are transferred between the CFD and acoustic
domains through interpolation. In this partitioned setup, wave propagation is computed
using the finite-element (FEM) based open-source software, openCFS [8]. A key limi-
tation of the existing workflow is that openCFS does not natively support source-term
interpolation onto deforming acoustic meshes. To overcome this limitation, an external
workflow is required. The acoustic mesh motion must be decomposed into discrete time
steps, and the CFD solution must be interpolated onto the corresponding acoustic mesh
configuration at each time instance. Representative excitation frequencies of 100 Hz and
200 Hz are considered, which correspond to typical male and female phonation ranges,
respectively. To make a comprehensive comparison, simulations are performed using both
the conventional configuration, which includes a moving CFD mesh and a fixed acoustic
mesh, resulting in four simulation configurations overall.

Finally, the thesis aims at providing a comprehensive overview of the numerical mod-
elling approach for human voice production, including theoretical foundations, compu-
tational workflow, and current limitations. Through this, the thesis contributes to a
deeper understanding of flow-induced sound generation and its numerical representation
in phonation-related aeroacoustic simulations.



1.2 Overview

Following this introduction, Chapter 2 presents the theoretical background, fundamental
principles, and methods necessary to understand the present work. It covers the physio-
logical and biomechanical aspects of human phonation and provides a general overview of
aeroacoustics and its computational treatment. The chapter also introduces perturbation-
based approaches and numerical coupling through data interpolation in hybrid CAA
frameworks. Chapter 3 provides a literature review of the aeroacoustic analogies de-
veloped over the past few decades, along with existing scientific results related to the
numerical modelling of human phonation. Chapter 4 describes the methodologies applied
in this work and the practical implementation of the modelling framework. It discusses
flow and acoustic simulations separately, including a detailed presentation of the work-
flow for the moving acoustic mesh case. Finally, Chapter 5 presents and evaluates the
obtained results. The thesis concludes with a summary of the main findings, a discussion
of potential future research directions, and a Hungarian-language summary.



2 Theoretical background

2.1 Physiology of voice production

Since phonation characteristics are fundamentally linked to human anatomy, the bio-
logical aspects of the phenomenon are discussed before its aeroacoustic modelling. The
anatomy of the larynx, including the vocal folds within it and the downstream vocal
tract, fundamentally determines the path and character of the airflow originating from
the lungs. The vocal folds exhibit a highly distinctive periodical motion that is only par-
tially driven by intrinsic muscles. Rather, the continuous airflow itself acts as the primary
sustaining mechanism for these self-excited oscillations, which can exceed hundreds cycles
per second. A solid understanding of the key physical parameters is indispensable for
the subsequent modelling steps because they provide the basis for defining appropriate
boundary conditions, material properties, and physically justified simplifications.

2.1.1 Anatomy of the laryngeal region

The larynx is a cartilaginous organ located in the neck, with an approximate length of 4-5
cm. The laryngeal airway can be divided into three main regions along its longitudinal
direction: the subglottal region is located below the vocal folds, the glottal region contains
the vocal folds, and the supraglottal region is located above the vocal folds. This triple
division is illustrated in Figure 2.1a.

’ Thyroarytenoid

Supraglottis
muscle

1

Glottis

=

Subglottis

Intermediate layer -

Ve

Deep layer Sy Muscle fibers

Muscle fascicles

Vocal folds

a, b,

Figure 2.1: (a) Cross-section view of the larynx (b) Inner layered structure of the vocal
fold. Extracted from [9], originally from [10, 11].

The larynx is composed of hard and soft tissues. The hard tissue consists of four major
cartilages: the epiglottis, thyroid, cricoid, and arytenoid (displayed in Figure 2.2). The
hyoid bone, located at the upper end of the larynx, maintains an open space for airflow.
The soft tissue contains two vocal folds that are symmetrically opposed and undergo
periodic oscillatory motion under the action of airflow. In addition to the vocal folds, the



larynx also contains the ventricular (false) folds that do not actively participate in the
oscillatory process of phonation. From a structural point of view, the vocal folds build
up from the mucosa and a deeper, vocalise muscle (see Figure 2.1b). The outer surface
of the mucosa is formed by the epithelium, a thin protective layer with a thickness of
approximately 50pum. Beneath the epithelium lies the lamina propria, which is commonly
divided into three sublayers: superficial, intermediate, and deep. Together, the epithelium
and the superficial layer of the lamina propria form the cover, which plays a major role
in the natural, self-sustained oscillatory motion due to its fluid-like, elastic structure
[12]. The inner part of the vocal folds, often referred to as the body, consists of the
thyroarytenoid muscle, and is responsible for vocal fold activation and tension controls
during human speech.

The characteristic length of the vocal folds typically ranges from 10 to 20 mm, depending
mainly on sex [6].

Figure 2.2: Cartilaginous structure of the hard tissue of the human larynx. Modified
from [3], originally from [10].

2.1.2 Vocal fold vibration

The periodic oscillation of the vocal folds is primarily driven by the airflow generated by
the pressure difference between the lungs and the outside environment. During phonation,
air from the lungs travels through the trachea, passes the larynx, and exits through the
vocal tract into the ambient air. To initiate vocal fold oscillation, the subglottal pressure
must exceed a minimum threshold, which for humans is typically in the range of 100-300
Pa [13]. The vocal folds vibrate passively, meaning that their oscillatory motion is not di-
rectly generated by muscular actuation, but rather by the interaction between the airflow
and the viscoelastic tissue structure of the folds [14]. Once oscillation begins, the coupled
fluid—structure interaction becomes self-sustained, with aerodynamic forces continuously
transferring energy to the tissue motion.



Advances in Magnetic Resonance Imaging (MRI) now make it possible to non-invasively
reconstruct three-dimensional, time-resolved representations of vocal fold vibration (e.g.
[15]). During an oscillation cycle, the vocal folds periodically modify the glottal geometry
by alternating between convergent and divergent configurations (see Figure 2.3). This
propagating deformation pattern is commonly referred to as the mucosal wave [16]. Under
healthy conditions, the vocal folds touch during each oscillation cycle, temporarily closing

the glottal gap.
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Figure 2.3: Schematic representation of the vocal fold oscillation cycle. Extracted from
[17].

®)

The oscillatory motion of the vocal folds generates an unsteady, pulsating jet in the
supraglottal region. As the flow passes through the narrow glottal constriction, vortical
structures develop downstream of the glottis. These unsteady flow features induce pres-
sure fluctuations that act as the primary aeroacoustic sources of voice production. The
resulting acoustic waves then propagate through the vocal tract, where the oral and nasal
cavities further shape and filter the sound. This determines the perceived characteristics
of the voice.



2.1.3 Mechanical and aerodynamic parameters

During human speech, the vocal folds oscillate at a frequency of about 100 Hz to 200 Hz.
This requires mechanical properties that combine sufficient stiffness with proper flexibility.
The typical geometric, aerodynamic and material parameters of the vocal folds and the
laryngeal region are summarized in Table 2.1.

Table 2.1: Typical geometric, aerodynamic, and material parameters of the human vocal
folds and glottal flow. Adapted from [3].

Parameter Value
Vocal fold length (anterior—posterior) lyy = 10—17 mm
Vocal fold thickness (inferior-superior) Wy = 9—10 mm
Glottal gap diameter d =0-5 mm
Glottal duct length lgg = 2—5 mm
Subglottal oscillation threshold pressure P, = 200—1000 Pa
Maximum intraglottal velocity Umax = 10—40 m/s
Fundamental frequency f =80-300 Hz
Umaxd 3
Reynolds number Re = = O(10°)
v
Umax -1
Mach number Ma = =0O(107)
c
fd i
Strouhal number St = o= O(107%)
Average vocal fold Young’s modulus E =5-20 kPa

2.2 Flow induced sound

Voice production is governed by the principles of flow-induced sound generation, also
known as aeroacoustics. Interacting with the vocal folds and the surrounding geometry,
the airflow gives rise to unsteady flow structures that act as sound sources.

A consistent mathematical description requires the combination of fluid dynamics and
acoustics within a unified framework. This includes the fundamental equations of fluid
mechanics, velocity field decomposition according to Helmholtz, and the identification of
acoustic phenomena based on the irrotational part of the low. The physical connection
between fluid motion and acoustics can be described in terms of the isotropically expand-
ing component of the irrotational velocity field. The acoustic wave equation is formulated
to describe the propagation of pressure disturbances using either acoustic pressure or,
indirectly, acoustic potential representations.



2.2.1 Conservation equations for fluid dynamics

The change in the physical properties of any flow can be expressed mathematically by
conservation equations. The conservation equations are defined for three different prop-
erties — mass, momentum and energy — and establish relationships among the flow field
variables. In this case, fluid is treated as a continuum, meaning all molecules within a
given control domain have the same field variable values [18].

Conservation of mass states that no mass appears or disappears within a closed system.
This concept is generally expressed by the relation

dp

—+V. =0 2.1

5 TV (u) =0, (2.1)
also known as the continuity equation. In the case of an incompressible fluid, where p

is constant, the flow field becomes divergence-free and (2.1) simplifies to

V- u, = 0. (2.2)

Conservation of momentum originates from Newton’s second law and the idea that the
total momentum change is directly proportional to the sum of the forces acting on a fluid
element. This relation forms the well-known Navier-Stokes equations

Du
— =-Vp+ V. f. 2.3
P D p+V-[r]+ (2.3)
The right-hand side (RHS) values of the equation represent force densities, i.e., pressure,
viscous and volume forces, respectively. In (2.3), D% represents the substantial derivative,
which — for an arbitrary quantity of f(t,x) — is defined as

Df of

in an Euelerian frame.

