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Abstract

This thesis investigates the fluid-structure interaction (FSI) of a Starling Resistor to
understand the mechanics behind wheezing, which is a common respiratory symp-
tom. By using a combination of computational fluid dynamics (CFD) and structural
analysis, the study applies a partitioned FSI approach to simulate the interaction
between airflow and a Starling Resistor. The results of this study present the first
valid FSI simulation that models wheezing. In addition, the research investigates
how changes in the shape of airways, particularly narrowing in the middle part,
aledt the flow speed and distribution of pressure. The simulations show how air
moves and how the structures change, capture the frequency of the onset of tube’s
oscillations. The results suggest that the increase in pressure at the inlet of the
tube in combination with the external pressure that act on the tube, is the primary
mechanism causing the tube’s oscillations. This study provides valuable insights
into how fluids and structures interact in collapsible airways and contributes to the
broader field of respiratory mechanics, especially for wheezing. The results could
help in developing better tools for diagnosis and strategies for treating respiratory
conditions. Also, future work could focus on improving the simulation models by us-
ing more advanced mesh designs, models that account for turbulent flow, finer time
steps to accurately capture the exact start and frequency of tube movement and
an improvement of signal processing to analyze the tube oscillations with a wavelet
process. These improvements could lead to more precise and predictive models,
ultimately benefiting both clinical practice and patient diagnoses.

Keywords: wheezing, collapsible tubes, starling resistor, STAR-CCM+, FSI, CFD,
Fourier transform, oscillations
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Introduction

1.1 Background

Breathing is essential for human life, yet numerous diseases can negatively impact
this vital function. The human upper airways undergo a complex pattern of deforma-
tions due to pressure di erences between the lungs and the mouth during breathing.
These deformations can be in uenced by diseases, resulting in lung sounds. These
lung sounds are crucial because they o er a low-cost, non-invasive method for diag-
nosing various pathologies [1]. However, diagnosing diseases based on these sounds
remains challenging due to their low speci city [2] and repeatability issues [3][4]. To
improve diagnostic accuracy, it is essential to understand the physical mechanisms
behind the creation of these sounds, particularly their onset [1].

To model and study the behavior of airways under various conditions, researchers
have developed the Starling resistor simpli ed model of a prestrained, exible tube.
Recent reviews and studies have expanded our understanding of Starling resistors
and uid dynamics in exible tube [5], [6], [7], [8]. However, most experiments have
used water instead of air, which a ects the density ratio between uid and tube
walls, making them less relevant for lung studies. The complexity of theoretical
models has increased over time. Early work started with two-dimensional analogues
of the Starling resistor, exploring both linear stability [9],[10],[11],[12] and direct nu-
merical simulations [13],[14],[15]. Signi cant progress has been made in advancing
our theoretical understanding of Starling resistors, resulting in the development of
numerous potential mechanisms. However, until recently, these mechanisms have
not allowed for quantitative predictions of the frequencies and ow rates at onset
within the speci c context of the lung, with one notable exception [16].

One of the most signi cant lung sounds, a ecting 25% of the population, is wheezing
[2]. Research has shown that the frequencies of wheezing are not in uenced by the
density of the uid, ruling out mechanisms based on the resonance of the air cavity
[17]. Additionally, it has been demonstrated that a dog's trachea began to oscillate
and produced wheezing sounds when air was sucked through it [18]. This indicates
that wheezing is generated by the oscillations of a exible tube when air passes
through it [19]. Recent research suggests that the onset of these oscillations is driven
by a complex interplay of uid dynamics and tube deformation, marked by critical
changes in pressure and ow conditions that lead to instability and subsequent
oscillatory behavior [16].
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1.2 Purpose

The primary purpose of this thesis is to develop and validate a functional FSI setup,
beginning with an existing baseline model of the Starling resistor, which undergoes
various stages from buckling and ow limitation to complete collapse as upstream
pressure, external pressure, and downstream pressure are varied. Figure 1.1 shows
ow limitation and complete collapse. Flow limitation occurs when the external
pressure exceeds the internal pressure at the outlet, while complete collapse occurs
when the external pressure is greater than the pressure at both the inlet and the
outlet of the tube.

(@) (b)

Figure 1.1: (a) Flow Limitation, (b) Occlusion,

This setup will facilitate several parameter studies and a deeper investigation into
the biomechanics of human upper airways, aiming to enhance our understanding
of these dynamics and contribute valuable insights into respiratory health and dis-
ease mechanisms. Despite extensive e orts, there is still a lack of a robust two-way
coupled, transient uid-structure interaction (FSI) model that captures the criti-
cal physical e ects from initial deformation to total occlusion of the airway model.
Achieving such a model holds signi cant promise for predicting and diagnosing crit-
ical respiratory events like sleep apnea and lung wheezing.

1.3 Goals

This thesis aims to achieve several objectives: rst, to identify a robust set of param-
eters for conducting FSI simulations under realistic physical conditions. Second, to
conduct nite element method (FEM) simulations on a solid model of the Starling
resistor. Third, to perform transient, implicit FSI simulations under various expi-
ration pressure conditions. Additionally, the research will investigate the in uence
of hyperelastic material properties of human tissue. Finally, the study will analyze
and identify the conditions leading to airway collapse and oscillation.
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1.4 Limitations

The scope is limited to simulations using the latest release of Simcenter STAR-
CCM+ and will utilize computational resources available at Chalmers. Due to time
constraints, this study will not explore variations in human airway geometries. In-
stead, it will focus primarily on enhancing the model and investigating physical
conditions within the constraints of the developed setup. While patient-speci ¢ ap-
plications are not within the immediate scope of this thesis, they could be considered

for future research.
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Theory

The following sections present the literature review for this master thesis.

2.1 Anatomy of the respiration system and lungs'
sound terminology

2.1.1 Anatomy of the respiration system

The upper respiratory system begins with the connection of the nose and mouth
to the trachea. At the back of the throat, the pharynx serves as the meeting point
for the oral and nasal cavities. Extending downward from the pharynx, it connects
with both the esophagus and the larynx. The larynx, which houses the vocal cords,
signi es the shift to the lower respiratory system.

The trachea moves down and splits into the primary bronchi. These primary
bronchi then divide into secondary (lobar) bronchi and later into tertiary (segmen-
tal) bronchi. The air passages continue to divide into bronchioles, which can be
distinguished from bronchi by the lack of cartilage in their walls. This branching
process ends in groups of alveoli. This system called the respiratory tree, consists
of approximately 23 generations of branches and around 150 million human alveoli.

The intricate network of the pulmonary circulatory system extends throughout
the lungs alongside the respiratory tree. This system diers from the respira-
tory tree as it is composed by two distinct systems one of arteries and one of
veins interconnected by capillaries surrounding the alveoli. The arterial network
usually mirrors the path of the respiratory tree, often running alongside bronchioles,
whereas the venous network functions more autonomously.

The connection of the respiratory and circulatory systems is at the alveoli, which
gather around alveolar ducts at the end of the respiratory tree. These dense clusters
of alveoli result in ducts without distinct walls, forming a system that divides lung
space into small sections. This arrangement, called the parenchyma or lung tissue,
consists of capillaries and various tissues. The intricate network gives an excised
lung a fragile, spongy, and elastic texture [20].



2. Theory

2.1.2 Lungs' sound terminology

For many years, doctors have been able to hear lung sounds and distinguish between
healthy and unhealthy lungs. Thus, lung sound terminology is crucial for diagnosing
diseases quickly and accurately. Recent reviews [21], [22] provide a comprehensive
dictionary of terms, including several used for specic types of lung sounds. The
terms were categorized as "continuous" and "intermittent” sound [23]. Previously,

it was suggested that sounds be divided into tonal (wheezes) and non-tonal (crack-
les) sounds. Upon investigation, it becomes evident that the pairs "continuous" and
"tonal" and "intermittent" and "non-tonal" are equivalent [1].

The previous study further support this, noting that correct use of lung sound
terminology appears in only one-third of the papers they reviewed. This lack of
consensus means that doctors cannot reliably distinguish these subtle variations in
sounds, limiting the use of lung sounds for diagnoses.

2.2 Bio uid mechanics on collapsible tubes

Biological uids display complex behaviors that are crucial to understanding phys-
iological processes. Most biological uids can be assumed to have constant density,
allowing for the use of the incompressibility condition in Cartesian coordinates [7].
However, real ows in the body are often more complex than ideal Poiseuille ow
due to the presence of bends, twists, and bifurcations commonly found in arteries
and airways [7].

Biological vessels' shape has a big impact on ow patterns. The mean velocity
pro le is distorted and wall shear stress on the inner side of bends is decreased by
secondary ows brought about by curvature and torsion [7]. Areas of low wall shear
stress under stable conditions result from ow separation, which happens at abrupt
contractions, expansions, and bifurcations. When Reynolds numbers are higher than
1, viscous boundary layers form, adjusting ow. These layers frequently expand to
lengths greater than what is possible in straight segments of arteries or airways [7].

In uid dynamics, especially in the airways, vessel exibility is vital. Partial airway
collapse during forced expiration can cause ow restriction; this is a condition that

is made worse in those who are having asthma attacks [7]. The sound of wheezing
Is caused by self-excited oscillations of the walls of the airways. It is a noisy event
similar to a ag apping in the wind. Other sounds that can be heard, such crack-
les and snoring, are connected to liquid plug popping and obstructive sleep apnea,
respectively [7].

Most vessels in the body maintain a higher internal pressure than external pres-
sure, resulting in a nearly circular cross-section that minimizes ow resistance [8].
However, when subjected to signi cant negative internal pressure, these vessels can
deform asymmetrically. In this state, the vessel's rigidity is primarily a ected by its
limited resistance to bending, leading to signi cant shape changes even with small
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uctuations in internal uid pressure [8]. This creates a strong interaction between

the uid and the vessel's structure, potentially leading to self-excited oscillations.
Examples of this phenomenon include wheezing during forced exhalation, Korotko
sounds during blood pressure measurement, and cervical venous hum caused by os-
cillations of the external jugular vein [8].

It's important to note that in most physiological conditions, the uid ows can be
modeled as incompressible, with the highest Mach number being approximately 0.1
[24]. Additionally, air can be approximated as a Newtonian uid in these contexts.
These approximations allow for simpli ed yet accurate modeling of complex biolog-
ical uid dynamics.

Understanding these uid-structure interactions is crucial for comprehending various

physiological processes and pathological conditions. The interplay between uid
ow, vessel geometry, and structural properties of biological tissues continues to be
an area of active research, with implications for both clinical practice and biomedical

engineering.

