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Summary

In this master thesis, the numerical investigation of an upper airway in a patient suffering from
stridor is investigated using a fluid-structure-acoustic interaction simulation in OpenFOAM R©.
The geometry of an upper airway model is very difficult, leading to various cross sections and
a large spectrum of flow phenomena. Many flow forms were discovered during the analysis,
such as flow separation, flow attachment, laminar flow, transitional flow and turbulent flow.
Next, there is a large difference in geometry per patient, especially with respect to the age.
Neonates and adults have different upper airway’s, making a comparison very difficult. Also,
taking into account the various possible causes of stridor, detection methods are scarce and
mostly unsuccessful. There are too many variables and there is too much variation in a
detection model in order to accurately predict the noise. This thesis is an attempt to create
one numerical detection method, allowing to change one variable each time a simulation is
run.

To make such a detection method happen, a fluid flow model is modeled using the Navier-
Stokes equation. A Large Eddy Simulation is used to accurately predict the turbulence flow,
together with direct wall modeling. To complete the system, a subgrid-scale (SGS) based
on the selective Smagorinsky is used. This is an adapted version of the original SGS model.
Therefore, an new in-house solver is implemented in OpenFOAM R©, together with a new
acoustic and structural solver. The acoustic solver is based on the hybrid methodology. This
involves a weak-coupling procedure with the fluid flow model. Instead of using the integral
solution of an acoustic analogy, the complete partial differential equation is solved. On the
right hand side of this equation, the Ffowcs-Williams and Hawkings sources are used. This
yields quadrupole (volume), dipole (surface) and monopole (surface) source terms. Finally, to
complete the cycle, a Finite Volume linear stress analysis solver is used to solve the structural
mesh. Small displacements are assumed, making a linear stress solver a valid solution. The
vibrations (which are present due to the large accelerations of the structure) are used for
the acoustic monopole source term. No mesh deformation is assumed, creating a complete
weak-coupling mechanism between fluid, structure and acoustics. For the structural mesh,
real mechanical properties of the human skin are used.

The in-house solver is validated using analytical models. For the quadrupole sources, a co-
rotating vortex pair is used while for the dipole and monopole sources, the analytical integral
solution of Curle and Ffowcs-Williams and Hawkings analogy is used. The overall resemblance
is good, the numerical models closely match the (approximate) analytical solution. Another
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x Summary

model, more closely related to an upper airway model, is used for validation of the fluid
and acoustic domain. The so-called diaphragm involves most of the flow phenomena and
is used for validating all acoustic sources. Hence, also a structural shell is created around
the fluid domain. The Computational Fluid Dynamics (CFD) result for the two-dimensional
case is poor, while the three-dimensional case result shows similar results as described in
reference papers. The diaphragm model is also reviewed for its acoustical accuracy. The
acoustic results for the dipole source term are showing the same pattern as the reference
solution. However, the quadrupole sources seems to be somewhat over-predicted, while the
dipole result closely match the reference line. Also the monopole source term is effective in
the diaphragm model. This source is simulated twice with varying tissue properties. The
result shows a clear difference between soft and firm tissue modeling, with large and small
pressure perturbations respectively.

Before a real upper airway model can be modeled, the in-house solver needs to be validated
using a simplified upper airway model (SUAM). This model is a simplified derivation of a
original upper airway model, showing approximately the same flow characteristics as in a
real upper airway. Three models were used (0%, 50% and 75% constriction), to observe the
difference between different constrictions. The CFD results were as expected: when increasing
the constriction size the jet velocity increases, more turbulence regions are observed, larger
and stronger recirculation zones appeared, the backflow velocity increased, the strength of
the vorticity increased and larger pressure drops were observed. These fluid characteristics
affects the noise spectrum results. Again, the Lighthill sources are the most dominant noise
sources. Also, no clear peaks at specific frequencies could be found. This makes the SUAM
not so good for noise prediction. Another study into the differences between the inlet and
outlet signal showed that the outlet signal is much stronger than the inlet signal. This is
due to the fact that the majority of the noise production takes place behind the constriction,
closer to the outlet (lungs). The constriction itself also blocks the noise, leading to a lower
sound pressure level (SPL). The different models were compared with respect to their inlet
and outlet probe. In case of the quadrupole sources, the 50% constriction case shows the
largest SPL at the inlet probe. When looking at the dipole source term results, the result is
as expected. The largest SPL at the inlet is observed at the 75% case.

Finally, after validating all models, a realistic upper airway model (RUAM) is simulated.
This model is a CT-scan derived upper airway model of a patient with subglottic stenosis.
The model is adapted, with the help of a medical doctor, to create another ”healthy” patient
model. The CFD results are as expected. With respect to the noise results, the source term
magnitudes for the stridorous patient model are much larger compared to the healthy patient
model. The quadrupole and dipole sources are each showing different peaks and the outlet
results are much higher than the inlet results. Also, the inlet probes per model are compared.
The result is as expected: the stridorous model has the most dominated sources for both the
quadrupole and the dipole term. Also good resemblance is found with patient acoustic data
results. The same peak in the SPL is found for a patient with a similar stridor cause. Finally,
the structural mesh is verified using a soft and firm tissue model, showing similar results as
with the diaphragm. The soft tissue model displays new peak, which could indicate stridor.
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Chapter 1