Due to the conservation of energy, the total change of the energy density is balanced as

D(“—;+e)

Dr == Vear =V (pu)+ V- (r]-u)+fu, (2.5)

P

with e being the inner energy, g, the heat source and qr the heat flux. The third,
fourth and fifth terms on the RHS represent energies coming from surface pressure force,
surface shear force and force density, respectively [19].

The continuity equation, the Navier-Stokes equations and the energy equation form a
set of PDEs that describe the flow. However, the number of equations is still less, than
of the unknowns, which is bridged by the so-called constitutive relations. In the context
of aeroacoustics, the relevant auxiliary laws [20] are the Newtonian fluid relation, which
connects velocity with the stress tensor, and the state equation for pressure, given by

dp = c*dp. (2.6)



2.2.2 Flow and acoustics

Helmholtz’s decomposition establishes the conceptual connection between flow and acous-
tics. According to this theorem, any velocity field can be expressed as the sum of an
irrotational and a vortical component:

u=Veo+VxW, (2.7)
~ T

where ¢ is the scalar potential and W is the vector potential.

For incompressible flows, the absence of vortical structures (i.e. V x ¥ = () yields
curl- and divergence-free potential flow. When vorticity is also present, the potential flow
is supplemented by the vortical part u,. Vorticity is defined as the curl of the velocity
field and is therefore associated only with the vortical component as

w=VxVx¥=Vxu (2.8)

To investigate compressible flows, the decomposed velocity field (2.7) can be inserted
into a rewritten form of the continuity equation (2.1), which yields

1 Dp

SDi =V VeV VX ¥ =V Vo (2.9)

In (2.9), the divergence of the vortical component vanishes identically, meaning that
density variations are solely governed by the scalar potential through its Laplacian. Com-
pressibility, a crucial requirement for acoustic wave propagation, is thus entirely linked
to the irrotational component of the velocity field. The vortical component does not
contribute to sound propagation.

This implies that the full velocity field can be decomposed into an orthogonal triple,
where the irrotational part is divided into a harmonic part and a compressible part, in
addition to the vortical structure u, as

u=u, +ul +ul, =V xW¥4 V" + Vot (2.10)
In (2.10), V" represents the harmonic subpart, which describes the potential flow.
The other irrotational term V¢° is responsible for the unsteady, compressible structure

and is the sole origin of the acoustic field [21].

This decomposition is consistent with Batchelor’s interpretation of fluid motion, as de-
scribed in his work [22]. Batchelor showed that the velocity field of a continuum point
can be represented as a superposition of three fundamental types of motion: isotropic
expansion, pure straining motion and rigid-body rotation (see Figure 2.4). Since sound
is generated by local density fluctuations, isotropic expansion, which involves a change in
volume and therefore represents the compressible effects, reflects the fundamental mech-
anism of flow-originated acoustic waves.



Figure 2.4: Decomposition of the flow field: rigid-body rotation (left), irrotational de-
formation (middle) and isotropic expansion (right). Modified from [20].

2.2.3 Acoustic wave equation

The description of sound propagation in fluids is based on the assumption that acoustic
phenomena can be interpreted as small deviations (perturbations) from a steady flow
state. This approximation is generally valid for low-amplitude waves, forming the basis
of linear acoustics.

In this case, the primary flow variables are decomposed into mean and fluctuating
(acoustic) components as

P =po+ Pa, (2.11)
P = po+ Pa (2.12)
u=ug+ u,. (2.13)

For linear acoustics to be valid, the fluctuations must be small compared to the mean
values, i.e.

[pal < po, (2.14)
|pal < po. (2.15)

In many relevant cases, the mean flow can be assumed to be quiescent, such that uy = 0
and the velocity field is entirely described by its acoustic component:

u=u,. (2.16)

To close the system, an isentropic relationship between pressure and density is assumed.
Linearizing this relation yields direct proportionality between the fluctuations,

Pa = C3pa, (2.17)

where ¢y denotes the speed of sound in the undisturbed medium.
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The evolution of these small disturbances can be interpreted both in terms of temporal
pressure fluctuations and spatial wave propagation. A conceptual illustration of this
behavior is shown in Figure 2.5.
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Figure 2.5: Acoustic pressure fluctuations around a mean pressure level during wave
propagation. Extracted from [23].

Substituting the decomposed variables into the governing conservation equations (2.1)
and (2.3) and neglecting nonlinear terms leads to the linearized conservation equations of
acoustics

Opa
. = 2.1
ot +,00V u, 0 ( 8)
ou,
= 0. 2.1

These equations describe the temporal evolution of small disturbances and form the
basis of acoustic wave theory. Combining them to eliminate the velocity field yields the
classical wave equation for acoustic pressure,

1 pa
& ot?

— Ap, =0. (2.20)

Taking the curl of the linearized momentum equation (2.19) yields zero, implying that
the acoustic velocity field is irrotational. Therefore, it may be expressed in terms of an
acoustic scalar potential as

11



U, = —Vi,. (2.21)

This representation is consistent with the Helmholtz decomposition introduced in Sec-
tion 2.2.2, where the acoustic contribution is associated only with the irrotational compo-
nent of the velocity field. Substituting (2.21) into (2.18) and (2.19) results in an equivalent
wave equation for the acoustic potential:

1%,
& ot?

— Atp, = 0. (2.22)

2.2.4 Aeroacoustic properties

This subsection introduces key flow-related and acoustic quantities to characterize aeroa-
coustic phenomena. The dimensionless numbers and parameters defined here are used to
describe flow regimes, sound generation, and wave propagation in phonation and aeroa-
coustic simulations.

The Knudsen number indicates whether a fluid can be treated as a continuum or whether
molecular effects must be considered explicitly. When it is several orders of magnitude
smaller than one, continuum-based fluid models are valid. The Knudsen number is defined
as

AR
Kn=— 2.23
n=2" (223
where A\r denotes the molecular mean free path and L is a characteristic length scale
of the flow.

The Reynolds number is used to represent the ratio of inertial and viscous forces as

L
Re = =, (2.24)
v
where v is the characteristic velocity, L is the characteristic length scale of the flow,

and v is the kinematic viscosity.

The Mach number describes the flow velocity relative to the speed of sound in the
medium and is defined as
Ma=" (2.25)
c
The Mach number is used to classify flows according to their compressibility effects. In
fluid flow simulations, flows with Ma < 0.3 can be treated as incompressible.

The acoustic wavelength, A\, defines the spatial extent of a harmonic wave and is related
to frequency by

A= (2.26)

G
7
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The RMS (root-mean-square) pressure is used to quantify the amplitude of acoustic
fluctuations because it provides a time-averaged measure of the acoustic signal strength.
It is defined as

1 to+T
Parms = 7, p2 dt, (2.27)
0

where T is the period time, and p, = (p — po) denotes the acoustic pressure.

Sound pressure level (SPL) is defined on a logarithmic scale

L, = 20log,, <p m) , (2.28)

a,ref

with paref = 20 pPa representing the reference pressure corresponding to the lower
threshold of human hearing. The logarithmic scaling reflects the large dynamic range of
acoustic pressures.

In addition to amplitude-based measures, the transport of acoustic energy is described
by the acoustic intensity

Ia = Pala, (229)

where u, is the particle velocity associated with the acoustic motion. Physically, it
represents the instantaneous energy flux carried by the sound wave.

Integrating the acoustic intensity provides a global measure of the emitted acoustic
power radiated through a surface. The acoustic power can be obtained as

P, = 7( L - ds :fla-nds. (2.30)
T T

2.3 Computational Aeroacoustics

In aeroacoustics, there is a significant disparity in spatial and temporal scales between
flow structures and acoustic wavelengths, as shown in Figure 2.6. For low Mach number
flows, the acoustic wavelength \ is typically several orders of magnitude larger than the
characteristic length scales of turbulent structures [ [24], with an approximate ratio of

l
A~ —. 2.31
a (2.31)
Due to this scale separation, fluid dynamic and acoustic simulations are generally per-
formed separately. The acoustic source terms, derived from the flow solution, provide the

coupling between the two simulations. This method is also called hybrid CAA.
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Figure 2.6: Order of magnitudes of flow and acoustic properties. Modified from [21].

Figure 2.7 illustrates the complete hybrid CAA workflow consisting of three indepen-
dent steps, as described in [25]. First, the flow field is obtained from either numerical
simulations or measurements. Next, acoustic source terms are computed and transferred
onto the acoustic grid. Then, the radiated sound field is predicted using an aeroacoustic
analogy. One widely used and computationally efficient formulation for this purpose is
the PCWE [26], in which the sole unknown variable is the acoustic potential. For low
Mach number flows, the corresponding source term can conveniently be obtained as the
time derivative of the pressure field from an incompressible CFD simulation, scaled by
the speed of sound and the constant density of the medium.

Hybrid aeroacoustic workflow

Acoustic
Fluid dynamics Pgst—processing ﬂgid flow - Lighthill’s analogy
- Compute aeroacoustic sources - FW-H analogy
- CFD > R . >
- Conservative interpolation - PCE
- Measurements from CFD grid to CAA grid - APE

- PCWE

Figure 2.7: The hybrid CAA workflow. Extracted from [25].
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2.3.1 Perturbation of flow quantities

Based on the separation of vortical and irrotational motion and the linear acoustic frame-
work, the PCWE provides a formulation that explicitly links flow-induced incompressible
fluctuations to acoustic wave propagation. This formulation is used to compute wave
propagation in the present thesis, for which a more detailed derivation is therefore given
below.