2.3 Theory of FSI

Fluid-Structure Interaction (FSI) describes a subset of physics problems where an
interplay between a uid medium and a deformable structure takes place. Such
interactions manifest themselves in a diverse range of engineering domains, includ-
ing the uttering of an airfoil (aeroelasticity), loads on stent-grafts from blood ow
(biomechanics) and wind-induced oscillations of bridges (civil engineering).

However, this diversi cation comes at a cost; namely the insu ciency of an archetyp-
ical approach. Since each engineering problem carries its unique challenges, the
method of solving such FSI problems is far from generic. Each problem to be solved
relies on some degree of engineering assessment.

By understanding the theoretical background presented in the upcoming sections,
we aspire to unravel the di erent approaches used in confronting real-world FSI
problems. By then, the hope is that the reader will have gained a nuanced under-
standing of how such assessments are done in addition to grasping the preferred
approach used in this paper.
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Figure 2.1: A schematic overview of the di erent FSI approaches that are pre-
sented in this section. ¢ and  is the solver for the structural and uid domains
respectively. Horizontal dashed arrows represent jumps in iterations.

2.3.1 The monolithic and partitioned approach

When employing the monolithic approach, the structural and uid parts of the
problem are formulated together. This means that the governing equations for the
structure and uid at the interfaces where they interact are solved simultaneously.
The upsides of using this method are accurate results with the requirement of a
conformal mesh at the FSI interface. Choosing the monolithic approach for solving
FSI problems also means that a distinctive solver has to be used, which is often not
at hand for the diverse range of problems that FSI deals with [25][26].

For the partitioned approach, the structural and uid systems are solved separately
without the need to impose conformal meshes. Furthermore, two distinct solvers can

be used that are specialized for each subproblem. As a consequence, the solution
reaches higher rates of convergence issues. These challenges arise especially when
dealing with strongly coupled cases [25][26].

2.3.2 One- and two-way coupling

Whether the problem is weakly or strongly coupled will also have consequences
on the choice of approach. Weakly coupled FSI problems include problems where
the ow imposes large deformations on the structure, but the reaction from the
structural part upon the uid is negligible. The converse claim is also considered
weakly coupled. In such cases, it's su cient that the information from one of the
two solvers is exchanged in a unidirectional fashion and we can hence make use of
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so-called one-way coupling. For instance, the uid provides forces and pressures
exerted on the structure, which the structural solver then uses for calculating the
displacements without exchanging information back to the uid solver. See one-way
coupling in Figure 2.1. A simple example includes a ag during a windy day [26][27].

For strongly coupled FSI problems, the feedback from the structure (or uid) can't
be neglected. In this case, information has to be exchanged bidirectionally between
the two solvers. As the structure deforms, the information is exchanged to the uid
solver that updates the geometry along with other relevant information, i.e. heating
of the structure. See Figure 2.1.

It's important to note that the time steps don't necessarily have to match between

the solvers in the partitioned approach. The time step is problem-speci c, and also
partly depends on how fast the deformations take place in the structural domain.
For fast feedback, it might be compulsory to impose alike time steps for the distinct
solvers to capture the interaction fully [26][27].

2.3.3 Challenges of FSI in collapsible tubes

Fluid-Structure Interaction (FSI) involving collapsible tubes presents several chal-
lenges. Firstly, it can be di cult for the solver to handle the uid-solid interface,
particularly in the case of collapsible tubes with signi cant solid deformations. To
address this, frequent remeshing of the uid domain may be necessary, as the new
uid domain and its deformation are not known, requiring interpolation between
the old and new meshes [28].

If a partitioned solver is used, instabilities can arise from the unknown uid bound-
ary and mesh deformation, especially in large deformations [29]. This issue can be
mitigated by employing under-relaxation factors for the data transfers, albeit at the
cost of increased computational e ort.

Another challenge is the potential occurrence of oscillations in collapsible tubes,
which may be in uenced by the time resolution used for numerical simulation [30].
Addressing this requires knowledge of the oscillation frequencies from experiments,
allowing for the selection of an appropriate simulation time step. As a rule of thumb,
using 1%-10% of the period of the Nyquist frequency of the oscillations' frequency
is recommended.

It's important to note that the modelling of collapsible tubes often involves the use
of non-linear, speci cally hyperelastic, materials. These material non-linearities,
combined with potential geometric non-linearities in models of the human upper
airways, further add to the computational complexity.
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2.4 Previous studies on collapsible tubes

Forgacs [17] proposed theories about the wheezing mechanism in relation to three
di erent musical instruments: a ute, a clarinet or oboe, and a toy trumpet. He
excluded the rst two instruments for two main reasons. Firstly, for them to pro-
duce wheezing frequencies, they would have to be longer than the airway branches.
Secondly, while wheezing produces the same frequencies at di erent air densities,
these two instruments do not exhibit this behavior. Therefore, Forgacs suggested
that the wheezing mechanism is likely similar to that of the toy trumpet due to
the signi cant role of the tube walls in creating the wheezing sound. However, this
theory remains vague.

Later, there have been di erent experimental methods to investigate the origins of
wheezing sounds. Most used a Starling Resistor model, consisting of a tube passing
through a sealed box with two rigid segments and a collapsible segment [1]. Grot-
berg and Davis proposed that wheezing sounds happen when a uid passes through
a exible passage and causes utter [19]. Gavriely et al. carried out a study using

a Starling resistor model, which involved a pliable tube held between two in exi-
ble tubes [18]. They explored the connection between the ow rate, upstream and
downstream pressures, and the occurrence of self-generated oscillations. They noted
a correlation between ow restriction and self-generated oscillations, consistent with
earlier ndings [31].

Although these studies o er strong evidence that wheezing is a result of the self-
sustained vibration of the airways as air passes through them, they do not provide
a comprehensive and quantitative understanding of the mechanism, particularly
without taking into account the e ects of axial pre-tension, which exists in the lung
[32]. A quantitative model is being needed for better diagnosis. Thus, we must
delve more deeply into the broader literature that seeks to elucidate self-sustained
vibrations in exible tubes.

2.4.1 Theoretical models

The complexity of theoretical models has increased over time, starting with 1-
dimensional models and progressing to simulations of the Navier-Stokes equations
combined with an elastic tube model. Jensen recently reviewed the modeling of the
Starling resistor [33], while earlier work on 2-dimensional models was summarized
by Pedley and Luo [34]. There is a considerable body of work examining a related
2-dimensional model of the Starling resistor. This includes linear stability analyses
by [9],[10], [11], [35] and [12]. Additionally, numerical simulations of the entire sys-
tem have been conducted by [13], [34], [14], and [15].

Various instabilities such as travelling wave utter, Tollmien-Schlichting waves, and
static divergence have been identi ed but are yet to be fully conrmed in a 3-
dimensional system. The complexity of the 3-dimensional modeling has delayed its
development. Some studies have analyzed the ows resulting from prescribed wall
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motions, including work by Heil and Waters [36],[37] and Whittacker[38].

An interesting nding of this research is that self-excited oscillation occurs when
the oscillation is about a non-axisymmetric mean con guration. These studies have
also presented some evidence of the sloshing mechanism. Theoretical studies have
reasonably succeeded in predicting the qualitative behavior of Starling resistors, but
accurately forecasting quantitative details has proved challenging due to the sys-
tem's complexity.

While some mechanisms have been proposed, experimental validation is still pend-
ing. Our focus is on establishing quantitative relationships between the tube's ge-
ometry and material properties and the conditions leading to oscillations.

2.4.2 Numerical models

The study of uid ow through collapsible tubes is a complex eld with important
physiological process consequences. Researchers have used various numerical meth-
ods and experimental approaches to investigate this phenomenon, focusing on both
two-dimensional and three-dimensional models.

In 2D studies, such as those conducted by Huang [39], the lattice Boltzmann method
has been used to solve uid ow problems, while the nonlinear dynamics of col-
lapsible channel walls are modeled using the Bernoulli-Euler Beam theory. These
studies have expanded the parameter space to include high Reynolds numbers, high
structure-to- uid mass ratios, and high external pressures.

Three-dimensional analyses, as presented by [40], have employed nite element meth-
ods to solve the Navier-Stokes equations coupled with large, nonlinear deformations
of elastic walls. These studies with validated results for cross-sectional shapes of
thick-walled tubes and have found issues such as ill-conditioning and locking be-
havior. The e ects of wall thickness on ow patterns have also been examined,
revealing di erent deformation patterns in thick-walled tubes that lead to changes

in ow behavior.

Hazel [41] used a fully coupled nite-element method to study steady ow through
thick elastic tubes. This study brought to light the signi cance of the Bernoulli

e ect, which leads to a more severe tube collapse as compared to situations in which
it is not present. Additionally, a basic characteristic that have been observed in
strongly collapsed tubes was the development of 'jets' like ows, which was leading
to signi cant changes in axial velocity pro les..

Zhang's work [42] focused on the behavior of exible tubes under external pres-
sure, developing a technique called rotating spines to adjust the mesh for large
deformations. This research identi ed multiple solutions for a range of Reynolds

numbers and determined the stability characteristics of the system using the eigen-
value method.

11
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A 2D Starling resistor model by Stewart [43] investigates laminar high-Reynolds-
number ow through a nite-length planar channel with a partially elastic wall,
using eigenfunction expansions and numerical simulations to examine global stabil-
ity. The research reveals a transition from high-frequency 'sloshing' at high tension
to 'slamming’ motion at low tension, with hydrodynamic modes increasingly con-
tributing to instability as tension decreases. This simple model demonstrates how
uid inertia and membrane curvature control slamming dynamics, providing insights
into uid-structure interactions in channels with exible walls.

Also, remarkable was Akbar's research [44] that introduces a 3D computational
model of uid-structure interaction for steady-state ow in a collapsible tube. He
has found that the deformation of the tube is more notable near the end of the
exible section, with the uid ow velocity showing a jet-like prole in the most
deformed region and downstream. He also examines the convergence and stability
of data transfer, nding minimal di erences when changing convergence criteria.
Flows with higher Reynolds numbers are more likely to cause 3-lobe buckling, with
signi cant deformations occurring near the downstream end. Additionally, his study
has found low-pressure areas at the junction of the exible and downstream rigid
sections, which is consistent with previous ndings by Hazel [41] and Huang [39].
Furthermore, he observes a reverse ow downstream of the most deformed part, in
line with experimental results from [6] Bertram and Godbole.