Introduction

When neonates are born too early, most of the time they are exposed to an incubator. Then,
a ventilator or endotracheal tube is required for artificial respiration. This tube can create
scar tissue within the upper airway, resulting in an obstruction of the airway. Some of these
obstructions grow and might lead at a certain point to noisy breathing due to the turbulence
properties of the air. This type of breathing is known as stridor. Stridor is a term used
for defining the high-pitched, abnormal noise, resulting from turbulent airflow and vibrating
tissue through a partially obstructed upper airway. This can be associated with any phase of
respiration, therefore, monophasic or biphasic, inspiratory or expiratory. Any obstruction at
the level of the upper airway (glottis or sub-glottis) causes inspiratory stridor. Especially with
neonates stridor is a large problem, since a reduction of half the radius of the trachea due to
an obstruction leads to a decrease of 75% of cross-sectional area and an increase of 16 times
the airway resistance. Many papers have been written how to treat and cure patients with
upper airway obstructions. Additionally, outside the medical community, the popularity of
numerical computations inside a human airway tract is growing. Studies have been conducted
and papers are written about numerically determining the fluid flow, obtaining the geometry
from CT and MRI scans, analyzing the fluid structure interaction and obtaining the acoustics
using probes. However, a numerical method combining all components is not present at this
point.

In collaboration with the Otorhinolaryngology department from the Sophias Childrens Hos-
pital, Erasmus Medical Centre in Rotterdam a proposal is set up to conduct numerical in-
vestigations into the simulation of stridor. The feasibility of Computational Fluid Dynamics
(CFD) is going to be investigated to predict the noise generated by the obstruction and the
propagation of the noise through the airways, taking into account the components introduced
in previous paragraph. As a result, when the computations are shown to be sufficiently ac-
curate, the inverse problem might be solved. Then, the method could be used as a tool to
predict the approximate location and size of the obstruction, just by the sound produced
by a patient when breathing. In the end, this prediction method might save a dangerous
endoscopy, for which a neonate must be sedated.
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2 Introduction

1.1 Goal

Currently, no methods exists to find an obstruction in the upper airway with noise data
using CFD simulations on a CT-scan derived model. Therefore, the research question and
goal of this thesis is to explore to possibilities of combining current knowledge from various
fields of study into a new single model to predict the noise produced by stridor. As a first
step, this project will focus on the very first question: can CFD accurately simulate the
flow inside the upper airway and predict the noise produced by an obstruction in the upper
airway. To that end, a three-dimensional model of the trachea, obtained through a CT-scan
of an actual patient is used to generate the mesh on which a CFD computation is performed.
From the CFD simulation, parameters required for the acoustic simulation are investigated,
such as velocity and pressure. Different acoustic analogies are proposed and compared in
order to judge the modeling error of each thereby finding the most appropriate analogy for a
human airway system. Firstly, only velocity volume sources (quadrupole) and pressure surface
sources (dipole) are investigated. Since the upper human airway consists of soft tissue, it is
also likely that vibrations will occur. Therefore, the last goal is to investigated a weak fluid-
structure-acoustic coupling procedure, to determine the additional surface source (monopole),
originating from accelerations at the wall.

1.2 Project set-up

To achieve the goal, presented in previous paragraph, this thesis is structured as follows.
Firstly, a good understanding of the geometry is required. Therefore, Chapter 2 deals with
the geometric properties of the human upper respiratory tract. Different sections are analyzed
and a comparison between adults and children is made. Chapter 2 also includes a discussion
on the phenomenon stridor, to get a better understanding of the actual problem. Different
causes and different types of stridor are also discussed in Chapter 2. Chapter 3 starts with
an introduction of the type of flows occuring in an upper airway system. After theses types
are extracted, it is time to look into the numerical method. The governing flow equation
is discussed and the type of turbulence modeling is explained. Next, in Chapter 3, also
boundary conditions are discussed. The chapter is closed by an elaborated discussion on the
modeling software, OpenFOAM R©. The discretization, the preconditioner and iterative solver
is mentioned. Next, Chapter 4 deals with the physics and the modeling of sound. After a
small introduction in wave propagation, the three different acoustic analogies are discussed.
The chapter is concluded by a description of the implementation of the acoustic wave equation
into OpenFOAM R©. Now that the physics of the fluid and sound model are explained, only
the theory about the structure interaction model needs to be discussed. This is done in
Chapter 5. Firstly the mathematical model of a linear elastic solid is explained, including
the implementation and discretization of the governing partial differential equation. In the
next section, the interface conditions and coupling procedures are extensively discussed. The
following chapter verifies and validates the programmed theory of previous chapters. First,
in Chapter 6, the source terms are verified. This is done using analytical expressions for the
quadrupole, dipole and monopole sources, which shows a clear representation of the actual
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1.2 Project set-up 3

simulation. Also, the propagation of sound is validated using a diaphragm model. This model
has a fully internal flow and might show behavior that is similar to what is seen in an upper
airway model, since both Reynolds and jet velocity number are within the range of an upper
airway tract simulation. Also for the diaphragm model, frequency spectra from literature
are available. In Chapter 7 the code is tested on a Simplified Upper Airway Model (SUAM)
of which numerical and experimental data for the CFD simulation is available. The model
is a simplified form of a CT-scan derived model and should show flow structures that are
similar to a realistic human airway model. For this model, fluid flow and acoustic properties
are investigated. Finally, in Chapter 8 the code is applied on a Realistic Upper Airway
Model (RUAM), which is derived from an actual CT-scan. Both a healthy person as well as
a person with stridor is investigated using the proposed fluid-structure-acoustic interaction
method. This thesis is concluded in Chapter 9, where a general conclusion of the proposed
method is given, as well as recommendations for any further study.
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Chapter 2

Characteristics of the human upper airway
track and stridor

In this chapter, the computational domain is discussed, as well as the stridor phenomenon.
The entire upper airway tract is discussed in the first section, while the next section concludes
on the cause of stridor as well as a discussion on current detection methods.