The starting point is decomposing the flow variables into a mean component and a
fluctuating part, also known as the perturbation ansatz. For velocity and pressure, this
yields

—a+u (2.32)
p=p+yp. (2.33)

Unlike the purely acoustic decomposition introduced in Section 2.2.3, the fluctuating
quantities are now further separated into incompressible and compressible contributions.
Based on the Helmholtz decomposition, the fluctuating velocity field can be written as

u' = u + u,, (2.34)

so the total velocity field becomes

u=1u-+u+ u,. (2.35)

Here, w;. represents the vortical component associated with flow structures, and wu,
denotes the irrotational component responsible for acoustic motion. Similarly, the scalar
pressure field is approximated as

Substituting (2.35) and (2.36) into the full compressible conservation equations and
applying assumptions appropriate for low Mach number flows leads to the Acoustic Per-
turbation Equations (APE)

apa — apic —
ot +U'Vpa+POC(2)V'Ua: - ot _u‘vPim (237)
ou, _
P05, +poV (0-u,) + Vp, = 0. (2.38)

The APE formulation consists of a coupled system of a linearized continuity and lin-
earized momentum equations for the acoustic pressure p, and acoustic particle velocity u,.
The source term is given by the substantial derivative of the incompressible pressure field.
However, solving this coupled system is numerically and computationally demanding.

To further simplify the formulation, the irrotational nature of the acoustic velocity field
is exploited. Thus the acoustic particle velocity can be expressed in terms of a scalar
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acoustic potential 1,,

U, = — Vi, (2.39)

Inserting (2.39) into (2.38), acoustic pressure is then directly related to the temporal
and convective variations of the acoustic potential,

D,
Dt

Pa = Po (2.40)

Finally, substituting (2.40) into (2.37) and rearranging it into a wave equation form
yields the PCWE;,

1 D%y,

1 Dpic
2 Dt?

pocd Dt~

— V1, = — (2.41)

The PCWE reduces the problem to a single scalar equation for the acoustic potential,
while retaining the essential physics of sound generation and propagation in low Mach
number flows. The source term is the substantial derivative of the incompressible pressure
field, which provides a computationally efficient alternative to the original coupled APE
system.

2.3.2 Source term interpolation

In aeroacoustic simulations, the flow field is typically computed on a fine, non-uniform
mesh, while the acoustic field is solved using a coarser, more regular mesh. This requires an
intermediate step in which the aeroacoustic source terms, derived from the CFD solution,
are interpolated from the flow mesh onto the acoustic mesh. This procedure is illustrated
in Figure 2.8.

Flow grid

® Acoustic nodal sources on Acoustic cell (local)

fluid grid @ CFD node

[ acoustic node

@ Acoustic nodal sources on
acoustic grid

Acoustic grid

Figure 2.8: Interpolation and nodal redistribution of acoustic source terms. Modified
from [27].
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In this thesis, the acoustic source term is determined by the PCWE. For low Mach
number flows, convective contributions can be neglected, and the source term reduces to
the time derivative of the incompressible pressure field. This results in the acoustic RHS
force being

1 apic
= ———. 2.42
Ja poc3 Ot (242)
Transferring the source terms from the CFD mesh to the acoustic mesh directly af-
fects the accuracy of wave propagation and is therefore an important step in any hybrid
aeroacoustic simulation. Different interpolation strategies have been developed based on

geometry type, mesh element size, and desired accuracy.

The nearest neighbour interpolation technique [28], represented in Figure 2.9, assigns
to each target node the value of the closest source element or node.

... Considered Node
... Target Mesh

Figure 2.9: Nearest neighbour interpolation technique. Extracted from [28].

In such a case, an inverse distance weighting formula is used. For each target node,
the nearest source nodes (n) are identified and their distances (r;) to the target node are
computed. The contribution of each source node is determined by the weight

Rmax - b
= —ry 2.43
v ( Rmaxr,- ) ( )

where R.x = 1.01r,.c and p is the interpolation exponent. As a result, nearby source
nodes contribute more strongly to the interpolated value than more distant ones.

The interpolated value v,, at the target node is then obtained as the normalized weighted

average of the neighbouring source values v;,

n

=Y e (2.44)

=1 1=

Although the nearest neighbour-based method is computationally efficient and robust,
it does not preserve integral quantities and may introduce errors.
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More advanced, conservative methods aim to preserve the integral properties of the
source term during transfer. In cell-centroid interpolation (see Figure 2.10a), the source
term is first integrated over the CFD control volumes and then distributed to the acoustic
finite element nodes using shape functions [29]. A more accurate variant is the cut-
cell method (see Figure 2.10b), which computes the exact intersection volumes between
CFD cells and acoustic elements and weights the transfer accordingly. This improves
conservation for highly non-conforming meshes.

CFD

Figure 2.10: Conservative interpolation techniques: (a) cell-centroid method and (b)
cut-cell method. Modified from [29].
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3 Literature review

Since the early 1950s, research in aeroacoustics has yielded significant results. After
Sir James Lighthill first introduced his well-known analogy [30], a variety of theoretical
models were developed. As computational methods emerged and advanced, the focus
shifted toward numerically solving these models.

This chapter presents the fundamental theories and models of aeroacoustics and their
computational possibilities, based on the classification of Zheng et al. [31]. First, the
principles and underlying assumptions of the classic analogies are reviewed. Next, I
introduce DNS, which resolves the entire flow field without turbulence modeling and
captures all relevant temporal and spatial scales of turbulence. Perturbation equation
approaches are also discussed, where the base flow and acoustic variables are treated
separately, introducing a more efficient way of aeroacoustic modelling.

Additionally, the milestones and scientific achievements regarding the numerical mod-
eling of human phonation are reviewed. Early models were based on lumped-parameter
representations of vocal fold dynamics using simplified mechanical analogies. More ad-
vanced approaches use continuum-based descriptions with PDEs, which allow for a more
detailed description of the airflow, tissue motion and acoustic wave propagation.

3.1 Classical aeroacoustic analogies

3.1.1 Lighthill’s acoustic analogy

The formal birth of aeroacoustics is marked by the work of James Lighthill [30], in which
he rearranged the complete equations of compressible fluid dynamics into an inhomoge-
neous wave equation. Lighthill identified turbulence as the primary mechanism of noise
generation [32], leading to the appearance of fluid stresses. A key element of this formula-
tion is the Lighthill stress tensor, which represents the acoustic source term arising from
turbulent flow. The stress tensor is composed of different stress components present in a
general flow as

Lij = poivj + ((p —po) = co(p = Po)) 0ij — Tij- (3.1)

In (3.1), the term puv;v; represents the Reynolds stress, the middle term (p—po) —c3(p—
po)d;j is the so-called exess term and 7;; is the viscous stress tensor.

For low Mach number flows (Ma < 0.3), the leading term is the Reynolds stress; thus,
Lighthill’s stress tensor can be reduced to

Lij = PU;v;. (32)

Lighthill’s wave equation is then expressed as

1 02 0?Lij
(Cgatg_v'v> (C(Q)(P—Po)):axia;j- (3.3)
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In free space, the double spatial derivative of the stress tensor behaves as a quadrupole
source. Since the source term is derived solely from fluid equations, a hybrid aeroacous-
tic approach is used, which involves computing the source terms with CFD results and
performing the acoustic simulation with (3.3).

3.1.2 Curle’s formulation

A few years later, Nicholas Curle [33] refined Lighthill’s analogy by including the effect
of solid surfaces. This was an essential step towards solving real engineering problems.
Using the formal solution of the wave equation via Green’s functions, Curle demonstrated
that the interaction between the flow and a solid boundary introduces a new source
term. In this case, the sound radiation originates from the unsteady forces (pressure and
friction) acting on the surface. Mathematically, this manifests itself as a dipole source,
which generates noise more efficiently than quadrupole turbulence sources do at low Mach
numbers. Curle’s formulation is written as

1 0? 82LUH
(cgatz_v.v> (& (o= po) H(S)) = &"Cﬁx(jf)

8?:,- ((Pvz‘vj + (p — po) 0sj — Ti5) aH;“ﬂ) (3.4)

0 OH(f)
T or (pvj Oz ) ’

with H(f) being the Heaviside function with the argument of

)0, i <0
f(x>_{1, if >0 (3:5)

In (3.5), z = 0 defines the boundary of the solid surface I's.

3.1.3 Ffowcs Williams-Hawkings equation

In 1969, John Eirwyn Ffowcs Williams and David L. Hawkings [34] extended further
Curle’s theory by introducing a control surface that could move arbitrarily. Thus, their
equation addressed the complexities of rotating machinery, such as helicopter rotors and
fans. Using the Heaviside function H(f) and the Dirac delta function §(f) enables the
governing equations to be expressed for control surfaces undergoing arbitrary motion.

The Ffowcs Williams-Hawkings (FW-H) equation identifies three distinct source mech-
anisms, as illustrated in Figure 3.1. Monopole sources are caused by the displacement of
fluid by the volume of the moving body. Dipole sources originate from the unsteady pres-
sure distribution on the surface, and quadrupole sources are caused by turbulent stresses
in the surrounding fluid.
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Figure 3.1: Acoustic source mechanisms in the Ffowes Williams-Hawkings equation. Ex-
tracted from [35].

3.1.4 Vortex sound

M. S. Howe [36] reinterpreted sound generation when introduced his vortex sound theory.
His derivation of the vortex sound equation for homentropic flows begins with Crocco’s
form of the momentum equation and, after neglecting entropy and thermal effects, yields

D 1DH 1 Du 1 Du
il H— AH = xu)— =22 (wxu). 3.6
Did Dt Tan Y Vilwxu) =55 (@ x) (36)

In (3.6), the dominant sources are vorticity and entropy inhomogeneities [7], while

2
H=h+ % (3.7)
represents the total stagnating enthalpy and the term w X u is called the Lamb vector.

For low Mach numbers, linearization leads to the convective wave equation [37]

(11;_v V)H:V~(w><u), (3.8)

which is a more convenient formulation.