Recent work by Laudato [45] examined the relationship between geometric charac-
teristics of Starling resistors and contact critical pressure using a computationally
validated model based on experimental data. He used a hyperelastic model, because
large deformations occur at the tube. Also, he established a connection between
contact critical pressure and the initiation of self-excited oscillations in collapsible
tubes. His results demonstrated that increasing tube thickness and pre-stretch ra-
tio, while decreasing the length-to-diameter ratio, leads to higher critical collapse
pressures.

Furthermore Laudato [46] has conducted CFD LES models to investigate experi-
mentally validated geometries of exible tubes with a velocity inlet 10 m/s. This
research focused on the acoustic properties of collapsible tubes, introducing the con-
cept of an acoustic tube law. The results have shown that the highest sound power
is generated in the post-buckling con guration, Also, he suggests that this results
Is important for understanding self-excited oscillations and wheezing sounds in the
lungs. In addition his ndings resemble those of [47] Kounanis and Mathioulakis,
where they have found a jet that passes from the mid cross section of the tube, it
remains attached to one surface due to the Coanda e ect, while also encountering
ow separation on the opposite surface, leading to a ow symmetry brake.

Finally, these studies have improved our understanding of uid-structure interactions

in collapsible tubes. They have shown us complex relationships between uid ow,
tube deformation, and acoustic properties, while also highlighting the importance
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of factors such as Reynolds number, wall thickness, and external pressure. But so
far none of them have developed an FSI unsteady-state model close to Gregory's
Starling Resistor model, which closely resembles the human lungs and examines the
frequencies of the self-exciting oscillations that Gregory has discovered [1].

2.4.3 Experimental models

2.4.3.1 Previous experimental models

Most of the experimental approaches have focused only on nding out instabilities
by using water as the working uid [6], [48], [49], [50]. However, the use of water
in these studies limits their relevance to the lung, as the ratio of tube wall density
to uid density is 0 by three orders of magnitude. Additionally, the studies do not
take into account the axial tension within the lung airways [32], which occurs during
breathing. Also, while there have been numerous experimental studies conducted,
the variations in speci ¢ setups make comparisons di cult.

Later, other experiments were conducted using air as a uid by [7], [1], [51]. Their

setup was similar to Gregory's, who used a Starling resistor model. This model will

be explained in detail in the next subsection because this thesis goal is to replicate
his experiment's results.

According to the above experiments the collapsible tube's two-lobed collapse pro-
duces two jet-like ow structures in the plane of the tube's major axis. These jets
impact the tube wall near the downstream end of the collapsible segment, creating
two sickle-shaped (and sometimes complete annular) areas of increased axial veloc-
ity before merging further downstream. A region of retrograde ow forms near the
tube's centerline when the tube undergoes signi cant collapse. These ow character-
istics are incredibly robust and have been observed across a wide range of Reynolds
numbers, from laminar ows at Re 300 [52] to fully turbulent ows at Re 10,000
[53]. The oscillation frequency is relatively low.

However, experiments demonstrate that the most signi cant uctuations in ow rate
typically occur downstream of the collapsible segment, while the in ow rate remains
nearly constant [52]. This suggests that the oscillations cannot be driven by the
sloshing mechanism discussed above. For su ciently thin-walled tubes, self-excited
LU-type oscillations can occur at Reynolds numbers as low as 250, with a max-
imum frequency of about 10Hz. [54] noted that the oscillation frequency decreases
as the length of the downstream rigid tube, Ldown, increases [55], while a change
in Ldown does not impact the Reynolds number at which the oscillations initially
develop.

It is worth to be mentioned that an investigation was conducted by [56] on the

collapse of exible tubes due to capillary pressure. The evolution of the tube's
cross-section was documented by [57], who identi ed three distinct states of oscil-
lation. Zayko and Vedeneev have shown that the magnitude of tube oscillation is
greater in turbulent conditions compared to laminar conditions [58]. Yiasemides

13



2. Theory

observed asymmetrical ow separation downstream of the tube neck and suggested
that this could act as a triggering mechanism for tube oscillations [59].

Also, Kumar studied the behavior of a collapsible tube under forced oscillations
across di erent Reynolds numbers [51]. At low Reynolds numbers, the tube ex-
hibits small-amplitude oscillations close to a collapsed state, transitioning to large-
amplitude oscillations, and then small-amplitude oscillations as Reynolds number
increases. Weak forcing can induce symmetric milking-mode-like oscillations at low
Reynolds numbers and cause quasiperiodic or chaotic behavior at higher Reynolds
numbers. The interaction between limit-cycle oscillations and periodic forcing leads
to complex dynamics, including quasiperiodicity and chaos, which are not observed
in unforced cases. The introduction of periodic forcing adds a dimension to the
system's phase space, increasing the likelihood of chaotic behavior.

2.4.3.2 Gregory's experimental model

A recent study by [1] employed a Starling Resistor model to investigate uid ow
dynamics in exible tubes. This model consists of a exible tube anked by two
rigid tubes, all enclosed within a chamber where external pressure can be applied
to the exible segment.

Experimental Setup and Conditions: The experiment was conducted using air as
the uid medium, maintained at a constant body temperature of 37C [60]. Atmo-
spheric pressure was set at 101,325 Pa. The air was treated as a Newtonian uid
with uniform and isotropic properties. Considering variations in pressure, tempera-
ture, and humidity, the air's viscosity was estimated to range from 18.9 to 19.2Pa

s, while its density varied between 1.04 and 1.20 kgAn

The exible tube was designed to be isotropic and homogeneous, with material
properties de ned by Young's Modulus (E) and Poisson's Ratio (v). Based on pre-
vious studies [61], [62], [55], the Poisson's ratio was assumed to be between 0.45 and
0.49, typical for incompressible soft tissues. The Young's modulus was estimated
to range from 0.1 to 2 MPa, acknowledging signi cant uncertainty in this parameter.

The geometry of the tubes was based on the Hors eld lung model for humans [63],
which categorizes the human lung network into 35 di erent segment sizes. In the
lung region where wheezing is believed to originate, the length-to-diameter (I/d)
ratio falls within 1.3-4, and the thickness-to-diameter (h/d) ratio ranges from 0.03
to 0.2.

Experimental Procedure: Gregory controlled the external pressure, inlet and outlet
pressures of the exible tube, and the average ow rate Q. The experiment was
conducted slowly to establish quasi-steady state solutions at each time point.

Initially, the exible tube was open. As the downstream pressure decreased, the ow
rate increased rapidly while the tube remained open. Further increases in suction
led to a decrease in pressure inside the tube relative to its surroundings due to the
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upstream rotameter.
The experiment revealed several key phases:

1. Tube collapse: At around 50 seconds, the ow rate Q leveled o, indicating the
onset of tube collapse.

2. Oscillations: Oscillations began at approximately 60 seconds, visible in the spec-
trogram.

3. Multiple oscillation modes: As suction increased, the tube underwent three dis-
tinct modes of oscillation before completely collapsing at around 150 seconds.

4. Reopening: When suction was gradually reduced to zero, the three oscillation
modes were observed in reverse order before the tube fully reopened at about 250
seconds.

This experiment provides valuable insights into the behavior of exible tubes under
varying pressure conditions, mimicking exhalation. The observed oscillations and
collapse patterns contribute to our understanding of phenomena like wheezing. This
experiment is the closest to nding the mechanism of wheezing so far. That's why it
was selected to be reproduced as an FSI unsteady-state simulation for this Master's
thesis.

2.4.4 Mechanisms of the self-exciting oscillations

It's crucial to detect the frequencies and understand the mechanism behind the oscil-
lations of the human airways that produce wheezing. With this knowledge, doctors
can diagnose and treat patients e ectively [1]. This chapter discusses the literature's
opinions and facts about the mechanism of oscillations in collapsible tubes.

During the oscillations, the tube experiences a collapse with two lobes [8]. This
type of collapse is the most common form of biological ows in the airways [46].
The collapse creates two jet-like ow structures in the plane of the tube's major

axis [8], [5]. This jet impinges on the tube wall near the downstream end of the
collapsible tube, creating sickle-shaped regions of elevated axial velocity. The jet
eventually merges further downstream. Also, a region of retrograde ow develops
near the tube's center-line when the tube is su ciently strongly collapsed [8], [5].

These ow features are described as robust and fundamental because they exist for
a wide range of Reynolds numbers from 300 (Bertram et al. 2008) to 10,000 [53].
Also, the visualization of the ow downstream of the oscillating collapsible tube
reveals secondary shear-layer instabilities that have a much higher frequency than
the tube oscillations [52] and these can create di erent ow features downstream.

Ohba have shown a single, central jet downstream of the collapsible tube [64]. Also,

15



2. Theory

[47] and [59] have suggested with their experiments that the onset of self-excited
oscillations may be associated with symmetry breaking of the ow downstream of
the throat because they observed the Coanda e ect. In their work,[47] and [59]
observed a consistent decrease in internal uid pressure from the inlet to the outlet.
This decline is attributed to viscous e ects, as well as the fact that high ow speeds
through narrow stenosis result in low pressures [5]. The formation of a neck in the
tube leads to a sudden constriction in area, converting the ow's kinetic energy into
pressure energy, causing an increase in upstream pressure that exceeds the opposing
chamber pressure, leading to the opening of the neck, resulting in the tube's oscil-
lation [51].

Also, [46] has shown the Coanda e ect in his results too. He conducted numerical
simulations with low Mach velocities (0.12) on Starling resistor with stable geom-
etry. He has shown that a jet attaches to one side of the domain and creates a
recirculation region on the other side. According to him, the periodic ow sepa-
rations cause an oscillating force perpendicular to the ow, turning the ow into a
dipole source, resulting in the generation of sound from uctuating forces due to ow
separation. Furthermore, he explains that the collapsible tube acts as a compact
acoustic source, with both aerodynamic and acoustic pressure uctuations being
observed. Acoustic waves are generated at the frequency of ow shear-layer uctu-
ations. Also he observed that short wavelength pressure features downstream have
an aerodynamic origin, while larger wavelength pressure uctuations move at the
speed of sound, mostly upstream. According to him, acoustic waves are generated
by uid dynamics features like the broken symmetry, potentially playing a role in
the onset of self-excited oscillations.

An important observation made by [34] is the presence of vorticity waves in their
model. [39] mentions that these waves occur for 550 Re  3000. These waves
grow downstream of the neck in a collapsed channel. The exact role of these vor-
ticity waves in the development or persistence of self-excited oscillations in three-
dimensional tubes is not yet clear. [51] suggests that both asymmetry and vorticity
waves may play important roles in the onset or maintenance of self-excited oscilla-
tions.