2.1 Geometrical structure

In order to understand the particular domain of interest, discussed in the introduction, firstly
the anatomy of the upper airway system is considered. The upper airway system is part of the
entire respiratory system, indicated in Figure 2.1. The respiratory system is a system of an
organism that performs gas exchange (oxygen and carbon dioxide) by introducing respiratory
gases to the interior. This system includes the airways, lungs and respiratory muscles. The
process diffusion occurs in the alveolar region of the lungs (Figure 2.1), where molecules of
oxygen and carbon dioxide are passively exchanged between the gaseous external environment
and the blood. Since for this numerical study, only the upper airway is considered, the
following sections will contain some detailed information about the geometry of the nasal
geometry, the oral geometry, the pharynx and the larynx. Stridor is addressed in next section.

2.1.1 Nasal cavity

An overall image of the nasal cavity is displaced on the left side in Figure 2.2. Air enters
the nasal cavity from the outside through two openings, known as the nostrils or the external
nares. The two openings from the nasal cavity into the pharynx are the internal nares. A
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6 Characteristics of the human upper airway track and stridor

Figure 2.1: Overview of the entire respiratory system, Haton et al. (2009)
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2.1 Geometrical structure 7

cross-section image of the nares is illustrated in Figure 2.2. The main flow goes through the
medial passage (Figure 2.2) while flow slows down in the superior, middle and inferior meatus
(Xi et al. (2011)). Also, flow has to bend 180◦ from the external naris to the nasopharynx
(Figure 2.2). This might has great impact on the flow conditions inside the nasal cavity.

(a) Nasal cavity layout (b) Detailed slice of the external nares

Figure 2.2: Nasal cavity, Standring (2008)

2.1.2 Oral cavity

Compared with the nasal cavity, the oral cavity layout is much more straightforward. A
sketch is depicted in Figure 2.3. It is the beginning of the digestive system. However it
has also a significant role in communication. The primary aspects of the voice are produced
in the throat. However, the jaw, the tongue and the lips could also be used to produce
different ranges of sounds. Every small change of geometry can lead to a totally different
sound production.

2.1.3 Pharynx

The pharynx is the part of the throat situated behind the mouth and nasal cavity, and before
the esophagus and larynx. One can divide the pharynx into three sub-parts: the nasopharynx,
the oropharynx and the laryngopharynx, (Standring (2008)). A detailed view is attached in
Figure 2.3. The pharynx is part of the digestive system, but also part of the respiratory
system. Therefore a primary aspect of the pharynx is the vocalization. The nasopharynx is
the upper part of the pharynx. It extends from the base of the skull to the upper surface
of the soft palate. The oropharynx is positioned behind the oral cavity, extending from the
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8 Characteristics of the human upper airway track and stridor

uvula to the level of the horseshoe shaped bone (known as the hyoid bone). Finally, the
laryngopharynx is the lowest part of the pharynx; it is the part of the throat that lies inferior
to the epiglottis and extends to the location where the pharynx diverges into the respiratory
and digestive track.

(a) Oral cavity (b) Pharynx

Figure 2.3: Two parts of the human airwayOral cavity, Standring (2008)

2.1.4 Larynx

The larynx is involved in breathing, sound production and protecting the trachea against
food aspiration (epiglottis). It houses the vocal folds, which is used for phonation and the
manipulation of pitch and volume. The vocal folds are positioned just below the split of
the pharynx with the trachea and esophagus. The upper part of the larynx is connected to
the epiglottis. The function of the epiglottis is to prevent food from going into the trachea.
Details of the layout are presented in Figure 2.4.

2.1.5 Lower respiratory tract

The lower part of the larynx is connected to the trachea (Figure 2.4). The trachea is part
of the lower respiratory tract and connects with the lungs. The trachea has C-shaped rings
to keep its shape. It bifurcates into the primary bronchi at the fourth thoracic spinal nerve.
Bronchi keep splitting up until finally the alveoli are reached. These are also depicted in
Figure 2.1.
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Figure 2.4: Larynx lay-out and endoscopic image, Standring (2008)
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10 Characteristics of the human upper airway track and stridor

2.1.6 Geometrical differences between adults and children

As shortly discussed in the introduction, stridor is a real problem with neonates. Up until now,
the anatomy discussed was based on adults. Also the simulations of airway sections, which
will be discussed in further chapters, are mostly based on an adults geometry. Therefore, it
is important to track any geometrical changes between adults and infants. Xi et al. (2011)
performed a research in the simulation of airflow and aerosol deposition in the nasal cavity
of a 5-year-old child. For this research, he compared child-adult differences in the nasal
airways. The differences were quite obvious in both morphology and dimensions. Compared
to an adult, a child airway has smaller sized nostrils, shorter turbinate region, a slender
nasopharynx, thinner pharynx and a thinner larynx.

Cotton and Reilly (1996) also studied the differences in geometry between an adult and a
pediatric airway. In a neonate, the larynx is placed high in the neck. The tip of the epiglottis
is at the level of the atlas. Due to the close apposition of the epiglottis to the soft palate, nasal
breathing for neonates is obligatory. Newborns also have a short epiglottis. As the larynx
grows, the epiglottis increases in length even faster. The growth of the rest of the larynx is
proportional. In a newborn, the narrowest area (which is about 4 a 5 mm) of the airway is at
the sub-glottis, (Majumdar (2006)). To verify, a quantitative analysis is performed, indicated
in Figure 2.5 and Table 2.1, from Xi et al. (2011). Results are mentioned in the plot.