3.2 Direct Numerical Simulation for CAA

Direct numerical simulation is a fundamental technique in CAA, although it is generally
restricted to low-Reynolds-number flows [38]. DNS solves the compressible Navier-Stokes
equations without turbulence modeling, thereby naturally capturing sound generation
because it simultaneously resolves both the flow and acoustic fields. However, turbulence
contains a wide range of small-scale structures that require extremely fine spatial and
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temporal discretization, resulting in a high computational cost. Consequently, DNS is
primarily used for simple configurations in the high Mach number regime. Although the
available literature is relatively limited, the theory behind it maintains the relevance of
related scientific research. The most significant contributions in this area are reviewed
below.

Colonius [39] investigated how sound is generated due to vortex pairing in a compressible
mixing layer using DNS. He demonstrated that common simplifications in acoustic source
modelling can lead to significant inaccuracies. In the context of cavity flows, Gloerfelt [40)]
compared results obtained from DNS with those computed using the FW-H method, as
well as with experimental results. Similarly, Marsden [41] demonstrated the application of
high-fidelity simulations to flow control by using Large Eddy Simulation (LES) to study
active noise control in a three-dimensional cavity flow. Beck and Munz [42] discussed the
challenges of direct noise computation, such as the need to accurately resolve turbulent
flow structures and acoustic waves, and proposed a high-order Discontinuous Galerkin
framework.

The Lattice-Boltzmann Method (LBM), introduced by Succi [43], became an efficient
alternative approach to DNS for fluid flows. It simplifies the nonlinear differential equa-
tions that describe macroscopic fluid dynamics [44] using the Boltzmann equation

Dfy _ af,(t,x,u) +u8fp(t,x, u)
Dt ot Ox

—Q, (3.9)

with f, being the probability distribution function, u the velocity and € the colli-
sion operator. The method is widely used for turbulent flows [45][46], and in industrial
applications [47] as well.

3.3 Perturbation equations

The concept of perturbation equations in CAA was first introduced by Hardin and Pope
[48], who developed the viscous/acoustic splitting technique. In their formulation, the
compressible flow variables are decomposed into an incompressible base flow and a per-
turbation component. To ensure that the resulting field behaves isentropically [49], a
density correction term p; is included, resulting in

u=u;+u (3.10)
p=pic +7 (3.11)
p=pictpitp. (3.12)

This expansion on the incompressible flow laid the foundation for many subsequent
developments. Shen and Sgrensen [50] extended the method to non-isentropic flows,
while Seo and Moon [51] introduced the Perturbed Compressible Equations (PCE), which
account for near-field coupling between vortical and acoustic components. For efficient
low Mach number aeroacoustic simulations, they introduced a linearized form (LPCE)
[52] as
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/

dp

E + Ui - Vp/ + piCV . u’ =0 (313)
ou’ 1
81; +V (u - ') + ;Vp’ =0 (3.14)
op Apie
a—zz +ue - VY + piV-u' +u' - Vpye = — czi)t (3.15)

to ensure stability and grid independency.

In parallel, the Linearized Euler Equations (LEE) were developed by linearizing the
Euler equations around a mean flow [20]:

a/

FZ+ﬁ-V,o’+u’-Vﬁ+ﬁV-u’—l—p’V-ﬁ:O (3.16)
ou _ P R | .

5 +u-Vu—|—u-Vu+EVp—?V(pp):O (3.17)
a/

8—];+ﬁ-Vp'+u’-Vﬁ+mﬁV~u’+mp’V-ﬁ:O. (3.18)

Although widely used, modifications were required to ensure purely acoustic wave prop-
agation. A major advancement in this direction was achieved with the Acoustic Perturba-
tion Equations (APE), formulated by Ewert and Schréder [53]. These equations introduce
a decomposition into mean, vortical, and acoustic components as

u=u+u =u+u, +u,, (3.19)

combined with source-term filtering to isolate acoustically relevant contributions. Several
variants (APE-1, APE-2, APE-3 and APE-4) exist, differing mainly in source modeling
and variable formulation.

A further simplification is provided by the Perturbed Convective Wave Equation, which
can be interpreted as an exact reformulation of the APE-2 system under low Mach number
assumptions and with the neglect of entropy and vortical mode coupling [37]. This reduces
the governing system to a single scalar equation for the acoustic potential, resulting in a
computationally efficient formulation:

1 D%y,
c2 Dt?

1 Dpic
pocd Dt

V- Vi, = — (3.20)

This equation is derived and discussed in more detail in Section 2.3.1.
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3.4 Numerical modeling of human phonation

3.4.1 Multi-mass models

Due to the anatomical inaccessibility of the laryngeal region, measurement-based investi-
gations are restricted. For this reason, researchers have developed computational models
of phonation dating back to the 1960s. Over time, these models have progressed from
simplified, low-dimensional systems to detailed, PDE-based formulations. [54].

Computational modelling began with multi-mass models, which were designed to cap-
ture the core oscillatory mechanics of the vocal folds. In general, these reduced-order
models are a simplification of real motion and allow only large-scale investigations [55].
Flanagan and Landgraf [56] first introduced a single mass-spring oscillatory model to
represent self-sustained vocal fold vibrations.

K B z—‘\ o —

% x=0 I:W_{— . . —br Vocal

"\ IM | |m||* —*| cords

Lungs § Ps 4% R Ug [f Vocal
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Vocal cords

Figure 3.2: Single mass-spring oscillatory model of the vocal folds. Extracted from [57].

The system is driven by a time-dependent force F'(t), generated by air pressure and
distributed over the intraglottal surface, with its resultant acting on mass M [57]. This
system is illustrated in Figure 3.2, where the dynamics of the vocal folds is given by

Mi + Bi+ Kz = F(t), (3.21)

where M is the mass, K is the constant of the spring and B is the constant of the
damper.

The single mass-spring model was then followed by more refined representations. Ishizaka
and Flanagan [58] introduced a two-mass model, which allows one to describe the phase
shift between the upper and lower vocal folds and thus approximate wave-like motions
more accurately. Story and Titze’s three-mass model [59] incorporated a physiologically
motivated body—cover structure with adjustable muscle-related parameters. This resulted
in a more realistic simulation of vertical phase differences. Titze introduced a mucosal
wave model [60], in which he defined a surface-type wave perpendicular to the airflow.
Yang et al. [61] developed a three-dimensional mass-spring cover model that extends
prior low-dimensional approaches by capturing full three-dimensional vocal fold dynamics
across the medial surface. This model represents the vocal folds as multiple vertically
stacked layers of longitudinally coupled oscillators (see Figure 3.3).
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Figure 3.3: Multi-mass-spring vocal fold model: (a) full three-dimensional view, (b)
vertical cross-section, and (c) horizontal cross-section. Extracted from [61].

3.4.2 PDE based approaches

Starting in the 2000s, early studies began applying PDE-based formulations to simulate
phonation with increasing physical realism and complexity. Alipour et al. [62] described
vocal fold vibration using two-dimensional finite elements for the basic continuum me-
chanical model. Rosa et al. [63] contributed to the topic by performing a coupled 3D
simulation with a coarse mesh setup. They successfully reproduced the key vibratory
features and demonstrated the influence of the false vocal folds on the laryngeal behav-
ior. Meanwhile, Scherer et al. [64] introduced a geometric representation of the vocal
folds (Figure 3.4), known as the M5 model, which has since been widely used. The main
advantage of the model is the parametric control of the glottal contour, which allows for
systematic variation of vocal fold shapes.
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Figure 3.4: Parametrized geometry of the M5 vocal fold model. Extracted from [55].

Flow field simulations of the glottal region began to emerge when Mihaescu [65] used
LES to characterize the formation of intra-glottal vortices in a divergent glottis, thereby
demonstrating how vortices arise under steady inflow. Mattheus [66] took into account the
movement of the vocal folds for the first time, when compared two- and three-dimensional
setups regarding glottal jet flow. Zheng et al. [67] used the Immersed Boundary Method
(IBM) to handle the numerical mesh for movement, while others used the Overset Mesh
Method (OVM), e.g. in [68].
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Beyond CFD simulations, several studies have also computed acoustic propagation us-
ing different modeling approaches. Zorner et al. [69] demonstrated how different glottal
geometries and oscillation patterns influence flow behavior and thus acoustic source gen-
eration, using APE. Based on the same splitting-based APE, Sidlof et al. compared
convergent and divergent glottal configurations [70] and also demonstrated that the simu-
lated acoustic spectra agree well with measured formant frequencies. They validated the
approach for investigating flow—sound interactions in voice production, presented in [71].

However, only a limited number of such studies exist, DNS-based simulations have
also been applied. One example is the work of Schickhofer et al. [72], who computed
acoustic radiation for different vowels using fully compressible CFD. Thus, fluid-acoustic
interactions were directly captured, but at the cost of higher computational effort.

Schoder et al. [29] introduced the application of PCWE to human phonation. They
showed that optimized interpolation and grid reduction can decrease computational costs
by up to 95%, while maintaining satisfactory acoustic accuracy. In [25], they demon-
strated that the time derivative of pressure contributes more significantly to the overall
far-field sound spectrum and demonstrated that neglecting convective terms introduces
only minimal error. The publication contains many visualizations in both the frequency
and time domains, separately for the convective term, the pressure time derivative, and
the full source term combining the two. In Figure 3.5, these combined source term values
are presented for different phases of the vocal fold oscillation cycle.
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Figure 3.5: PCWE source terms during vocal fold oscillation. Extracted from [25].