This is because the generation and shedding of vortices play a major role in sys-
tem stability, and these waves might create instabilities in wall motion due to shear
layer instabilities [39]. [51] noticed that his tube was oscillating between two dif-
ferent buckle positions: one in the middle of the tube and the neck, and one closer
to downstream. [39] also suggests that self-excited oscillations can be triggered by
high external pressure and that the oscillating amplitude increases with Pe.

In Gregory's [1] experiment on a quasi-steady state, the oscillations began at a crit-
ical point where pl-pe levels o and starts to rise, and Q levels o and starts to
fall, where pl is the pressure at inlet and pe the external pressure. Initially, p1l-pe
and p2-pe were dropping while Q was increasing, where p2 is the pressure at out-
let. According to Gregory's results, the oscillations start from the synchronization of
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longitudinal waves with the opening and closing of the tube, suggesting the coupling
of two oscillation modes causing instability, resulting from the interaction between
the uid and the tube.

In the experiment, the tube symmetrically collapses in the up-and downstream direc-
tions, with the narrowest point in the middle. He established a tube law character-
izing the tube equilibrium without ow and a uid law explaining the equilibrium of
the uid. The system is at equilibrium when the uid and tube laws are equal. Gre-
gory explains that oscillation onset occurs just before total collapse, in the buckling
state where the stretching energy in the tube is dominant rather than the bending
energy, which is dominant before the buckling state and at the post-contact state.
He discovered that the collapse of the tube occurs around a 0.3 dynamic to col-
lapse pressure ratio, allowing the estimation of the critical ow ratio for oscillations.
Additionally, he notes that ow separation occurs at the onset of the oscillations
downstream of the narrowest section.

The mechanism proposed for the self-excited oscillations is that eddies shed from
the narrowest section, continue downstream and excite a longitudinal wave in the
tube. The wave then re ects and travels upstream as an elastic wave, extracting
energy from the ow if its frequency matches the tube's natural frequency. This
occurs when there is ow separation and a pressure di erence and the equilibrium
between the tube law and uid law, at the ow separation area of the uid law.

Now it is crucial to discuss the concept of sloshing. According to Jensen [7], when the
wall sti ness is high, small wall de ections can lead to high-frequency oscillations.
These oscillations can cause periodic displacement of uid from the collapsible tube
into the rigid sections upstream and downstream. There is a net in ux of kinetic
energy into the system if the amplitude of "sloshing" ow is greater upstream than
downstream. The oscillations extract energy from the mean ow, causing their am-
plitude to grow. The "sloshing” mechanism extracts energy more e ciently when
the tube has a non-axisymmetric geometry, such as the buckling state [51].

Experiments have shown that self-excited oscillations can occur only on a non-
axisymmetric geometry [37], [38], [52]. [65] con rmed through numerical simula-
tions that self-excited oscillations occur due to the sloshing mechanism in initially
axisymmetric elastic tubes and Whittaker [38]mentioned that the instability occurs
due to the interaction between uid and solid mechanics, rather than being caused
by a hydrodynamic instability modi ed by the elastic tube wall.

In a study by Stewart [43], it was found that high-frequency sloshing is caused by
wave re ections of static divergence and traveling-wave- utter modes at junctions

with rigid channel segments. Heil [8] notes that the wall tension of the tube is es-
sential to the oscillations. A reduction in wall tension leads to a lower oscillation

frequency and excites a convectively unstable traveling-wave- utter mode. Further
reduction in tension leads to wave-like ow features downstream due to hydrody-
namic mode excitation.
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At low frequencies, the oscillations transition from sloshing to reduced total viscous
dissipation. In 3D tubes, the slight buckling results in minor volume changes, lead-
ing to weak axial oscillatory ow. The dominant oscillatory ow in 3D tubes occurs
in the transverse direction of the tube cross-section. These ndings suggest that
sloshing is not the initiating mechanism for these oscillations. Another interesting
fact is that the largest uctuations in ow rate typically occur downstream of the
collapsible tube, and the ow rate at the in ow remains approximately constant.
This contradicts the idea of sloshing as the mechanism for the oscillations [8].

Additionally, there are other ndings, worth to be mentioned. First, researchers
found that the length of the tube impacts the development of oscillations. In long
tubes, the oscillations eventually stabilize into a large-amplitude limit cycle. It was
also discovered that increasing the length of the downstream section does not a ect
the critical Reynolds number. This implies that the initiation of oscillations is not

in uenced by the downstream geometry [8]. In the study conducted by [51], it was
found that at low Reynolds numbers, the collapsible tube experiences symmetric
oscillations due to external forcing. However, self-excited oscillations take over at
higher Reynolds numbers (above 200). Both experiments and theory indicate that
the system is not always stable and can transition to a chaotic state via either a
guasiperiodic route or a period-doubling route. Kumar [51] also observed that the
oscillation frequency of the tube is in uenced by the frequency of the external force
acting on it. When the force frequency is close to the system's natural frequency, the
aperiodic response of the oscillations is completely suppressed. Finally, Zayko and
Vedeneev found that the amplitude of tube oscillations is higher in turbulent ow
regimes compared to laminar ones [58] . This suggests that turbulence intensi es
the oscillatory behavior of the tube.
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Methods

3.1 Mathematical models

3.1.1 Structural equations

3.1.1.1 Governing structural equations

Solid mechanics studies the displacement of a solid continuum under prescribed
loads and constraints [66]. The fundamental laws that govern the mechanics of solids
follow similar principles as the mechanics of uids laws, which are the conservation
of mass, linear momentum, angular momentum, and energy. In solid mechanics,
it is more common to express the conservation laws using a lagrangian approach,
where the observer follows the solid material as it moves through space and time.
Conservation of mass, in the lagrangian approach, mass is always conserved. The
mass that is contained in any deformed volume is the same mass that was originally
contained in the undeformed volume:

0V0 =V (31)

where: g is the initial density V; is the initial volume is the current density V is
the current volume. The density in the deformed con guration is:

Vo
In conservation of momentum, the motion of a solid body is governed by Cauchy's
equilibrium equation, which expresses the conservation of linear momentum for a

continuum. In the Lagrangian approach, the convective term vanishes and the time
derivative of the velocity reduces to the partial second derivative of the displacement:

@u _

@t
where: u is the displacement of the solid body b is the total body force per unit
volume is the Cauchy stress tensor

(3.2)

ro+b (3.3)

3.1.1.2 Hyperelastic materials

Hyperelastic material models characterize how materials can experience large elas-
tic deformations when subjected to loads and return to their initial shape after the
load is removed. In the case of hyperelastic materials like rubber, the relationship
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between strain and stress is not linear.

The strain energy potential, W, de nes the strain-stress relationship for hyperelastic
materials: W = W(F)
The general strain-stress relationship can be expressed as:

W

S=2—— 3.4

ac (34)
, where C represents the right Cauchy-Green deformation tensor. This tensor char-
acterizes the deformation of a material by relating the change in length of material
line elements due to deformation.
For incompressible materials, the strain energy potential is split into deviatoric and
volumetric parts:

W = Wgev+ W,ol (3.5)
With shear modulus and bulk modulus:
- 2(1E+ ) (3.6)
and £
K = 3T ) (3.7)
;I'he Neo-Hookean model's strain energy potential W is given by:
W=(5)(11 3+(5)J 17 (3.8)

The Ogden material model is typically used for materials with larger strains. The
Ogden model's strain energy potential W is given by:

W= ( *E)( " 3+ (50 1)° (3.9)

, Where the strain potential is written in terms of the principal stretches ;, , and

3, Which are the eigenvalues of the modi ed right stretch tensor Speci cally, for
a single-term Ogden model, the initial shear modulus should be approximately
equal to ;. For a more general Ogden model with multiple terms, the relationship
becomes:

= () (3.10)
, [67].

3.1.2 Governing uid equations

The uid ow is unsteady and governed by the Navier-Stokes equations. Assuming
the uid is incompressible and Newtonian, the continuity equation is:

@u_

ax° (3.11)
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,(1=1,2,3)
The components of the ow velocity are denoted by;. In the case of a uid with
constant density and viscosity, the momentum equations are formulated as follows:

@u, @u_ @p,  @u y

@t ' @x @x @x@x
,i=1,2,3 wheref; denotes the body forces per unit volume acting on the uid, is
the uid density, p is the pressure, is the dynamic viscosity, and t is the time.
The term on the left-hand side represents the unsteady convection term, while the
second term on the right-hand side is the di usion term [66].

(3.12)

The no-slip boundary condition at the stationary walls is given by:

Uiwan =0 (3.13)

3.1.3 Governing FSI equations

At the Fluid-Structure Interaction (FSI) interface, the behavior of the uid and
solid must satisfy both kinematic and dynamic criteria to ensure accurate coupling
between the two domains [68], [69].

The kinematic criterion ensures that the motion of the uid and the solid is con-
tinuous across the interface, preventing any separation or penetration. This is also
known as the geometric continuity where the uid and solid must maintain contact
without gaps or overlaps. This is expressed mathematically as:

drivia = solia (3.14)

Here, dyuig and dsoig represent the displacements of the uid and solid respectively,
and denotes the interface surface.

Secondly, the dynamic criterion guarantees that the forces exerted by the uid on
the solid and vice versa are balanced. This is a condition of force balance,where the
forces exerted by the uid and solid on each other must be equal and opposite. This
is represented as:

flud N = solid N (3.15)

Where g and <qig are the stress tensors in the uid and solid, and n is the unit
normal vector to the interface .

In many uid-structure interaction (FSI) problems, a third condition is often in-
cluded: the no-slip condition. This would require the uid velocity at the wall to
match the rate of solid displacement at the interface. For an unsteady state simula-
tion, a third condition is necessary at the uid-solid interface. This condition ensures
continuity of velocity and is often referred to as the velocity kinematic condition or
no-slip condition. It can be written as:

Viuid = Vsolid (3.16)
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Where vq,iq is the uid velocity and vsoig is the velocity of the solid boundary at
the interface on . In terms of displacements, this condition can also be expressed

as:
#diia  _ #dsolia

#t #t
This condition ensures that there is no relative motion between the uid and the
solid at their interface. It e ectively means that the uid "sticks" to the solid bound-
ary and moves with it.

(3.17)

These conditions ensure a physically consistent coupling between the uid and solid
domains in the FSI problem, maintaining both geometric and dynamic continuity
across the interface.