Table 2.1: Nasal airway dimension of a 5-year-old boy and a 53-year-old male, Xi et al. (2011)

healthy, non-smoking) has been reported in Xi and Longest (2008). Comparison of airway volume and surface area between the
child and adult for various nasal anatomical sections are listed in Table 1. Totally, the nasal airway volume and surface area of the
5-year-old child is 40.3% and 65.7% that of the adult, respectively (Table 1). In particular, three major disparities are noted. First, the
5-year-old child possesses a much narrower and smaller nasopharynx (NP) lumen than that of the adult over the length of the NP.
From Fig. 2a, the NP cross-sectional area of the child (i.e., A=170 mm2) is only one-third that of the adult (i.e., A=535 mm2); and
from Fig. 2c, the NP hydraulic diameter of the child (i.e., dh=12.2 mm) is about half that of the adult (i.e., dh=24.0 mm). Secondly,
the volume of the adult pharynx and larynx is more than five times that of the child (20.59 cm3 vs. 3.86 cm3 in Table 1), as also
indicated by the area covered beneath the two curves in Fig. 2a downstream of the NP. Thirdly, the distance to the nasal valve (the
minimum cross-sectional area) increases by 30.8% from the 5-year-old child (20.8 mm, solid arrow head in Fig. 2a) to the adult
(27.2 mm, hollow arrow head). Surprisingly, the minimum cross-sectional areas (i.e., nasal valve) are observed to be similar in
magnitude (i.e., !1.8 cm2) between the 5-year-old boy and the 53-year-old adult considered in this study (Fig. 2a).

3.2. Breathing resistance

Fig. 3 shows the numerically predicted breathing resistance (Dp) within the 5-year-old nasal airway as a function of
inhalation flow rate (Qin) in comparison with in vitro and in vivo measurements for various age groups. In vitro data presented
include an infant (9 month) (Janssens et al., 2001), young children (1.5-year, 2.5-year, 4-year old) (Cheng et al., 1995), and
adults (Kelly, Asgharian, Kimbell, & Wong, 2004a; Yamada et al., 1988). In vivo data are from adult subjects (3475 year)
before and after exercise (Wheatley, Amis, & Engel, 1991). In general, the pressure drop (i.e., breathing resistance) decreases
as the age increases. Infants and children have much higher breathing resistance than adults for an identical flow rate. As
expected, the pressure drop data for the 5-year-old boy fall between those for the young children (9 months to 4 years old)
and adults. Children grow fast in height and weight before seven and the rate of growth decreases thereafter, so does the
growth of nasal airway. It is therefore reasonable that the 5-year-old pressure drop is somewhat middle-way between very
young children and adults. The pressure–flow relationships can be expressed as a power function (DP=aQb), which can be
plotted as straight lines on a log–log scale with slope ‘‘b’’. Table 2 lists the coefficients ‘‘a’’ and ‘‘b’’ for subjects of different ages.
In light of the age-related effects, ‘‘a’’ constantly decreases in magnitude as age increases (from 8.87 for the 9-month-old
infant to 0.54–0.16 for adults) whereas the slopes of the Dp"Qin curve are similar for all ages (b=1.71–1.98).

3.3. Airflow dynamics

Steady-state flow fields in the child nasal airway are shown in Fig. 4 for an inhalation flow rate of 20 L/min. In
consideration of the three-dimensional field (Fig. 4a) and partial sagittal views (Fig. 4b), flows of high velocity magnitude are
observed in the middle portion of the nasal passage. In contrast, the narrow meatus regions of the child nose receive a
minimal fraction of the airflow, especially in the deeper portions of each meatus. The extreme curvature of the core flow is
apparent, forming an 1801 bend from the nostril inlet to the nasopharynx (NP). No recirculation zone is observed in the child
nasopharynx due to a much smaller airway diameter in this region, which is different from the adult nasopharynx where flow
recirculation is obvious (Xi & Longest, 2008).

To illustrate the effect of secondary velocity motion, two-dimensional stream traces are plotted in selected portions of the
two coronal slices (Slices 2–20 and 3–30). Due to the thin air channels, vortices are damped and not discernable in the nasal
passage. The magnitude of the secondary velocity in each slice is approximately 30% of the main flow. This secondary motion
functions to distribute the inhaled air into each fin-like meatus. Of particular interest is the observation that these secondary
velocities also distribute airflow toward the olfactory region. As air progresses in and out the projecting airways, the
secondary flows move upward prior to the olfactory region (Slice 2–20) and downward after the olfactory region (Slice 3–30). It
is expected that the secondary motion near the olfactory region is delicately balanced in that it should be large enough to
convey a sufficient amount of particles or vapors for the olfactory nerve to perceive while remaining small enough to protect

Table 1
Nasal airway dimension of a 5-year-old boy and an adult male.

Anatomical sectionsa Volume, V (cm3) Surface area, A (cm2) Effective diameter, de
b (cm)

5-year-old Adult 5-year-old Adult 5-year-old Adult

V&V 3.37 5.50 23.74 35.58 0.568 0.619
TR 11.03 12.63 107.34 112.59 0.411 0.449
NP 3.95 16.33 15.27 40.93 1.034 1.595
Pharynx 2.64 13.89 14.59 45.10 0.724 1.232
Larynx 1.22 6.70 7.20 21.81 0.676 1.228
Total 22.21 55.05 168.14 256.01 0.528 0.860

a V&V (vestibule and valve region), TR (turbinate region), NP (nasopharynx).
b Effective diameter de=4 V/A.