Lasota et al. further contributed to the applicability of the PCWE for sound generation
modeling by investigating the effect of the SGS (sub-grid scale) [73] and the anisotropic
minimum dissipation [74] model.

In recent years, phonation modeling has increasingly combined numerical simulations
with machine learning techniques to estimate biomechanical and aerodynamic parameters
that govern voice production [55]. Early studies used probabilistic and optimization-based
methods (e.g. in [75] and [76]), whereas more recent works have applied neural networks
and reduced-order models. In these approaches, parameters such as subglottal pressure,
glottal geometry, and tissue properties are estimated from simulated or experimental
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data (e.g. [77, 78, 79]). Zhang developed a simulation-based machine learning framework
[80, 81, 82] to estimate vocal fold physiology and subglottal pressure from acoustic output,
addressing the inverse problem of voice production. Using a reduced-order model, a
large dataset of 221,400 simulated vocal fold conditions was generated to train the neural
network. Zhang’s work demonstrate that data-driven and Al-assisted inverse modeling is
emerging in the field of human phonation.
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4 CAA model of human voice production

In this chapter, I present the implementation part of the proposed hybrid CAA framework
for human voice production and the corresponding results I achieved. The workflow begins
with a CFD investigation of how vocal fold vibrations influence the airflow through the
larynx. The resulting flow field is then used as input for the acoustic simulations, which are
carried out with the two configurations: stationary and moving acoustic grids. Although
the modelling workflow is largely identical in both cases, the moving-grid formulation
requires a more complex implementation, as it is not directly supported in openCFS. The
resulting velocity and pressure fields, along with a comparison of the acoustic responses,
are presented and discussed at the end of the chapter.

4.1 Methodology

For the CFD analysis, I used a simplified, 2D model of the laryngeal region, which was
sufficient to compare different computational cases. The domain was built up and meshed
using Coreform Cubit 2025.3, and the flow simulations were performed in the OpenFOAM
v2412 environment. The mesh motion definition was realised by applying prescribed
displacements to the boundaries representing the vocal folds. However, full closure could
not be represented because this would result in excessive cell deformation or even collapse.
Consequently, the glottal gap remained open with a time-varying cross-sectional area.

The acoustic wave propagation was modelled using the finite-element solver openCFS
[8]. The incompressible pressure field obtained from the CFD simulation was used to
compute acoustic source terms based on the PCWE, where the source terms were derived
from the temporal evolution of the pressure field. Then, the dataset was transferred onto
the acoustic mesh using CFS-Data [28], a pre- and postprocessing module of openCFS
that enables consistent interpolation between the CFD and the acoustic domains. For the
acoustic part, the computational domain was extended to include the vocal tract and the
surrounding air region to capture relevant acoustic radiation effects.

In the moving-mesh acoustic configuration, the mesh motion was prescribed in a man-
ner similar to that of the CFD model, using the SmoothPDE module of openCFS. The
resulting time-dependent mesh was then decomposed into individual configurations for
each time step using the pyCFS framework [83]. A dedicated Python workflow generated
time-dependent XML input files for CFS-Data by linking each instantaneous pressure
field to the corresponding acoustic mesh configuration. The processed data were assem-
bled into a single transient dataset using PyCFS and were then used as input for the
acoustic simulation. The AcousticPDE module of openCFS solved the acoustic prob-
lem. For the moving-grid case, SmoothPDE and AcousticPDE were coupled to ensure
consistency between mesh deformation and acoustic wave propagation.

[ investigated vocal fold oscillation frequencies of 100 Hz and 200 Hz, which represent the
typical phonation ranges of males and females, respectively. CFD simulations were run for
a total physical time of 0.3 seconds. To avoid initial transients, only the final 0.2 seconds of
the pressure field were used to generate the source term and perform subsequent acoustic
simulations. This ensured that the analysis was based on a fully developed periodic
flow. Simulations were performed for both stationary and moving acoustic meshes at
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each excitation frequency. The resulting acoustic fields were then compared to evaluate
the impact of mesh motion on source interpolation and wave propagation. The results
were post-processed and analyzed using ParaView and MATLAB.

4.2 Flow simulation

4.2.1 Boundary conditions

The domain boundaries shown in Figure 4.1 define the regions where the corresponding
CFD boundary conditions are prescribed. These include the inlet and outlet boundaries,
stationary walls, and the moving vocal fold surfaces ( VFu for the upper and VFI for the
lower folds), which modulate the glottal airflow periodically.

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0014 | | | | : 0014
0.012 0.012

\
0ol \ J k_/ [ wall 0.01
[.

0.008 inlet rVFu / 0.008
0.006 0.006
I rrJutlet
0.004 VFl— 0.004
0.002 Y A /43\ 0.002
0 > 0
0.00? U ] ‘ l 1 ‘ ] 0002

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Figure 4.1: Boundary segments of the CFD domain. Grid dimension is given in [m].

Airflow is driven by a constant pressure difference between the inlet and outlet bound-
aries, which is a simplified approximation of physiological phonation conditions. Accord-
ingly, a fixed pressure value of pi,e = 320 Pa is prescribed at the inlet boundary I'jet,
while atmospheric reference pressure pouner = 0 Pa is applied at the outlet boundary
[outtet- The resulting pressure difference

Ap = Pinlet — Poutlet = 320 Pa (41)

drives the airflow through the glottal constriction, generating the pulsatile jet char-
acteristic of phonation. Zero-gradient pressure conditions are prescribed on the station-
ary walls, denoted by I'yan as well as on the moving vocal fold surfaces, denoted by
I'vry and Ty

For the velocity field, a zero-gradient condition is applied at the inlet,

Glog

=0, (4.2)

allowing the inflow velocity to develop naturally according to the instantaneous pres-
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sure distribution and glottal opening. The stationary walls are modeled using a no-slip
condition,

U =0. (4.3)

The inletOutlet condition available in OpenFOAM is used at the outlet boundary.
This boundary condition applies a zero-gradient formulation during outflow and a fixed,

prescribed value during inflow. This ensures a physically consistent treatment of reverse
flow at the boundary [84].

The oscillatory motion of the vocal folds is introduced by applying a prescribed mesh
displacement field to the vocal fold boundaries, I'vg, and I'vg. The displacement is
implemented using a custom codedFizedValue boundary condition, based on the setup
presented in [74] and implemented in consultation with the author.

The prescribed motion consists of a superposition of two harmonic oscillatory compo-
nents defined around two characteristic points, P1(6.4,6,0)mm and P5(9.2,6,0)mm, as
also shown in Figure 4.2.
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‘[ ws(t)
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Figure 4.2: Characteristic points of prescribed vocal fold motion.

The vertical displacement is defined as a spatially weighted superposition of two har-
monic contributions:

w(t,x) = Ajaq (x) sin(2m ft) + Asaa(x) sin(27 ft + ¢), (4.4)

where A; and Ay denote the displacement amplitudes, f is the oscillation frequency,
and ¢ is the phase shift between the two contributions. The spatial weighting functions,
a1 and as, control the local distribution of the deformation and depend on the distance
to the characteristic points, P; and P».

The phase shift is defined as

6=1 (45)

and the amplitudes are prescribed as A; = 0.0002 m and A, = 0.0004 m.

The spatial weighting functions are defined using exponential expressions as
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_ [ — Pi|*
a;(x) = exp (_LQ) , (4.6)

with a characteristic width of L. = 2 mm.

The motion is applied antisymmetricly with respect to the glottal midline. Therefore,
the displacement of the upper and lower vocal fold boundaries is defined as

vau(t, X) = w(t, X), (47)
UJVFl(t, X) = —UJ(t, X), (48)

resulting in opposite wall motions on the two sides of the glottis.

For illustrative purposes, the resulting vocal fold motion over one oscillation cycle is
shown in Figure 4.3 at nine selected time instances.

t = 0 ms t = 1.25 ms t = 2.5 ms

t = 3.75 ms t = 5 ms t = 6.25 ms

t = 7.5 ms t = 8.75 ms t = 10 ms

Figure 4.3: Characteristic motion phases of a vocal fold oscillation cycle.
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4.2.2 Mesh definition

The computational mesh, illustrated in Figure 4.4, was generated using the automeshing
tool of Cubit and consists of 32,348 quadrilateral elements across the entire domain. The
domain is partitioned by vertical lines at x = 6.4 mm and x = 15.65 mm, a subregion
with a higher mesh resolution that corresponds to the glottal area. In this region, the
mesh resolution is increased locally to capture the steep expected gradients in the flow
field. Boundary layer elements are applied along the vocal fold surfaces and stationary
walls to improve near-wall resolution.

Figure 4.4: Meshed domain of the larynx geometry for CFD simulation.

Since simulation accuracy depends heavily on mesh quality, the relevant quality indica-
tors for the initial configuration along with the boundary layer parameters are summarized
in Table 4.1. Mesh distortion is typically evaluated using the skewness parameter, which
offers a quantitative measure of element quality [85]. Excessively distorted elements may
lead to nonphysical results, so their assessment is essential. For this reason, mesh skewness
is evaluated at characteristic phases of the vocal oscillation cycle and visualized across
the entire computational domain in Figure 4.5.

Table 4.1: CFD mesh quality indicators and boundary layer parameters.