3.2 Numerical models

3.2.1 Structural equations

For compressible materials, the governing equations have only one unknown, which
Is the displacement eld [70]. However, for materials that are nearly incompress-
ible, Simcenter STAR-CCM+ employs a two- eld method that uses two separate
variables: the displacement eld u and the pressure p. When dealing with large
deformations, the internal forces become nonlinear relative to the displacements, so
Simcenter STAR-CCM+ uses Newton iterations to solve the governing equations:

Ki uy =r, (3.18)

wherer}, are the residual forces at node M.
For the dynamics of a problem, the dynamic solution seeks the displacement eld
that satis es the equation:

Mun Un + Cun Uy = Ft (3.19)

whereMyn and Cyyn are the mass and damping matrices. The residual forces are
then: _
rm = Munily Cunuy  fyt + 53¢ (3.20)

Simcenter STAR-CCM+ o ers two di erent methods for approximating accelera-
tions and velocities, but only the First Order Backward Euler Method produced
meaningful results. Therefore, this method will be detailed. It estimates the accel-
eration and velocity at the n-th time-step as follows:

) un un 1

un = % (3.21)
and n n 1

Uy = M (3.22)

This rst-order approximation is generally not recommended for high-resolution
structural dynamics simulations because it can cause signi cant numerical damping.
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However, this damping can be bene cial in eliminating unwanted initial transients
or when the objective is to achieve a quasi-static solution.

Controlling the load stepping is also crucial. For scenarios involving nonlinear ge-
ometry (e.g. large strains and displacement ) and nonlinear material properties
(such as plasticity or hyperelasticity), the governing equations may become highly
nonlinear, which can lead to divergence in the solution. To reduce this nonlinearity
and enhance convergence, it is advantageous to apply external loads gradually over
multiple steps.

Considering the static nonlinear problem:
r(u)= finx fext =0 (3.23)
With load stepping can be written as:
r(u®) = fine fext =0 (3.24)

The stepping factor ® is used to control the incremental ramping of the load over
the step s. Presently, Simcenter STAR-CCM+ implements a load loop strategy,
where the external load is divided into segments that are applied incrementally over
several load steps. In each of these steps, the nonlinear system, represented by
Equation 3.24, is solved using the Newton-Raphson method:

uE+1 = e+ ui+1 (325)
Ug, = Up +du (3.26)

and
F(Ugss = Fine (Ugsr)  *fex =0 (3.27)

3.2.2 Fluid equations

The model that has been selected on these simulations is the segregated ow method
[71]. This solver solves the integral conservation equations for mass and momentum
in a step by step sequence. When the governing equations are not linear, each one
of them is being solved iteratively for the solution variables u, v, w and p.

This solver uses a pressure-velocity coupling algorithm to ensure that the velocity
eld complies to the mass conservation constraint by solving a pressure-correction
equation. This equation is formulated from the continuity and momentum equa-
tions to generate a predicted velocity eld that satis es the continuity equation by
adjusting the pressure accordingly. This approach is being called predictor-corrector
method. The pressure variable is derived directly from the pressure-correction equa-
tion.

Originating from constant-density ow problems, the segregated solver is also capa-
ble of managing mildly compressible ows and low Rayleigh number natural con-
vection. However, it is not appropriate for scenarios requiring shock-capturing, high
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Mach numbers, or high Rayleigh number applications.

Some crucial aspects of the solver are covered below:
Firstly, is the discretization of the momentum equation. The momentum equation,
for velocity = u, is

@@ut) +r (uu)=r1 ptr + S, (3.28)

,where is the uid density, u is the velocity vector, t is time, p is the pressure is
the stress tensor ands, represents source terms. The discretized form is

@(\c;/z)t)OJrXf[ al = Xf(la)f+XfTa (3.29)

Next important part is the correction of the pressure. The pressure-velocity coupling
is achieved by re-writing the continuity equation in terms of a mass ux correction
0 .
rﬂf . X X 0
me = (M +m;)=0 (3.30)
f f

The m; is the uncorrected face mass ux and is being calculated after the solving
of the discrete momentum equations. For the solving of the momentum equations,
the guessed pressure elgh is being used, and it doesn't satis es the continuity.
For that reason the corrected mass own? is being used, for the satisfaction of the

continuity.

The discrete pressure correction equation is

0 X 0
Pp+  @p, =T (3.31)

n

.where the residual r is the net mass ow into the cell

r= m;¢ (3.32)

Simcenter STAR-CCM+ can execute the following pressure-velocity coupling algo-
rithms SIMPLE, SIMPLEC and PISO.

On these simulations the SIMPLE algorithm has been used. This algorithm follows
these 12 steps.
1. Set the boundary conditions.
2. Compute the reconstruction gradients of velocity and pressure.
3. Compute the velocity and pressure gradients.
4. Solve the discretized momentum equation. This creates the intermediate ve-
locity eld
5. Compute the uncorrected mass uxes at faces;
6. Solve the pressure correction equation. This produces cell values for the pres-
sure correctionp'.
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7. Update the pressure eld:
pPt=p+ip’ (3.33)

where! is the under-relaxation factor for pressure.

8. Update the boundary pressure correctioqsg.
9. Correct the face mass uxes:

m*t = m; + my (3.34)
10. Correct the cell velocities:

oo V;gpo (3.35)

wherer p’ is the gradient of pressure correctionsg, is the vector of central
coe cients for the discretized velocity equation, and V is the cell volume.
11. Update density due to pressure changes.
12. Free all temporary storage.

3.2.3 FSI coupling algorithm

Simcenter STAR-CCM+ 0 ers a concurrent solution approach for addressing uid-
structure interaction (FSI) issues involving deformable solids [72].

First, the method of coupling between the uid and the solid must be determined.
The motion can be de ned as either rigid or solid displacement, with both options
allowing for either an uncoupled or uid load speci cation as traction. For the FSI
simulations in this thesis, a two-way data transfer approach has been chosen, where
data is exchanged bidirectionally between the uid and the solid. More speci cally
the uid load pressure and wall shear stress.

The uid traction is transferred from the uid side to the solid side, where it is
applied as a load. To minimize information loss during interpolation, it is rec-
ommended to use a similar mesh resolution on both sides of the interface. The
interpolation scheme accommodates both conformal and non-conformal interfaces.

Also, The information transferred from the solid to the uid is the interface defor-
mation. This solid displacement is automatically interpolated from the solid side of
the interface to the uid side. To prevent loss of information during interpolation,

it is advisable to use a similar mesh resolution on both sides of the interface. The
interpolation process supports both conformal and non-conformal interfaces.

To apply these interpolated displacements, Simcenter STAR-CCM+ adjusts the
mesh on both sides of the interface. The mesh in the solid region is deformed using
the Solid Displacement motion, while the mesh in the uid region is adjusted with
the Morpher motion.
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Finally, one of the most important thing on an FSI simulation is the solution stabi-
lization. Simcenter STAR-CCM+ provides two stabilization methods for solutions:
Dynamic and Constant Displacement Under-relaxation.

The Dynamic method aims to enhance the performance of FSI simulations by an-
ticipating the uid tractions that arise from changes in the interface position. It
operates under the assumption that a speci ¢ volume of uid moves along with the
FSI boundary, e ectively acting as an added mass. This method is particularly
recommended for two-way coupled problems.

3.3 Simulation setup

3.3.1 Solid cases

The geometries that have been used, derived from Gregory's exible tubes that he
used for his experiments. According to the thesis developed by Gregory, 11 tubes
were used. The primary dimensions of these tubes include initial length (LO), length
after the axial pre-stretch of the tube (L), thickness of tube (h) and radius of the tube
(a). Typical values of these properties are L0=18.9mm - 22.4mm, L=19.2mm-28mm,
h=0.19mm-0.38mm and a=3.15mm-3.4mm. In addition, Laudato applies elliptical
tubes. Speci cally, in order to manipulate the buckling direction and achieve a two-
lobed buckling pattern, the tube has an elliptical radial cross section with the minor
axis aligned vertically and a length of 0.99r.

Table 3.1 shows the solid's case characteristics. In this simulation, a rubber-like
material has been used to solve big deformations of the tube. Due to the large de-
formations involved, a linear elastic material is not suitable. Therefore, hyperelastic
models are being used, speci cally New-Hookean model capturing the nonlinear
stress-strain relationship typical of rubber-like materials. Especially, New-Hookean
model ts for rubber materials, that's why have been chosen in our case too. The
material is treated as nearly incompressible, with a Poisson's ratio of 0.49 and Young
Modulus 1 MPa, and density110&kg=n?¥. Also, the shear modulus and bulk modu-
lus have been calculated according to equations 3.6 and 3.7.
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Tube Geometries Elliptical 0.99R

Material Rubber

Hyperelastic Model New-Hookean

Young Modulus 1MPa

Poisson's Ratio 0.49

Density 1100 kg/m3

Solver Implicit Unsteady First Order

Simulation Time

30 seconds

Installation Time 15 seconds
Adapted Time Step | 0.001 1 seconds
Simulation Real Time | 15 minutes

Table 3.1: Solid case characteristics

According to Laudato’'s mesh sensitivity analysis [45], the best option for the tube
mesh was chosen. The geometry mesh was being created by using a directed mesh
with 64 angular elements and 100 longitudinal elements.The mesh can be seen at
gures 3.1 and 3.2. For temporal discretization, implicit unsteady solving with an
adaptive time step method is used to facilitate e cient and detailed computation of
time-dependent phenomena such as buckling of the tube.

Figure 3.1: Angular elements

Figure 3.2: Longitudinal elements

At the contact phase of the tube, a critical consideration is preventing element inter-
penetration between opposing sides of the tube walls as they deform. To solve this,
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a very thin plate has been placed strategically at the center of the tube. This plate
serves as a contact surface that prevents unrealistic deformation behavior. Inter-
actions between tube walls and central plates are modeled using a penalty method
with frictionless contact. In addition, when deforming walls of the tube reach this
centered plate, it is subjected to an applied small but signi cant force 3.33E9 Pa
which acts perpendicularly to them and in opposite directions to external pressure.

Furthermore, the simulation includes the pre-stretching conditions observed in Gre-
gory's experiments [1]. The inlet side of the tube is modeled with xed constraints,
preventing any movement. On the contrary, the outlet side of the tube is subjected
to a stretching force, with the amplitude calibrated to match the values reported in

Gregory's studies. The formula for the strain ramp is

Strain Amplitude

Final Installation Time | ™'¢ (3.36)

Now the last segment for the simulation is the pressured surface which is the external
surface of the tube. For the modeling of this, pressure has been used as solid
stress load, also the surface load linearization was activated and the formula for the
pressure ramp is

Pressure Amplitude - Initial Pressure

Initial Pressure + . — -
( End Time - Initial Pressure Time

(Time Initial Pressure Time)

(3.37)
Additionally, a symmetry segment has been implemented where the displacement
of the tube walls in the y-direction is constrained to zero. This constraint is cru-
cial in promoting the formation of a two-lobe buckling pattern during the simulation.