J. Xi et al. / Journal of Aerosol Science 42 (2011) 156–173 161

2.1.7 Computational model

This section deals with the conversion of the original geometry, described in previous section,
to a computational model. Firstly, an accurate patient derived model is presented. Next
approximate models from different literature are shortly elaborated.

Patient derived model

The domain of interest is presented in previous section. In case of modeling the upper
airway, a close resemblance of the reality is wanted. Therefore, Computer Aided Design
(CAD) models should be obtained from imaging methods from a real patient. Possibilities
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2.1 Geometrical structure 11

prismatic cells in the near-wall region (right lower panel in Fig. 1b). A grid sensitivity analysis was conducted by testing the
effects of different mesh densities with approximately 540,200, 980,900, 1,750,000 and 2,812,000 control volumes while
keeping the near-wall cell height constant at 0.05 mm (Xi et al., 2008). Increasing grid resolution from 1,750,000 to 2,812,000
control volumes resulted in total deposition changes less than 1%. As a result, the final grid for reporting flow field and
deposition conditions consisted of approximately 1,750,000 cells with a thin five-layer pentahedral grid in the near-wall
region and a first near-wall cell height of 0.05 mm.

For discrete Lagrangian tracking, the number of seeded particles required to produce count-independent depositions was
tested. Particle count sensitivity analysis was performed by incrementally releasing groups of 10,000 particles. The number of
groups was increased until the deposition rate changed byo1%. Due to low deposition rates, smaller particles (e.g., 0.5–3 mm)
require a larger amount to produce count-independent results relative to large-diameter particles. The final number of
particles tracked for 0.5, 1–3, 5–31 mm aerosols was 300,000, 100,000, and 30,000, respectively.

3. Results

3.1. Child–adult difference

The differences of nasal airways between the 5-year-old boy and a 53-year-old adult reported previously (Xi & Longest, 2008)
are quite obvious in both morphology and dimensions. Compared to adult, the child airway has smaller sized nostrils, shorter
turbinate region, slenderer nasopharynx, and thinner pharynx and larynx. A quantitative comparison of airway dimensions
between the 5-year-old boy and adult is shown in Fig. 2 in terms of coronal cross-sectional area, perimeter, and hydraulic
diameters, all as a function of distance from the nose tip. The detailed morphologic information of the adult (53-year-old male,
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Fig. 2. Comparison of nasal cross-sectional area, perimeter, and hydraulic diameter between a 5-year-old boy and an adult male as a function of the distance
from the nose tip. The nasal valve is marked with a solid arrow for the child and a hollow arrow for the adult. The vertical dashed line denotes the start of the
nasopharynx (NP). (a) The cross-sectional area (A) and (b) perimeter (P) are the summation of right and left passages. (c) The hydraulic diameter is calculated
from the relation dh=4A/P.
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Figure 2.5: Comparison of nasal-cross-sectional area, perimeter and hydraulic diameter between
a 5-year-old boy and a 53-year-old male as function from the nose tip. The nasal valve is marked
with a solid arrow for the child and a hollow arrow for the adult. The vertical dashed line denotes
the start of the nasopharynx (NP). The area and perimeter are a summation of the right and left
passages, Xi et al. (2011)
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12 Characteristics of the human upper airway track and stridor

here are for example Magnetic Resonance Imaging (MRI) and Computed Tomography (CT).
Segmentation of the column of air behind the tongue, from the nasopharyngeal region down
to the pharyngeal area results in a model for the upper airway. For a graphical illustration,
Figure 2.6 (de Backer et al. (2008b)).

Figure 2.6: Three-dimensional reconstructions of the upper airway from a CT scan. L indicates
the larynx, O the oropharynx and p the palatopharynx, de Backer et al. (2008b)

Various literature studies show that both CT and MRI scans have advantages and disadvan-
tages. Some arguments are collected in Table 2.2. The largest advantages of using MRI is the
principle of work compared with CT. Avoiding any radiation is crucial. To reconstruct the
geometry, it is essential that any changes due to inhaling or exhaling are collected. Also, the
scan should be applied on neonates, where the stridor problem also can occur. Therefore, it is
essential to have short examination time to avoid any sedation. Since the examination of CT
is only a few seconds, it is a practical tool for obtaining the geometry of a patient suffering
from stridor.

Table 2.2: Comparison between CT and MRI scans

Description CT MRI

Principle X-ray attenuation Magnetic field
Examination time Short Long

After specifying the domain, a computational grid must be constructed for solving the flow
equations. This boils down to subdividing the CAD model into a large number of discrete
elements. Every cell is then used to calculate the local velocity, pressure and density. By using
a finer grid, the result is more accurate but at the same time it increases the computational cost
for the simulation. Hence, a trade-off must be made. From literature, a typical computational
grid of the upper airway regions consists of 500,000 to 1,600,000 cells (de Backer et al. (2008a),
Brouns et al. (2007), Jeong et al. (2007), Sung et al. (2006), Xu et al. (2006)). However, using
a priori knowledge of the basic flow behaviour inside the upper airway, the amount cells can
be reduced even further, while keeping the same accuracy. Since, high gradient regions require
a finer grid compared to low gradient regions (Anderson (1995)). Hence, at this point, a grid
choice cannot be made.
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Approximate model

In order to validate a numerical scheme used to simulate a realistic upper airway, it is in-
teresting to run a simulation on an approximate model first. First of all, this can result in
a dramatically decrease of computational time. Next, it allows one to compare results with
experiments, thereby providing insight in the accuracy of the physical model (validation) and
the accuracy of the numerical model (verification) with respect to the required grid. This will
also be done on simplified and real geometry of an upper airway tract. In addition, a rigorous
analysis of different types of acoustic sources will be tested for different types of obstructions
and boundary conditions.