Parameter Value
Element type Quad
Number of elements 32 348
Average skewness 3.37 x 1072
Maximum skewness 6.78 x 1071
Average aspect ratio 1.67
Maximum aspect ratio 5.04
First boundary layer thickness 0.3 mm
Boundary layer growth factor 1.2
Number of boundary layers 4
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The skewness distribution of the CFD mesh is shown in Figure 4.5. To capture the
effect of deformation over a full oscillation cycle, the initial configuration and the states
corresponding to the maximum opening and closing of the glottis are included.

skewness
0.0 2.3

—— |

Figure 4.5: Skewness distribution of the CFD mesh at different phases of the glottal
cycle: initial configuration (top), maximum opening (middle), and minimum
opening (bottom).



The skewness values remain below 1 in most regions of the computational domain,
indicating well-shaped elements and acceptable numerical quality. Only a small area in
a sharp corner of the subglottal region exhibits higher distortion. However, this localized
irregularity is not expected to significantly impact the acoustic results. Overall, the mesh
quality is acceptable for CFD simulations.

4.2.3 Numerics and solver settings

The incompressible Navier—Stokes equations are solved using pimpleFoam, and mesh de-
formation is handled using the displacementSBRStress motion solver. Both of these are
implemented in OpenFOAM. Air is modelled as a Newtonian fluid with a kinematic vis-
cosity of

v =10"" m?/s. (4.9)

The flow is treated as laminar without turbulence modelling, as in many previous human
phonation-related simulations using FVM (e.g.[69, 71, 86]). Adaptive time-step control
is employed to maintain numerical stability. The time step size is automatically adjusted
to satisfy the Courant-Friedrichs-Lewy (CFL) condition,

uA\t

CO:TLL'<

1, (4.10)
where u is the fluid velocity, At is the time step, and Ax is the characteristic mesh
size. The initial time step is set to At = 107® s, while the maximum allowed time step is
At = 1075 s. Output data are written at intervals of 1075 s for the subsequent acoustic
analysis. A total physical simulation time of 0.3 s is computed, corresponding to 30
oscillation cycles in the case of a 100 Hz case and 60 cycles for the 200 Hz case.

4.3 Acoustic simulation on fixed grid

4.3.1 Computational domain

For the acoustic simulations, the laryngeal domain is extended to include the vocal tract
and the surrounding air region in order to model acoustic wave propagation along the full
sound path and to evaluate the radiated acoustic field in the ambient air.

The vocal tract geometry is based on the work of Story et al. [87], who derived simplified
geometric representations of different vowels from MRI measurements. The vocal tract
is divided into 46 equally spaced sections, each with a length of 0.396825 cm, with cross-
sections defined by circular areas. In this study, the vowel /u/ is considered. Since a
two-dimensional geometry is used, equivalent diameters are computed from the cross-
sectional areas and used to construct the acoustic domain.

The cross-sectional area distribution for the vowel /u/ is shown in Table 4.2, while the
full acoustic domain and its main computational regions are illustrated in Figure 4.6.
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Table 4.2: Cross-sectional area distribution for the vowel /u/. Based on [87].

Sect. Area Sect. Area Sect. Area Sect. Area
er? fern? ern?] fern?
1 0.40 13 5.63 25 2.07 37 2.35
2 0.38 14 5.43 26 1.52 38 2.55
3 0.28 15 4.80 27 0.74 39 3.73
4 0.43 16 4.56 28 0.23 40 5.47
5 0.55 17 4.29 29 0.15 41 4.46
6 1.72 18 3.63 30 0.22 42 2.39
7 2.91 19 3.37 31 0.22 43 1.10
8 2.88 20 3.16 32 0.37 44 0.77
9 2.37 21 3.31 33 0.60 45 0.41
10 2.10 22 3.22 34 0.76 46 0.15
11 3.63 23 2.33 35 0.86
12 5.86 24 2.07 36 1.82

Figure 4.6: Acoustic domain and its main computational regions. Blue: Perfectly
Matched Layer (PML) regions, green: laryngeal region, yellow: vocal tract
and ambient air domain.

4.3.2 Boundary conditions and mesh

To suppress reflections at the two longitudinal ends (blue regions in Figure 4.6), Perfectly
Matched Layer (PML) is applied. This boundary condition uses an inverse-distance-based
damping formulation implemented in openCFS. The remaining boundaries, which are not
explicitly specified, are treated as acoustically rigid (sound-hard) boundaries,

Vp,-n =0, (4.11)

corresponding to homogeneous Neumann conditions.

The acoustic mesh, consisting of 2,672 quadrilateral elements with a characteristic ele-
ment size of 1.5 mm, is able to resolve wavelengths corresponding to frequencies of up to
approximately 10 kHz, which is sufficient for human phonation simulations. The acous-
tic mesh is shown in Figure 4.7. In the glottal region, a locally refined mesh with a
characteristic element size of 0.8 mm is used.
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Figure 4.7: Meshed geometry of the computational acoustic domain.

4.3.3 Source term interpolation

Based on the PCWE formulation, the incompressible pressure field obtained from the
CFD simulation is used to construct the acoustic source term. For the low Mach number
regime considered in this work, convective contributions in the PCWE are neglected. The

resulting source term reduces to the temporal derivative of the incompressible pressure
field,

. apic
¢ = ) 4.12
p 5 (4.12)

The scaling by fluid density and speed of sound, required for the final RHS formulation
of the PCWE,; is applied later during the acoustic simulation setup.

The time derivative is computed using a noise-robust differentiator implemented in
openCFS. This reduces high-frequency numerical noise and preserves the signal low-
frequency content of the signal. The differentiator is applied with order N = 5, resulting
in the approximation

2 (ply — p) + (Pl — P
SAt ’

sic

p

(4.13)

where At denotes the constant time step size and n =& k refers to time levels relative to
the evaluation instant.

The resulting time derivative values computed on the CFD mesh are interpolated onto
the acoustic mesh. Both meshes represent the same laryngeal geometry; however, the
acoustic discretization uses a significantly coarser resolution. The difference in element
size within the laryngeal region is illustrated in Figure 4.8.

The interpolation is performed in CFS-Data using the nearest neighbour technique.
This approach was chosen because of its simplicity and robustness, even though it is less
accurate than conservative interpolation schemes.
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Figure 4.8: Comparison of spatial discretisation between CFD (blue) and acoustic
(black) meshes in the laryngeal region.

4.3.4 Numerics and solver settings

The acoustic field was computed in openCFS using the acoustic potential formulation of
the PCWE. The governing equation is given by

1 82 2 1 8pic
(gﬁ—v )1/)11__[?6(2) 8t 9 (414)

where 1), denotes the acoustic potential. The acoustic pressure can be obtained as

_ M
Pa = Po—p (4.15)

with pg being the density of air. The corresponding material properties are set to air
at 20°C, with py = 1.204 %% and ¢, = 343.5 2.

The simulation is performed with a time step of

At =107" s, (4.16)

using a total of 20,000 time steps, corresponding to the temporal resolution of the
interpolated source data.
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4.4 Acoustic simulation on moving grid

In the case of acoustic wave propagation computed on a moving mesh, the geometry,
initial mesh, and boundary conditions are the same as in the earlier introduced fixed-
mesh formulation. This section therefore presents the definition of mesh motion, as well
as the computation of source terms and interpolation.

4.4.1 Mesh motion definition

The deformation of the acoustic mesh is prescribed using the SmoothPDE module of
openCFS. The formulation is based on a quasi-static linear elasticity model in which
inertial effects and external body forces are neglected. The governing equation is

V-o=0, (4.17)

where o denotes the Cauchy stress tensor. Assuming linear elastic material behaviour
and small deformations, the mesh displacement is obtained from the prescribed boundary
motion.

The vocal fold motion follows the same kinematic description as in the CFD model,
including two spatially localized harmonic components acting at P, and P5. The temporal
evolution is defined by a combination of sine and cosine functions with a phase shift of

= —, 4.18

6=7 (118)

between the two components. A total of 20,000 time steps are used, with a constant
time increment of

At =107 s, (4.19)

ensuring consistency with the fluid mesh motion. The resulting mesh file contains a
separate set of nodal coordinates for each time step, thereby defining a time-dependent
displacement field.

4.4.2 Source term calculation and interpolation

The source term calculation and interpolation process using a moving acoustic grid re-
quires three main steps after defining the mesh motion.

First, the mesh motion obtained from the SmoothPDE simulation is post-processed
using the pyCFS framework. The nodal displacement field is read and the deformed
node coordinates are reconstructed for each time step by adding the displacement field
to the initial mesh coordinates. This procedure decomposes the transient moving mesh
into a sequence of 20,000 static configurations, each of which represents the geometry of
the oscillating vocal folds at a given time instant. The generated meshes are stored as
individual .cfs files.

The aeroacoustic source terms are computed from the CFD pressure field using the
CFS-Data pipeline, as in the fixed-grid case. For each CFD time step, the resulting
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field is interpolated onto the corresponding deformed acoustic mesh using the nearest
neighbour interpolation scheme. This process is automated using a Python script, which
generates the required XML input file for each time step and assigns the corresponding
target mesh and CFD time window to evaluate the temporal derivative. A sliding window
of £10 time steps is used to provide the necessary temporal neighborhood for the finite-
difference scheme. The results are stored as interpolated individual source fields.

Finally, the interpolated result files are merged into a single transient dataset using
pyCFS. This dataset contains the time-dependent aeroacoustic source field mapped onto
the moving acoustic mesh and can be used as input for the subsequent acoustic wave
propagation simulation.

Figure 4.9 shows an overview of the complete workflow of the moving-grid case, from
acoustic mesh movement definition to acoustic wave propagation simulation.

o Acoustic mesh e Mesh decomposition ﬁ‘t; Source term interpolation o Assembile results e Acoustic simulation
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Figure 4.9: Workflow of the acoustic simulation using a moving grid.