For these solid case studies, 8 tubes have been selected from Gregory's database, in-
cluding 3 that match Laudato's choices for better validation [45], [1]. All of the tubes
are following Laudato's technique of elliptical tubes to achieve two lobes buckling
[45]. The 3.2 below outlines their dimensions. We chose these tubes strategically
to explore how di erent parameters such as pre-stretch amplitude, thickness, and
radius a ect the FEM analysis and data accuracy. This wide range of choices
helps to see which tube setups give the most accurate outcomes, giving important
information about how well our model works in di erent situations.

The simulation runs for a total of 30 seconds, with the rst 15 seconds dedicated
to an initial installation phase where the pre-stretch of the tube takes place. At
the 15th second pressure is started to be applied, ramping up from 0 Pa to a maxi-
mum amplitude of 6000 Pa. The time step is allowed to vary between 0.001 and 1
second, providing a balance between computational e ciency and accuracy in cap-
turing rapid changes in the system's state. These values of the time step have been
selected according to Laudato's sensitivity analysis, where the largest value of the
acting pressure has to be 400 Pa/s to capture the tube's behavior at the buckling
and contact phase [45]. For all the simulations 6 cores have been used and the du-
ration of the simulation was approximately 15 minutes.
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Tube Number | | [0] h a Units
19.2374| 18.9826| 0.38 | 3.15| mm
21.1484| 18.9826| 0.38| 3.15| mm
23.0594| 18.9826| 0.38 | 3.15| mm
24.3334/| 18.9826| 0.38| 3.15| mm
24.3334| 22.4224| 0.19| 3.4 | mm
28.1554| 22.4224| 0.19| 3.4 | mm
16.6894| 15.1606| 0.38| 3.15| mm
1 22.4224| 15.1606| 0.38| 3.15| mm

RO N OB~ WDN -

Table 3.2: Geometrical parameters of the tubes

Three goals were aimed for with the solid cases. Firstly, the con rmation that
simulation's results were correct. To do this, a MATLAB code has been made that
used data from the simulation to create Gregory's tube law and compared the curve
from the simulation with the curve from real experiments [1]. The simulation data
were derived from a table that charts 30 unique points distributed along the arc of
the inner walls in the central region of the tube for each discrete time step. Secondly,
it was important to look how much the tube needed to be shaped like an ellipse to
cause a speci c type of buckling with two lobes, based on its characteristics. For
some tubes, the smaller radius should become even smaller, to values like 0.98r, 0.94r,
and 0.9r. Lastly, an extra option of Star-CCM+ has been used, with the name mid
side vertex, which is an additional node placed in the middle of an edge in nite
element mesh with linear interpolation. Generally, this technique can represent more
accurately complex geometries and capture better stress gradients.

3.3.2 FSI cases

This subsection is going to analyse the methods that have been used to achieve a
stable FSI case with accurate results, which is the main goal of this thesis.

3.3.2.1 FSI case without pressure gradient

After the completion of the solid cases, the next step is to create an FSI case. For
simplicity, the rst case that has been created was an FSI based on the solid case
without uid pressure. The only force that was acting at the system was the exter-
nal pressure to the walls of the tube. In this situation, it was simpler and quicker to
see if the FSI case was similar to the solid case and matched Gregory's experimental
results.

To create this FSI case, as said before, the solid case has been used as a base model.
So the mesh of the tube is exactly the same with the solid case, with 64 angular
elements and 100 longitudinal elements.

The next step was to create the uid domain and to achieve that, the following
procedure has been followed:
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1. For the rst step to create the uid domain, the "Vector Warp" option in Star-

CCM+ was utilized. This option allows specifying the vector eld function
upon which the warp surface is based. The vector eld used in this case was
"normal”, which provides information about the normal vector of a surface.
The entire tube was selected as the geometry part, allowing the deformation
of the tube to be recorded at every time step.

. Based on the vector warp tube, the uid domain inside the tube was created

using the " Il holes" and "extract volume" commands.

. The uid domain inside the tube was then extended upstream and down-

stream. The distances for the upstream and downstream extensions matched
Gregory's experiment, being 88 mm and 47 mm, respectively.

. The mesh for the entire uid domain was created using the "automated mesh"

command in Star-CCM+. The meshing method used for the surface of the
uid was "triangular”, as it is both fast and accurate in complex geometries.

. The base size of the mesh elements was selected tolbe 10 # m, closely

matching the mesh elements of the tube, while the minimum element size was
settol 10°m.

. Two "prism layers" were added to simulate the boundary layer at the interior

tube walls.

. For the volume mesh, the "polyhedral mesher" was chosen. Initially, a vol-

ume mesh of tetrahedral elements was created, which was then converted into
polyhedral-shaped cells. The mesh for both the upstream and downstream
sections was developed similarly.

. The total number of cells was as follows:

(&) - Tube: 6,400 cells

(b) - Fluid inside the tube: 270,737 cells
(c) - Upstream: 204,100 cells

(d) - Downstream: 204,350 cells

. The resulting mesh can be seen in Figures 3.3, 3.4, 3.5, and 3.6.

Figure 3.3: Fluid domain mesh
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Figure 3.4: Mesh of uid and tube

Figure 3.5: Mesh of the whole geometry

Figure 3.6: Mesh of uid, perpendicular of z axis

Generally, in the FSI cases, only the "tube 2" was selected because its simulation
tube law curve closely matched the experimental tube law curve in the solid case.
Only one tube was chosen due to the time-consuming nature of FSI simulations,
which can take anywhere from 2 to 7 days depending on the time step. Another
di erence with the solid cases is that now the tube law is being calculated in Star-
CCM+ directly.

The same solid continua that were used in the solid cases were also applied to the
solid part of the FSI case. For the uid part, that its characteristics can be seen

on table 3.3, the air has been used as a gas and the ideal gas model to express the
density as a function of temperature and pressure and simplify the calculations of
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the simulation. The implicit unsteady scheme was also applied like the solid con-
tinua. A laminar ow model was employed to keep the problem simpli ed. Also, the
segregated ow model has been selected. The segregated solver utilizes a pressure-
velocity coupling method to ensure mass conservation in the velocity eld. This is
accomplished by solving a pressure-correction equation derived from both continu-
ity and momentum equations. The process involves predicting a velocity eld that
satis es continuity, then adjusting the pressure to achieve this. This technique is
often referred to as a predictor-corrector approach. The pressure variable is deter-
mined through the pressure-correction equation. The SIMPLE algorithm manages
the solution update process in Star-CCM+. The segregated ow model has been
chosen to be isothermal, which means that keeps the temperature in the continuum
constant, to make the calculations faster.

Gas Air

Gas Law | Ideal Gas

Flow Type | Laminar

Model Segregated Flow

Solver Implicit Unsteady First Order and Morphing
Remeshing| Manually

Table 3.3: Fluid part characteristics

Also, the morpher solver have been used [73]. The boundaries of a region can change
position and shape over time, so the morphing algorithm redistributes the mesh ver-
tices in response to the displacement of the boundaries, allowing for non-rigid de-
formations of the mesh. The algorithm doesn't act on cell volumes, faces and edges.
The initial movement that the morpher imposes on the mesh is de ned though a
set of control points. These control points originate from the mesh vertices on the
morphing boundary, or from a control point table. Each control point is associated
with a known displacement vector. The morpher uses these displacements to con-
struct an interpolation eld, which is used to calculate the displacements of all mesh
vertices. The morpher uses the control point displacements to generate an interpo-
lation eld for the region, by which the morpher motion is de ned. The morpher
then uses the interpolation eld to translate the mesh vertices to their new positions.

In our simulations, the BSpline interpolation algorithm is used. This method uses
a hierarchical approach, progressively re ning the control-point grid until the resid-
ual error falls within the speci ed tolerance limits. The process involves applying a
series of corrections at various grid scales. To simplify, let xi, represent the coordi-
nates at the i-th grid re nement step and t denote the target coordinates, with the
residual being the di erenceri =t xi:

This residual, or displacement, is known at the control points but not elsewhere.

The residual can be expressed as the sum of the interpolation li and the remaining
residual ri-1 = li + ri until the desired displacement is achieved. An equation is
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formed as: X
t=x0+ li+rn (3.38)

where x0 represents the initial coordinates of the point, li denotes the interpola-
tion at step i, and n is the nal re nement step where the desired displacement
is achieved. The re nement process continues until the morphing error converges
within the speci ed morpher tolerance. The convergence of this algorithm is as-
sured because, as the proximity data sets become smaller with each re nement
level, they eventually contain only one control point, enabling exact interpolation
to be achieved.

For this FSI setup, remeshing was considered a crucial setting. As said before, vec-
tor warp can record the deformation of the tube, and because of the strategy that
has been followed to create the uid domain, now it is possible to record the defor-
mation of the uid mesh elements too. So every time that the deformation of the
uid elements was big, and the quality of these elements was low, these elements
could be remeshed manually, by executing all the mesh operations. On that way
the simulation could continue to larger deformations of the uid without having
negative volumes. Figure 3.7 show the before and after of the remesh.

(@) (b)

Figure 3.7: (a) Fluid domain before remesh, (b) Fluid domain after remesh

It is important to mention that in FSI cases the elliptical geometries that Laudato
used [45], didn't achieve their goal, to create a two lobes buckling. In order to
achieve this speci ¢ buckling, a perturbation force has been used. The equation of
the force is

Time InitialP ressureTime

Ppert = (1 . — .
pert = ( EndTime InitialPressureTime

(A Bx?) (3.39)

where the x is the direction x of the system and the perturbation constants are
de ned in accordance to (Lukas)

_ PressureAmplitude

10 (3.40)
and A
B = @+ e (3.41)

, where the a is the radius and h the thickness of the tube.
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So on the FSI cases the total pressure that acts on the external walls of the tube is
equal to the subtract of the external pressure and the perturbation pressure.

Piotal = Pexternal + IDpert (3.42)

As the external pressure increases, the disturbance pressure decreases and should
only be e ective at the beginning to trigger the two-lobe buckling. This occurs
because, according to the equations, the Ppert is greater for smaller values of x
compared to larger values of x. So at the start, the total force that acts in the
middle of the tube is bigger than the one that acts at the sides of the tube.