Many approximate models of the upper respiratory tract are available in literature. This
section describes only some of them, used by Lynch (2012) in his MSc thesis. Lynch (2012)
initially analyzed the acoustics of a diaphragm. The diaphragm is a fully internal flow model
and shows flow behavior which is similar as in an upper airway model (turbulent flow and
Coandă effect). For both geometries, experimental and numerical data was available for
similar velocities as present in a real human airway, presented in Bailly et al. (1996), Gloerfelt
and Lafon (2007) and Miyamoto et al. (2010). Results can be found in chapter 6.

Lynch (2012) tested a Simplified Upper Airway Model (SUAM) as a first step towards a real
CT scan derived geometry. This model is an idealized model, derived from real airway geome-
tries and shows the same type of flow structures that are encountered in a real airway. This
SUAM, illustrated in Figure 2.7, is discussed in the paper by Jayaraju et al. (2008), where
a Large Eddy and Detached Eddy Simulation (LES and DES) analysis is performed. Also
experimental reference data is available, from a Particle Image Velocimetry (PIV) measure-
ment by Brouns et al. (2006). The SUAM model can also be used to investigate the effects
of the constriction size and the corresponding acoustic behavior. Lynch (2012) used multiple
versions, with (50 % and 75 %) constriction and without constriction, for comparison. These
models are re-used in this analysis, in combination with a newly proposed acoustic analogy.
Results are presented in chapter 7. Next to the SUAM, Lynch (2012) tested a realistic CT
scan derived upper airway model (RUAM). Two versions were created. One directly derived
from a CT-scan of a patient suffering from a subglottic stenosis, performed by Wim Vos at
FluidDA, and an adapted version by Lynch (2012) to represent a healthy person. An illus-
tration of both models is presented in Figure 2.8. In this thesis, the same model is used to
test the acoustics. Results are written down in chapter 8.

More models are presented in various literature papers. Examples of realistic models, derived
from CT and MRI scans can be found in the following literature: de Backer et al. (2008b),
Mylavarapu et al. (2009), Wang et al. (2012). Mostly, idealized or approximate models of the
upper airway are used, such as in Heenan et al. (2003), Jayaraju et al. (2008), Luo et al. (2004),
Mihaescu et al. (2008), Stapleton et al. (2000) and Zhang et al. (2002). All these papers are
concerning a model for the upper airway. However, also for the lower respiratory system, for
example the airway bifurcation model, models exist (Calay et al. (2001), Farkas and Balásházy
(2007), Luo and Liu (2008), Luo et al. (2004), Xia et al. (2010)). The information from these
papers is used to better interpret the results from this thesis.
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14 Characteristics of the human upper airway track and stridor

864 S.T. Jayaraju et al. / Aerosol Science 39 (2008) 862 – 875

Fig. 1. Simplified geometry reconstructed from CT-scan data showing different cross-sections of the geometry.

The water–glycerin mixture was pumped in a reservoir placed ∼ 1.5 m above the model (Fig. 2) in order to create a
developed velocity profile. The reservoir had an inlet which was connected to the pump, an outlet connecting the model
and an overflow exit which guaranteed a constant level in the reservoir. The outlet of the reservoir was separated from
the inlet and overflow exit by a fine maze to stabilize the level and to remove any fluctuations caused by the pump. The
flow rate was regulated by a valve which was placed behind the flow meter (KOBOLD Instrumentation NV/SA with
accuracy of 4% f.s.).

A new wave MinilaseII Nd-Yag laser (532 nm wavelength, 100 mJ/pulse) was synchronized with a pulse separation,
depending on the flow rate. The pulse separation was chosen in such a way that the reflection of the tracer particles
(10 !m hollow glass spheres) shift 5 pixels between an image pair. The laser beams were combined and formed into
a sheet with cylindrical optics. This pulsed sheet was passed through the model, parallel to the flow, and the light
scattered from the particles was recorded with a PCO sensicam QE 5 Hz camera.

Figure 2.7: Simplified upper airway model (SUAM), Jayaraju et al. (2008)
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Figure 2.8: Realistic CT-scan derived upper airway model. The original with obstruction is
presented left, while the adapted (healthy person) is depicted on the right, Lynch (2012)
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16 Characteristics of the human upper airway track and stridor

2.2 Stridor

Stridor is a term used for defining the high-pitched, abnormal noise, resulting from turbu-
lent airflow and vibrating tissue through a partially obstructed upper airway. This can be
associated with any phase of respiration, therefore, monophasic or biphasic, inspiratory or
expiratory. Any obstruction at the level of the upper airway (glottis or sub glottis) causes
inspiratory stridor. Expiratory stridor indicates lower airway tract obstruction (Hirschberg
(1980), Majumdar (2006), Slawinsky and Jamieson (1990)). Supraglottic obstruction will
usually cause stridor or more commonly stertor, a low-pitched snoring type of noise. And an
obstruction of the extra-thoracic trachea tends to cause biphasic stridor while obstruction of
the intra-thoracic trachea usually causes expiratory stridor (Hirschberg (1980)).