4.4.3 Solver settings and methods

The acoustic setup for the moving-grid simulations remains identical to that for the fixed-
grid case. The main difference is the use of a time-dependent computational mesh, which
allows the acoustic domain to follow the prescribed vocal fold motion.

The interaction between the motion of the mesh and acoustic propagation is realized
through one-way coupling of their descriptive equations. For each time step, the me-
chanical equation (4.17) is solved first, followed by the PCWE on the updated mesh
configuration. After each time step, the geometry of all regions is updated according to
the computed mesh deformation.

Similarly to the fixed grid case, a total of 20,000 time steps are simulated with intervals
of

At =107 s. (4.20)
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4.5 Results

The results of the CAA simulations are presented below. The velocity and pressure fields
for the two cases of vocal fold excitation frequency are introduced from the CFD results.
The resulting acoustic potential, calculated on fixed and moving acoustic grids, is shown
for 100 Hz. Then, a direct comparison of the fixed and moving acoustic grid formulations
is performed based on the resulting acoustic pressure signals and their spectral analysis.

It should be noted that the velocity and pressure fields, as well as the acoustic potential
distributions presented in the following, correspond to single representative oscillation cy-
cles. These results are intended to illustrate characteristic instantaneous flow and acoustic
structures, but should not be interpreted as globally valid values over the entire simula-
tion. The representative cycles shown for different excitation frequencies correspond to
the same physical time instant within the simulation and therefore represent different os-
cillation cycle numbers. For the quantitative comparison of the fixed and moving acoustic
grid formulations, the acoustic pressure signals and their frequency spectra are evaluated
using the full simulation time.

4.5.1 Velocity fields

For the visualization of the velocity field, the oscillation starting at ¢ = 0.1 s was selected.
This allows sufficient time for the flow field to fully develop and reach a representative
state. Additionally, numerical artifacts associated with the initial phase no longer signif-
icantly affect the results.

The CFD results show that the periodic motion of the vocal folds generates a strongly
unsteady flow through the glottal constriction. The flow can be characterized by the
periodic opening and closing of the glottis as a pulsatile jet in the supraglottal region.
Vortical structures emerge, which serve as the main source of the resulting sound.

For the 100 Hz excitation case, the velocity field is displayed in Figure 4.10 at four
uniformly distributed time instants. A high-speed jet develops in the glottal channel with
a peak velocity of approximately 48 m/s, which falls into a realistic range, proving the
incompressible flow assumption

Umax
Ma=——<0.3 (4.21)
Co

to be valid. Downstream of the glottis, recirculation zones appear near the false vocal

folds.

At 200 Hz, the overall flow topology, displayed in Figure 4.11, remains similar. However,
vortex dynamics is more compact and temporally concentrated, and a larger coherent
vortical structure can be observed in the central region of the supraglottis. A second
vortex can be seen further downstream of the vocal folds, which can be attributed to the
vortex shed during the preceding oscillation cycle. The higher excitation frequency results
in more rapidly evolving flow structures.
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Figure 4.10: Velocity fields at characteristic time instants corresponding to the fully
opened state, closing phase, near-closure state, and opening phase of the
glottal gap (from top to bottom, respectively) for 100 Hz excitation case.
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Figure 4.11: Velocity fields at characteristic time instants corresponding to the fully
opened state, closing phase, near-closure state, and opening phase of the
glottal gap (from top to bottom, respectively) for 200 Hz excitation case.
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4.5.2 Pressure field

The pressure field is plotted the oscillation starting at t = 0.1 s and evaluated at the same
time instants as the velocity fields. The pressure distributions for the 100 Hz and 200 Hz
cases are shown in Figure 4.12 and Figure 4.13, respectively.

The pressure distribution throughout the laryngeal model is primarily governed by
the imposed pressure difference of 320 Pa between the inlet and outlet. The 100 Hz
case exhibits a pressure range of approximately —900 Pa to 330 Pa, while the 200 Hz
case has a wider range of approximately —1200 Pa to 330 Pa. Upstream of the glottis,
the pressure field remains nearly uniform, which indicates a stable enforcement of the
prescribed boundary conditions. Downstream of the glottal constriction, the pressure
gradually recovers toward ambient conditions. In both cases, regions of strongly negative
pressure are spatially localized and coincide mainly with the vortex cores. Furthermore,
the pressure field downstream of the glottis fluctuates around an ambient level.

The showcased CFD results of velocity and pressure confirm that the flow features are
physiologically realistic and consistent with known phonation mechanisms.
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Figure 4.12: Pressure fields at characteristic time instants corresponding to the fully
opened state, closing phase, near-closure state, and opening phase of the
glottal gap (from top to bottom, respectively) for 100 Hz excitation case.
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Figure 4.13: Pressure fields at characteristic time instants corresponding to the fully
opened state, closing phase, near-closure state, and opening phase of the
glottal gap (from top to bottom, respectively) for 200 Hz excitation case.




4.5.3 Wave propagation

The acoustic field is characterized by the acoustic potential, which is the primary unknown
of the applied PCWE formulation. One oscillation cycle is evaluated at eight uniformly
distributed time instants, starting at ¢ = 0.2 s. The colour scales are adjusted for the
individual time instants in order to improve the visualization of the propagating wave
structures.

The propagating acoustic wave structure for the 100 Hz excitation case is shown in
Figure 4.14 and Figure 4.15, corresponding to simulations performed on fixed and moving
grids, respectively. The results exhibit clear wave-like propagation through the vocal tract
domain, with the acoustic potential varying approximately between —9 x 1075 m?/s and
10~* m?/s. Both cases are characterized by smooth transitions between regions of positive
and negative 1, values. The results suggest a characteristic wavelength of about 13 cm,
consistent with the local peak observed around 2500 Hz in the subsequent fast Fourier
transform (FFT) analysis. This confirms the consistency between the time-domain and
frequency-domain representations of the acoustic field.

Comparing fixed and moving acoustic grids shows that the overall wave structure re-
mains largely unchanged. The moving mesh introduces only minor phase shifts and local
amplitude; however, it does not affect the global propagation characteristics.
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Figure 4.14: Acoustic potential fields at eight representative time instants over one os-
cillation cycle for the 100 Hz excitation case, calculated on fixed grid.
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Figure 4.15: Acoustic potential fields at eight representative time instants over one os-
cillation cycle for the 100 Hz excitation case, calculated on moving grid.
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4.5.4 Acoustic pressure

Acoustic pressure is evaluated in the surrounding air domain at a monitoring location
positioned 1 cm downstream of the vocal tract outlet. Results for the 100 Hz and 200
Hz excitation cases are shown in Figure 4.16 and Figure 4.17, respectively. The acoustic
pressure signals obtained from the simulations have low amplitudes, typically ranging
between —2 Pa and +2 Pa. Peaks of up to approximately +4 Pa are occasionally observed;
however, they are sporadic and do not occur consistently across oscillation cycles. Direct
comparison of the fixed-grid and moving-grid formulations shows that both approaches
yield nearly identical acoustic pressure amplitudes; however the signals are not aligned in
time.

The results presented here cover the full acoustic simulation window, which corresponds
to the final 0.2 s of the CFD simulation.
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Figure 4.16: Acoustic pressure signals for fixed (blue) and moving (orange) grids, mea-
sured at a monitoring point located 1 cm downstream of the vocal tract
outlet (100 Hz excitation case).

It can be observed that the acoustic pressure magnitudes are several orders of magnitude
smaller than the characteristic pressure levels of the main flow field. This significant scale
separation is consistent with the assumptions of the applied perturbation ansatz, providing
additional confirmation of the physical and numerical correctness.
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Figure 4.17: Acoustic pressure signals for fixed (blue) and moving (orange) grids, mea-
sured at a monitoring point located 1 cm downstream of the vocal tract
outlet (200 Hz excitation case).

4.5.5 Frequency spectra

The acoustic pressure computed and visualized in the time domain can also be represented
in the frequency domain with the help of FFT. The dominant frequency contributions can
be thus identified in the acoustic field through the decomposition of the transient signal
into a sum of trigonometric functions.

90

30

T y T RS T y
100 200 400 1000 2000 4500
f[Hz]

Figure 4.18: Frequency spectrum for fixed (blue) and moving (orange) grids, measured
at a monitoring point located 1 cm downstream of the vocal tract outlet
(100 Hz excitation case) The fundamental frequency is marked by fj.
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The spectrum results are presented in Figure 4.18 for the 100 Hz case and in Figure 4.19
for the 200 Hz case. The sound pressure level values are being calculated based on (2.28),
using a reference pressure of p,.;y = 20 pPa.

The frequency spectra of the acoustic pressure signals clearly reveal the fundamental
frequencies of 100 and 200 Hz, which correspond to the prescribed vocal fold excitation
frequencies. Several higher-frequency peaks are also evident in both excitation cases, most
notably at 1450 Hz, 2500 Hz, and 3700 Hz.

The observed peaks are consistent with vocal tract filtering effects, meaning that the
vocal tract geometry selectively amplifies specific frequency bands, while filters out others.
Since the spectral peak with highest amplitude turned to be at 1450 Hz, it is primarily at-
tributed to the filtering effect of the vocal tract. Similarly, the peaks around 2,500 Hz and
3,700 Hz are indicative of higher-order resonant modes. Thus, it is clearly demonstrated
that the radiated sound is governed by both the excitation source and the frequency-
dependent transfer characteristics of the vocal tract.
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Figure 4.19: Frequency spectrum for fixed (blue) and moving (orange) grids, measured
at a monitoring point located 1 cm downstream of the vocal tract outlet
(200 Hz excitation case). The fundamental frequency is marked by fj.