The boundaries of the tube in the FSI case are the same as those in the solid case.
The only di erence now is that the force acting on the tube surface is Ptotal from
equation 3.42. For the uid domain, all the tube walls in the experiment were
de ned as walls. The upstream inlet was de ned as the pressure inlet, while the
downstream outlet was de ned as the pressure outlet. On this case the pressure
di erence between inlet and outlet was set as zero. All internal surfaces connecting
the tube with the upstream and downstream sections were designated as internal
interfaces. During the rst 10 seconds of the simulation initialization, the tube is
stretched as described in the solid section. The same stretching process applies to
the downstream surface of the exible tube, the uid domain inside the exible tube,
and the downstream rigid tube. Additionally, in the FSI case, there is a mapped
contact boundary where the uid domain contacts the solid domain ( exible tube).
The topology is indirect, meaning the mesh is not conformal across the interface, so
there is no one-to-one correspondence between faces and vertices on the solid and
uid sides.

Finally, for the FSI simulation the end time was set as 25 second while the initial
time was 10 seconds. For the simulations without uid pressure the time step was
0.1 - 1 second. The simulation had an adapted time step system, where the control
method that was used had the name target control linear. According to this method
the proposed time-step is calculated using the following formulation:

Target Value
Monitored Value

Previous Time Step (3.43)

Wwhere as target value has been set thibe Thickness = Ajso, as monitored eld the
Max norm has been chosen that uses the maximum absolute displacement of the
exible tube. These simulations, using 32 cores on a single node, took one hour to
complete.

3.3.2.2 FSI case with pressure gradient

The only di erence in this FSI case compared to the previous one is that the uid
now has dierent pressures at the inlet and outlet. In this case, an attempt was
made to replicate Gregory's experiment. The same pressure ramp formula used for
Pexternal was applied at the inlet of the experiment. Also here the time step was
from 0.001 to 1 second and it was changing with the adapting time step method as
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in the previous simulation. These simulations, using 32 cores on one node, took 7
days and still the tube didn't reach the buckling state.

3.3.2.3 Symmetrical FSI case without pressure gradient

The FSI case involving uid pressure appeared to be highly time-consuming, po-
tentially endangering the thesis deadline. As a result, the next step was to create
a new symmetrical FSI case where the tube and the entire experiment layout were
cut in half. The only change in the boundary conditions was that the surfaces at y
=0 were set to be symmetrical. Again the rst FSI case was without uid pressure
to check if the simulation is working properly.

Now that the entire layout is cut along the y-axis, the method for creating the uid
domain needs to be slightly adjusted. First, an additional surface block containing
the tube was created. Then, using the subtract command, the tube's interior was
extracted, and the process continued as in the previous FSI cases. The subtraction
is illustrated in gure 3.8.

Figure 3.8: Subtracted block

To simplify the runs, the remeshing solver in Star-CCM+ was utilized in these new
FSI cases. This solver automatically remeshed the entire uid domain during speci c
events. The chosen triggers for the remeshing were when the normalized area in the
middle of the tube reached 0.75 and then 0.5, decreasing by 0.5 with each step down
to 0.05. With this setup, manual remeshing was no longer necessary.

3.3.2.4 Symmetrical FSI case with pressure gradient

Once the symmetrical case without uid pressure was functioning correctly, a new
attempt was made with a symmetrical case that included uid pressure. However,
the simulation proved to be unstable and couldn't progress beyond the tube's buck-
ling state, which will be further discussed in the results. This led to the need for
a di erent approach. In the nal simulation, the boundary conditions were altered.

Instead of using pressure at both the inlet and outlet, the new setup involved a veloc-
ity inlet and a pressure outlet. The inlet velocity was set to 10 m/s, as suggested by
Laudato [46]. Another adjustment made was the use of Simcenter STAR-CCM+'s
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dynamic stabilization method for the FSI cases. After some experimentation, the
chosen dynamic coe cient wasl00 tube's inner diameter. In the earlier FSI simu-
lations with the pressure inlet, the dynamic stabilization method proved ine ective,
so an under-relaxation method with a coe cient value of 0.2 was employed instead.
However, this alternative stabilizer also failed to work. These adjustments improved
the stability of the simulation.

To capture the various phenomena occurring within the uid inside the tube during
the experiment and to explain the mechanism behind the wheezing, numerous re-
ports were generated, and multiple points and surfaces were placed within the uid
and along the tube walls.

More speci cally, the points within the uid domain were strategically selected to
capture vortices, pressures, and velocities, providing insights into potential phenom-
ena. Their locations are shown in Figures 3.10 and 3.11.

Figure 3.9: Fluid points normal to x axis

Figure 3.10: Fluid points normal to y axis

The same approach was applied to the tube. Points were placed within the tube
walls to measure wall displacement. The recorded displacement data was then pro-
cessed using a MATLAB script, which employed an FFT algorithm to extract the
frequencies of the oscillations observed from the displacement. The locations of
these points can be seen in gure 3.12.
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Figure 3.11: Tube points

The reports generated recorded pressure, density, velocity, vorticity, dynamic pres-

sure, and mass ow rate at these speci ¢ points, as well as across certain entire areas
or surfaces. Additionally, the Pprime was calculated, representing the pressure per-

turbation from the mean value. This can be determined by

I:)prime =P Pmean (3.44)

where Pmean denotes the average pressure eld. The calculation of Pprime is sig-
ni cant as it can reveal acoustic and hydrodynamic, aerodynamic waves that may
arise. Also, key properties were computed, such as the Reynolds number and the
ratio of dynamic pressure of the uid to the external pressure at the tube, for com-
parison with Gregory's thesis and other related studies.

Finally, to ensure a stable simulation, a rst-order scheme was selected, with a
maximum of 50 Newton steps and a single load step for the uid-solid coupling.

The "dynamic" method was chosen for stabilization, with a convergence tolerance of
le-64. For the segregated ow, the velocity under-relaxation factor was set to 0.8,
and the pressure under-relaxation factor was set to 0.2.
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4

Results - Discussion

On this sections the results of the thesis will be presented and they will be discussed
in detail.

4.1 Solid cases

Firstly, the results of the three goals of the solid cases will be presented.

4.1.1 Validation of tube law for solid cases

Below the normalized version and non of the tube law is being presented for Gre-
gory's tubes that have been chosen for the solid cases of this thesis.

@) (b)

Figure 4.1: (a) Normalized Tube Law for Tube 1, (b) Tube Law for Tube 1. In
both cases the plot is the same. The simulation represents the tube as more exible
than in reality.
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(@) (b)

Figure 4.2: (a) Normalized Tube Law for Tube 2, (b) Tube Law for Tube 2. In
both cases the plot is the same. The simulation here is more accurate than tube 1,
it just represents the tube as more exible than in reality at the contact phase.

(@) (b)

Figure 4.3: (a) Normalized Tube Law for Tube 3, (b) Tube Law for Tube 3. In
both cases the plot is the same. It is similar with tube 2.

(@) (b)

Figure 4.4: (a) Normalized Tube Law for Tube 4, (b) Tube Law for Tube 4. In
both cases the plot is the same. Similar with tube 2 and 3.
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(@) (b)

Figure 4.5: (a) Normalized Tube Law for Tube 5, (b) Tube Law for Tube 5. In
both cases the plot is the same. This tube is thinner and has bigger diameter than
tube 1-3. The simulation represents the tube as more exible than in reality.

(@) (b)

Figure 4.6: (a) Normalized Tube Law for Tube 7, (b) Tube Law for Tube 7. In
both cases the plot is the same. Similar with tube 5.

(@) (b)

Figure 4.7: (a) Normalized Tube Law for Tube 8, (b) Tube Law for Tube 8. The
only di erence of this tube with tubes 1-3 is that has smaller length. It is similar
with tube 2 and 3, but at the contact phase makes the tube appears sti er.
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(@) (b)

Figure 4.8: (a) Normalized Tube Law for Tube 11, (b) Tube Law for Tube 11. In
both cases the plot is the same. Similar with tube 8.

The shape and position of the tube law curves generated by the simulations closely
correspond to the experimental data for the majority of tubes examined. A common
observation across Figures 4.1 to 4.8 is that the simulated tube law consistently be-
gins at normalized area values exceeding one. This discrepancy may be attributed
to the precision limitations of the position data for the 30 points recorded from Star-
CCM+. Increasing the number of recorded points might result in the normalized
area starting at 1, as expected.

Tubes 1, 2, 3, and 4 belong to the rst category of Gregory's tubes [1]. They share
the same properties, with the only di erence being their strained length L. Looking

at the results, it can be seen that for almost all the tubes, the simulation's tube law
curve matches the experimental tube law very closely.

However, the worst-performing curve is visible in Figure 4.1 for tube 1. Here, the
simulation curve sits above the experimental data. This discrepancy might be due
to the hyperelastic model is being used for the solid cases. It seems this model isn't
quite accurate enough and makes the material appear more exible than it really
is. As a result, the simulations show the tube deforming more than it would in real
life, especially at lower external pressures.

The same pattern observed with tube 1 can be seen in the second category of tubes,
which includes tubes 5 and 7. It's noted that the simulation curve exceeds the ex-
perimental data in these cases. What sets these tubes apart is their thickness, which
is half that of the rst category, and their diameter, which is 1.07 times larger. Due

to these di erences, it's likely that these tubes are more challenging to model using
the Neo-Hookean hyperelastic model compared to the rst category.

To address this, it might be necessary to consider alternative approaches. A dif-
ferent hyperelastic model, such as Ogden, could be employed, as it allows for more
strain-stress data of the material to be imported. Additionally, experimentation
with other numerical models and mesh methods might be worth exploring. These
steps could potentially lead to more accurate simulations for this category of tubes.
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The nal category of tubes, consisting of tubes 8 and 11, is characterized by proper-
ties similar to those in the rst category, with one key di erence: their initial length

Lo is reduced by 3 mm. A pattern comparable to that of the rst category can be
observed when the simulation curves are examined alongside the experimental data.

However, an interesting phenomenon is noted at the end of the curve for both tubes.
It appears that the simulated tubes become sti er than their real-life counterparts,
resulting in smaller deformations. One possible reason for this discrepancy could be
the enforcement of penalties on the center plate, which prevents the mesh elements
from one side of the tube from penetrating the other side. Further analysis should
be conducted to nd optimal values for the contact gap and penalty enforcement,
in order to bring the curve closer to the actual data. Another reason that this dis-
crepancy might be attributed to limitations in the hyperelastic model being used.
It's possible that the model may not be su ciently accurate to capture the complex
interactions occurring during the contact phase.