When an adult or infant shows signs of stridor, immediate attention is required. After di-
agnosing stridor in a child, the primary task is to assess and secure the airway. There are
basically two physical principals that are crucial for patients with stridor. First of all, linear
flow of air in a tube produces forward pressure but reduces the lateral pressure. If one assumes
a flexible airway, this linear flow might lead to a collapse of the upper airway wall. Another
principle originates from the fact that the resistance of the airway is inversely proportional
to the fourth power of the radius of the airway. So, if a neonate has a reduction of half the
radius of the trachea, an increase of 16 times the airway resistance is encountered. Overall,
this leads to a decrease of 75 % of the cross-sectional area (Claes et al. (2005), Majumdar
(2006)).

2.2.1 Causes

There are many possible causes for stridor. The following paragraphs will give a short expla-
nation of the most common causes of stridor for children.

Laryngotracheobronchitis

Laryngotracheobronchitis, also known as croup is the most common cause of acute stridor in
children under the age of 2 years (Klassen (1999)). It is a respiratory condition that usually
is triggered by an acute viral infection (think about parainfluenza virus) of the upper airway.
The infection leads to a swelling inside the throat, which will interfere with normal breathing,
which causes stridor.

Epiglottitis

Another aethiology, which produces stridor, is epiglottitis. This is a bacterial infection of the
epiglottis most commonly caused by a certain type of influenza. The condition usually occurs
in children between 2 and 6 years old. Here also swelling of the airway occurs (Majumdar
(2006)).
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Retropharyngeal abscess

Another possible cause is a retropharyngeal abscess. This is a rare but extremely dangerous
condition with a high mortality (Lalakea and Messner (1999)). It is an abscess located in the
tissues in the back of the throat behind the posterior pharyngeal wall. Because the abscess
typically occurs in deep tissue, it is very difficult to diagnose by physical examination. It can
lead to airway obstruction, including a stridorous sound.

Foreign bodies

A more uncommon but important cause of stridor in pre-school children is foreign bodies (like
toys or food). If high in the airway an inhaled foreign body is present, stridor may occur.
Impacted pharyngeal or oesophageal foreign bodies may cause stridor by airway compression.
A example of a foreign body inside the trachea is depicted in Figure 2.9, from Majumdar
(2006).

Figure 2.9: Foreign body in the sub-glottis, Majumdar (2006)

Laryngomalacia

The most common case of congenital stridor is laryngomalacia. It appears usually shortly
after birth and it resolves by the time the child is 12-18 months. This type of stridor is
characteristically inspiratory and squeaky and a literally translation of soft larynx. The soft
immature cartilage of the upper larynx collapse inward during inhalation, causing airway
obstruction. This cause is clearly presented in Figure 2.10. It is also commonly associated
with feeding problems and a failure to thrive (Majumdar (2006)).
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18 Characteristics of the human upper airway track and stridor

Figure 2.10: Laryngomalacia, showing ”omega” shaped epiglottis and short folds, Majumdar
(2006)

Vocal cord paralysis

Vocal cord paralysis is the second most common airway problem (after laryngomalacia). It
is a common cause with newborns and indicates the weakness of one or both vocal folds. It
is associated with a weak cry and hoarseness. The stridor is often biphasic and louder when
the child is awake (Majumdar (2006)).

Laryngeal papillomatosis

Laryngeal papillomatosis, indicated in Figure 2.11, is caused by the human papilloma virus.
It is a rare medical condition; only 3-5 people out of 100.000 will suffer from this disease
(Majumdar (2006)). It causes tumors or papillomas in the throat. Without any treatment,
it is potentially fatal since it can obstruct the entire airway.

Subglottic stenosis

Subglottic stenosis is a very common cause with neonates. It may be congenital or acquired
narrowing of the subglottic airway. It may cause respiratory stridor and is the third most com-
mon congenital airway problem (after laryngomalacia and vocal cord paralysis). Prolonged
placement of endotracheal tubes in premature babies is the most common cause of acquired
stenosis, Majumdar (2006). The luminal diameter may be less than 3 mm in pre-term babies.
A four-grade scale is developed for stenosis that indicates the severity of the situation. Grade
1 indicates an obstruction of 50 % or less, grade 2 51-70 % obstruction, grade 3 71-99 %
obstruction and grade 4 indicated that no lumen can be detected. For an illustration, an
airway endoscopy of an upper airway with a subglottic stenosis is presented in Figure 2.12.
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Figure 2.11: Laryngeal papilloma, Majumdar (2006)

Figure 2.12: Subglottic stenosis, Majumdar (2006)
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20 Characteristics of the human upper airway track and stridor

Another form is the tracheal stenosis. It may result from congenitally complete tracheal rings
and can vary from relatively minor narrowing to a congenital micro-trachea. Hence, some
cases of tracheal stenosis will lead to the death.

Tracheomalacia

Tracheomalacia is the name for lack of cartilaginous support of the trachea. This causes the
trachea to collapse of its lumen with a resultant stridor. In normal condition, the trachea
dilates slightly during inspiration and narrows slightly during expiration. Hence, in the case of
tracheomalacia, these above described processes are exaggerated, leading to airway collapse.
This might lead to expiratory stridor (Majumdar (2006)).

2.2.2 Current detection methods

Detecting the location of an obstruction in the upper airway is a topic that is widely studied
by doctors and engineers. In this section, some of the research is mentioned and summarized.

Zwartenkot et al. (2010) established a research to determine the inter-observer reliability
in localization of recorder stridor sounds in children. The stridor was recorded via a high
quality digital recorder. The participants were asked to score the sounds. Valid choices were:
pharyngeal, supraglottic, glottis, subglottic and tracheal. The scores were analyzed per group
of participant, per location of obstruction and per diagnosis. The result was that supraglottic
sounds were significantly better differentiated from the other locations. However overall result
shows poor level of localization (i.e. overall score of 30 %).