Comparison of the fixed and moving acoustic mesh formulations reveals only minor
differences across the entire frequency spectrum. Deviations at the dominant resonance
peaks are negligible. Consequently, for the investigated configuration and excitation fre-
quencies, the use of a moving acoustic mesh does not provide any advantage over the
fixed-grid formulation in terms of the predicted acoustic pressure spectrum.
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5 Summary

5.1 Results

The primary objective of the thesis was to develop and implement a hybrid computational
aeroacoustic framework, capable of handling moving acoustic meshes. For a simulation of
human voice production, the influence of acoustic mesh motion was compared to the case
where fixed acoustic mesh is used throughout. To achieve this, a partitioned numerical
workflow was established by coupling incompressible CFD simulations with acoustic wave
propagation simulations, carried out in openCFS using the Perturbed Convective Wave
Equation. In addition to the conventional approach employing a fixed acoustic mesh, a
novel workflow was developed that allows for source term interpolation and acoustic wave
propagation on deforming acoustic meshes.

The CFD simulations reproduced the characteristic low phenomena associated with
phonation. The periodic motion of the vocal folds generated a pulsatile jet through the
glottal constriction and led to the formation of vortical structures in the supraglottal re-
gion. These flow structures represent the primary mechanism responsible for aerodynamic
sound generation. The obtained velocity fields exhibited peak values of approximately 45
m/s, remaining within the low Mach number regime and therefore confirming the validity
of the incompressible flow assumption. The pressure fields showed realistic distributions,
with localized regions of negative pressure associated with vortex cores. Overall, the CFD
results demonstrated physically plausible behaviour and were consistent with established
descriptions of the phonatory flow.

The acoustic simulations confirmed that the pressure fluctuations generated by the
flow field act as effective sound sources within the PCWE framework. The propagation
of acoustic waves through the vocal tract and into the surrounding air domain was suc-
cessfully captured for both investigated excitation frequencies. The computed acoustic
pressure amplitudes were significantly smaller than the characteristic hydrodynamic pres-
sure levels of the flow field, supporting the assumptions of hybrid CAA and demonstrating
its consistency.

The frequency-domain analysis revealed that the acoustic components corresponding
to the prescribed vocal fold oscillation frequencies of 100 Hz and 200 Hz are dominant. In
addition to these fundamental frequencies, several higher-frequency peaks were identified,
around 1450 Hz, 2500 Hz, and 3700 Hz. These peaks are attributed to frequency-selective
filtering within the vocal tract.

The developed workflow successfully enabled the interpolation of source terms onto time
dependent acoustic meshes and the subsequent simulation of acoustic wave propagation on
deforming domains. Comparison of the results obtained with fixed and moving acoustic
meshes showed that the overall acoustic behaviour remained largely unchanged. The
acoustic potential distributions exhibited similar propagation patterns, while the acoustic
pressure signals and their corresponding frequency spectra showed only minor differences.
Deviations in the dominant spectral peaks were negligible, and no significant changes in
acoustic amplitudes were observed. For the investigated configuration, the influence of
acoustic mesh motion on the predicted acoustic field remained limited, which may be
primarily attributed to the compact nature of the acoustic sources.
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5.2 Conclusion and outlook

The results show that the framework captures the main physical mechanisms of phonation,
such as pulsatile jet formation, vortex generation, and sound propagation through the
vocal tract. The simulations reproduced both the prescribed excitation frequencies and
the main resonance frequencies of the vocal tract, demonstrating that the hybrid approach
can represent the essential aeroacoustic behavior of voice production.

The comparison between fixed and moving acoustic meshes showed that acoustic mesh
motion had only a minor influence on the predicted acoustic field for the investigated cases.
The resulting acoustic pressure signals, wave propagation patterns, and frequency spectra
were nearly identical. Consequently, no clear advantage of the moving acoustic mesh
formulation could be identified for the simplified two-dimensional model and excitation
frequencies considered in this study. Nevertheless, the developed methodology extends the
existing computational framework by enabling simulations of deforming acoustic domains
that were previously not possible within the adopted workflow.

Several limitations of the present work should be acknowledged. The simulations were
performed on a simplified two-dimensional geometry and employed prescribed vocal fold
motion rather than a fully coupled fluid—structure interaction model. Furthermore, com-
plete closure of the glottal gap could not be represented because of mesh quality con-
straints. These simplifications were necessary to maintain computational feasibility and
to focus on the methodological development of the moving-mesh aeroacoustic framework.

Future work may therefore proceed in several directions. A natural extension would
be the application of the developed workflow to anatomically realistic three-dimensional
geometries, where the influence of acoustic mesh motion may become more pronounced.
Incorporating fully coupled fluid—structure interaction models would enable more realistic
representations of vocal fold dynamics and potentially improve the prediction of sound
generation mechanisms. Further investigations could also examine larger deformation am-
plitudes and more realistic geometries reconstructed from medical imaging data. In addi-
tion, the developed methodology may be applied to other aeroacoustic problems involving
moving boundaries, extending its usefulness beyond the field of phonation modelling.

In conclusion, this thesis contributes to the numerical modelling of human voice produc-
tion through the development and validation of a hybrid aeroacoustic framework capable
of handling moving acoustic meshes. The proposed framework provides a basis for future
investigations of more realistic phonation scenarios.
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Osszefoglalé

Az emberi hangképzés az aeroakusztika, vagyis az aramlastan és akusztika kapcsolataval
foglalkoz6 tudomanyteriilet egyik jellegzetes példaja. A gégében elhelyezked6 hangszalak
rezgése az addig kozel egyenletesen aramlo levegdt orvényes, turbulens aramlassa alakitja.
Ennek hataséara jelentos nyomasingadozasok lépnek fel, amelyek aeroakusztikai forrasként
miikodve hanghullamokat keltenek. A keletkez6 hullamok a szaj- és orriireg csatorndin
athaladva médosulnak, igy alakul ki a végsé beszédhang. A jelenség él6 szervezetben
torténd kisérleti vizsgalata a nehéz hozzaférhetéség miatt jelentos korlatokba titkozik,
ezért a fizikai mechanizmusok részletes feltarasa maig nem tekintheté teljesnek. Az utébbi
évtizedekben a numerikus modellezési modszerek fejlodése ugyanakkor 1j lehetoségeket
teremtett a hangképzés mérnoki szemléletii vizsgalatara és mélyebb megértésére.

Napjainkban a legelterjedtebb megkozelités az un. hibrid aeroakusztikai maédszer,
amely az dramlési és akusztikai mezdk elkiilonitett kezelésén alapul. A szamitas elso
lépéseként az aramlasi mez6 keriil meghatarozasra numerikus szimulaciéo vagy kisérleti
mérés segitségével. Ezt koveti az akusztikai tér szamitasa, amely az eltéro tér- és idoskalak
miatt altaldban kiilon halén torténik. Mivel a hangterjedés numerikus leirasa rendszerint
kisebb felbontast igényel, ehhez egy ritkabb hélé is elegend6, ami egy kozbensé 1épésként
szitkségessé teszi az aramlastani eredmények atvitelét az akusztikai haléra. A szakiro-
dalomban bemutatott hibrid aeroakusztikai alkalmazasok esetében mind az interpolacio,
mind az akusztikai szamitas rogzitett akusztikai haléon torténik. A hangképzés soran azon-
ban a hangszalagok mozgasanak kovetkeztében a geometria folyamatosan valtozik, ami
befolyasolhatja a hanghullamok terjedését. Ez alapjan feltételezhetd, hogy a jelenség pon-
tosabb leirasa érheto el, ha az akusztikai szdmitas idében valtoz6, mozgd halén torténik.
Diplomadolgozatom célja egy olyan hibrid aeroakusztikai szamitési eljaras fejlesztése és
implementalasa volt, amely a hangképzés modellezése soran képes figyelembe venni az
idében valtozé geometria hatdsat. A folyamat soran az aramlasi tér meghatarozasa
osszenyomhatatlan kozeget feltételez6 CFD szimuldcidval tortént, mig a hangterjedés
leirdsara a PCWE (Perturbed Convective Wave Equation) aeroakusztikai formuléci6 szol-
galt. A dolgozat kozponti eleme egy olyan automatizalt szamitasi folyamat fejlesztése
volt, mely lehetévé teszi az akusztikai forrastagok idoben valtozé halora torténd atvitelét,
mozgd akusztikai halon végzett szimulaciok eredményeit hasonlitottam 6ssze a halomozgas
akusztikai térre gyakorolt hatasanak értékelése céljabol.

A CFD szamitasok reprodukaltak a hangképzés soran kialakulé jellegzetes aramlasi je-
lenségeket, mig az akusztikai szimulaciok sikeresen leirtak a hanghullamok terjedését. A
frekvenciaanalizis soran a hangszalrezgés alapfrekvenciai mellett a hangcsatorna sztir6hata-
sabol ered6 magasabb frekvencidju Osszetevok is azonosithatoak voltak. A rogzitett
és mozgo akusztikai haldval kapott eredmények Osszehasonlitasa alapjan a halomozgas
hatasa a vizsgalt esetekben elhanyagolhatonak bizonyult, ami elsésorban az akusztikai
forrasok kompakt jellegével magyarazhatd. A dolgozat eredményeként megvalosult egy al-
talanos hibrid aeroakusztikai keretrendszer, amely lehetové teszi mozgd halok vizsgalatat
és alapot teremt Osszetettebb, a valésaghoz kozelebb allo hangképzési modellek jovébeli
elemzéséhez.

Kulcsszavak: aeroakusztika, hangképzés, interpolacié, openCFS
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