Based on the above results, it can be seen that the solid simulations are reliable
because the results closely match Gregory's experimental data [1]. This suggests
that the mesh, solid models, settings, boundary conditions, and the New-Hookean
hyperelastic model are suitable for simulating the buckling and contact phase of these
starling resistors. It should be noted that Laudato's tube laws are more similar to
Gregory's data than these solid simulations [45]. The mesh used in this study is the
same as Laudato's, so the discrepancy must lie elsewhere. This could be due to the
method used to extract the tube deformation for calculating the tube law or the use
of certain unknown parameters in the simulation. Still, the solid simulations can
be considered valid when compared to Gregory's data because the deviation of the
simulation curve from the real data is minimal.

4.1.2 Mid side vertex with linear interpolation

The last part of the solid cases is showing how the mid side vertex with linear
interpolation on Star-CCM+ might help to have more accurate results.
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(@ a (b b

Figure 4.9: (a) Normalized Tube Law for Tube 1 comparison with and without
linear interpolation, (b) Tube Law for Tube 1 comparison with and without linear
interpolation

(@ a (b) b

Figure 4.10: (a) Normalized Tube Law for Tube 2 comparison with and without
linear interpolation, (b) Tube Law for Tube 2 comparison with and without linear
interpolation

(@ a (b) b

Figure 4.11: (a) Normalized Tube Law for Tube 7 comparison with and without
linear interpolation, (b) Tube Law for Tube 7 comparison with and without linear
interpolation
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In gures 4.9 and 4.10, it was observed that there was no di erence in the solution
for tubes 1 and 2, which fall under the rst category, when compared to the solution
without the mid side vertex. However, for tube 7, which belongs to the second
category and has thinner walls, it was noticed that the extra point that is being
added by the interpolation caused the curve to fall below the experimental data
during the contact phase. This resulted in the tube exhibiting greater sti ness. A
possible explanation is that the geometry is being represented with more cells in the
curves of the geometry than the original version of the tube, and it might keep it
sti er under the external pressure.

4.2 FSI cases

On this section, we will present the results of the FSI cases which is the combination
of the solid cases with the di erence that now uid passes through. As mentioned
in the methods section, only tube 2 has been selected for FSI cases due to its valid
results in the solid case.

At the beginning, in the FSI cases, the same elleptical geometries from solid cases

has been used to achieve two lobes buckling. But in g 4.12 and 4.13 can be seen
that this wasn't the expected result.

Figure 4.12: Three Lobes Buckling of the elliptical Tube 2 in FSI case

Figure 4.13: Three Lobes Buckling of the mid section of the elliptical Tube 2, at
Xy

The external pressure does not act symmetrically on the tube, possibly due to the
locking of mesh elements. To solve this issue, the perturbation force has been used
in the rest FSI cases, as it has been explained in methods. Now the tube 2 that
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is being used is circular like Gregory's experiments. Figure 4.14 shows how the
perturbation force, solves asymmetrical issue.

Figure 4.14: Two Lobes Buckling of mid section of the circular Tube 2, at xy, with
perturbation force.

4.2.1 FSI case without pressure gradient

On this simulation there is no pressure di erence at the uid domain, the uid moves
only with the deformation of the tube.

42.1.1 Validation of tube law

The tube law of tube 2 can be seen in g. 4.15

Figure 4.15: Normalized tube law of tube 2 in FSI Case

The results indicate that the tube model aligns closely with the experimental data,
albeit slightly less accurately than the solid model. The tube model consistently
exceeds the experimental data, as observed in the case of tube 1 in the solid models.
This suggests that the FSI model makes the tube more exible, causing it to deform
under lower external pressures than occur in reality. Consequently, this simulation
does not align well with Gregory's experiments, as the uid movement is solely
attributed to the tube's deformation [1]. Therefore, an FSI model incorporating
uid pressure in the uid domain is necessary. But gure 4.15 demonstrates that
the FSI simulation has achieved its goal. The simulation is valid as the curve closely
matches the experimental data even without uid pressure.

4.2.2 FSI case with pressure gradient

As mentioned in the method, in this FSI case, there is a pressure di erence within
the uid domain between the inlet and the outlet due to the pressure ramp of the
external pressure at the inlet.
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4.2.2.1 Progress

Figure 4.16: Normalized tube law of tube 2, FSI case with pressure gradient

The plot in Figure 4.16 displays the progress of a simulation that has been running
for ve days using 32 cores and a time step of 0.001 seconds. It is evident that
the simulation did not even reach the buckling phase, indicating that it might take
several weeks to complete if everything was working perfectly. To address this issue,
a new symmetrical case has been implemented, as described in the methodology.

4.2.3 Symmetrical FSI case without pressure gradient

On this subsection is the symmetrical FSI case. The boundary conditions are being
mentioned in methods.

4.2.3.1 Validation of tube law for symmetrical FSI case

Figure 4.17: Normalized tube law of symmetrical tube 2 without uid gradient

From Figure 4.17 can be seen that the tube law is exactly the same with the Figure
4.15. That validates that the simulation runs correctly without uid pressure. The
next step was to create the symmetrical FSI case with uid pressure.

4.2.4 Symmetrical FSI case with pressure gradient

This subsection is the last and most important one, as it ful lls the goals of the
thesis. The rst symmetrical FSI case created used a pressure di erence for bound-
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ary conditions, following Gregory's experiment [1]. This FSI case was found to be
unstable and it was diverging at the buckling state of the tube. Many di erent
technigues were attempted to stabilize the simulation, but ultimately did not work.
For more details, refer to the following sections. The only solution was to use a
di erent boundary condition for the inlet. Therefore, the next and nal FSI case
uses velocity instead of pressure as the input at the inlet. As explained earlier in
the methods section, the velocity value is xed at 10 m/s [46]. In the FSI case with
pressure di erence as a boundary condition, the pressure was increasing at every
time step, which led to the velocity increasing at every time step.

4.2.4.1 Symmetrical FSI case with pressure gradient as boundary con-
dition
As said above the simulation with pressure gradient as boundary condition, it di-

verges at the buckling phase. Suddenly, the tube law goes straight, and the tube
has huge deformations. The tube starts oscillates back and forth nonphysically.

To solve this issue, many di erent things have been used, like di erent stabilization
methods, di erent FSI coupling speci cation and di erent time steps.

To stabilize the simulations, both the Dynamic and Relaxation methods were used.
The relaxation coe cient was set to 0.2 or 0.1, and for the dynamic method, the
inner tube diameter or 100 times this diameter was used as the dynamic coe cient
to enhance stability. Also, a di erent hyperelastic model, the Ogden model, has
been used instead of the New Hookean model. Ogden is generally a more accurate
model, especially when strain stress data of the material is imported [67]. It has
been chosen because it could potentially model the tube law of the material more
accurately and smoothly, leading to a more stable simulation.

Additionally, a small time step was utilized to slow down the simulation and reduce
radical deformations of the tube. Di erent FSI coupling speci cations were tested,
including Pressure or Pressure with Shear Stress. While the second is more accurate,
the rst is simpler for coupling and might have helped to stabilize the simulation.
The appendix contains a larger table, showing various strategies employed to stabi-
lize the simulation.

Another consideration was the choice between rst and second order scheme. The
rst order was selected mainly for its simpler solving. Moreover, instead of the
classic boundary condition, where pressure increases at the inlet, a new boundary
condition was tested, keeping stable the pressure at the inlet while gradually de-
creasing it at the outlet, following the pressure ramp of the external pressure.

Furthermore, the Young Modulus of the tube was adjusted to make it sti er when
the acceleration of the displacement of the tube wall was signi cant, in order to
reduce it. The equation that has been used to adjust the Young Modulus was

Yo (1+( T)z) (4.1)
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, Where Yy is material's initial young modulus 1MPa, & is the critical acceleration
and & is the acceleration. So when the acceleration goes above #d¢he equation
4.1 is activated and it increases the Young Modulus of the material.

Unfortunately, none of these techniques made the simulation stable. Each one of
them diverged at the buckling state of the tube. A possible explanation is that the
pressure di erence was increasing per time step, causing the velocity to increase with
each time step. As the tube closed and took on a venturi tube shape, the area in
the middle section of the tube decreased, causing the uid to accelerate. The speeds
of the uid had velocities higher than 0.2 Mach, which according to literature was
wrong. This led to increased forces from the uid to the tube walls, resulting in
signi cant deformations close to the buckling phase. These deformations made the
simulation unstable. Something that wasn't tested is to use a pressure outlet giving
probably better stability with imposed pressure.

That's why a new boundary condition with stable velocity at the inlet have been
tried.

4.2.4.2 Validation of tube law of the FSI case with velocity inlet as
boundary condition

To validate this FSI simulation with velocity inlet as a boundary condition, a time
step of 0.001 sec has been used, which is big enough to check the result fast. First
order has been used as a solving scheme to keep it simple and the ogden hyperelastic
model.

Figure 4.18: Normalized Tube Law for Tube 2, Symmetrical FSI Case

In Figure 4.18, it can be observed that the simulation runs until the point when the
contact phase of the tube starts. For most of the experiment, it is stable, and then
it diverges. The velocity inlet, as a boundary condition, worked and made it more
stable. Comparing to the symmetrical FSI Case without uid pressure in Figure
4.17, it behaves much better close to the contact phase. The tube is stier and
closer to the experimental data. This tube law that is being produced seems valid,
making the simulation suitable for further analysis, especially to capture oscillations,
as they occur slightly before the contact phase, which this simulation covers. Also,
it will be tried to explain the mechanism that produces the wheezing.
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Additionally, the second order scheme has been tried, but the simulation diverged
earlier than the one with rst order scheme. It can be seen in Figure 4.19

Figure 4.19: Normalized tube law of tube 2 with second order scheme, for sym-
metrical FSI case

This probably occurs, because the second order is increasing the complexity of the
calculations and the error in the residuals is bigger and at some point the simulation
diverges.

Finally, it is worth mentioning that instead of using laminar ow, the turbulent k-w
model (SST) was employed to determine if the tube law is more e ective.

Figure 4.20: Normalized tube law of tube 2, with turbulent model K-W (SST)

By comparing Figure 4.20 with Figure 4.18, it is observed that the simulation using
the turbulent model at the end of the curve shifts more to the left compared to the
simulation with laminar ow. This indicates a decreased level of accuracy. This
discrepancy could be attributed to the need for a better-designed uid domain mesh
for the SST model, ensuring correct y+ values for the mesh elements.

4.2.4.3 Mechanism of oscillations

This chapter is important because we will now discuss a potential mechanism for
wheezing based on the valid simulation results. From the theory section, there
are many di erent theories for this mechanism, but none of them has been proven
valid so far. Some theories suggest that sloshing causes the tube to start oscillat-
ing, while others propose that a symmetry breaking of the ow downstream and
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