Zwartenkot also investigated stridor via spectrograms in Zwartenkot (2010). Different causes
of stridor and different locations were investigated. Overall result was also poor; it was difficult
to find a correlation between the diagram (example attached in Figure 2.13), location and
cause.

Verbanck et al. (2010) tried to detect an upper airway obstruction in patients with tracheal
stenosis. They used a so-called forced oscillation test modality for detecting upper airway
obstruction as an alternative to a spirometric upper airway obstruction test. From oscillom-
etry performed at different breathing flow rates, the airway resistance was determined and
the flow dependence of resistance was computed. They conclude that the tests at different
breathing flow rates are useful to provide a measure of the upper airway obstruction (flow
dependence of resistance), which can indicate a critical level of stenosis.

Another frequency dependent research was carried out by Modrykamien et al. (2009). Here
the frequency of detecting upper-airway obstruction is measured via a quantitative and visual
assessment of flow-volume loops. They measured the ratio of forced expiratory volume and
the ratio of the flow at the mid-point of the forced expiratory versus inspiratory maneuver.
The visual assessment was based on criteria such as: the presence of a plateau, biphasic
shape and oscillations. The results of the quantitative criteria were better compared with the
qualitative criteria. However, still a low sensitivity was obtained.
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Figure 2.13: Spectrogram of child suffering from laryngomalacia, Zwartenkot (2010)

Slawinsky and Jamieson (1990) performed an in-depth research into the acoustical analyzes
and tests of respiratory stridor. Multiple physical characteristics from acoustical analysis
were found, from which it should be able to specify stridor. For the sake of completeness,
the most important conclusions extracted from Slawinsky and Jamieson (1990) are repeated
below:

• The location of constriction: constrictions placed close to the nostrils emphasize higher
frequencies and maintain similar values of murmur duration and intensity in both res-
piration cycles. Constrictions close to the bifurcation increase the amplitude of lower
frequencies and prolong the expiration cycle.

• The mass and elasticity of the tissue surrounding the constriction: large mass and low
elasticity tend to result in a fricative source, reflected in the murmur as a noise with
formants corresponding to natural frequencies of the respiratory tract. Smaller mass
and higher elasticity tend to result in a voiced source, which appears in the murmur as
a tone.

• The shape of the constriction: long constrictions tend to generate fricative sources, while
short constrictions tend to generate voiced sources (if the pressure drop is sufficiently
large).

• The cross-sectional area of the construction (for fricative sources): lower frequencies
dominate the signal spectrum when the airway is relatively large, while higher frequen-
cies emerge as the airway narrows.

• The tissue tension (for voiced sources): high tension gives a high-frequency tonal quality
to the murmur, while lower tension shifts the fundamental frequency (pitch) of the
murmur to lower values.
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• The mobility of the constriction: with stable constrictions, resistance to airflow is equiv-
alent in both cycles of respiration and stridor is produced in both cycles. Unstable
constrictions produce changes in the spectrum from one cycle to the next and within
each cycle.

• The ratio of the duration of the constriction opening to the period of tissue vibration (for
voiced sources): a small value of ratio (much lower than 1) is reflected in the spectrum
of a murmur by many harmonics of fundamental frequency, while an appearance of only
a few harmonics indicates that a constriction lumen is open much longer.

Other researches, which are worthwhile mentioning, are the studies of Leiberman et al. (1986)
and Milenkovic (1984). Leiberman et al. (1986) analyzed computerized digital stridor and
snoring sounds from 5 children. For this, the upper airway tract was assumed to be an
acoustic tube with varying cross-sectional areas, starting from the glottis, and ending at the
lips and nose. The tube was arbitrarily divided into sections each with equal lengths, but
different cross-sections. The tube was assumed to be rigid and discretized sufficiently well.
Using these assumptions, it was possible to directly find the cross sectional areas from the
acoustical signal/stridorous sound. The result showed a consistent acoustical pattern, but
further acoustic analyses are needed to standardize this method.

Milenkovic (1984) described a formulation to determine the cross-sectional areas of the vocal
tract by using the pressure spectrum. The pressure spectrum is the magnitude squared of the
transfer function relating acoustic pressure at the glottis to pressure measures in the acoustic
radiation beyond the lips. Hence, a two point system was used. Milenkovic (1984) was able
to reproduce area functions using the measurement data of speech. The algorithm is effective
for a vocal tract with lossless walls.
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Chapter 3

Physics and modeling of fluid flow

This chapter describes the current knowledge about fluid flow in the upper airway system.
Initially, a general overview is presented about typical airflow inside the human airways. After
this general introduction, the most suitable method for this particular simulation, which was
selected in the literature study of van der Velden (2012), is elaborated. The governing flow
equations of the model are given and the turbulence model is elaborated. Also, an introduction
in the Computational Fluid Dynamics (CFD) software OpenFOAM R©is given. Finally, the
discretization methods and boundary conditions will be treated.

3.1 Brief overview

Based on an overall view of the geometry, typical airflow conditions in the upper airway can
be deduced. Since the human airways are complex in shape (even in the case of children),
a complex flow regime exists. Inspiration is usually a process from the nasal cavity to the
alveoli. In between these regions the flow can bend, encounters sharp edges, cavities and
ducts. The flow can take many forms and different phenomena could occur, such as flow
separation and flow re-attachment, laminar, transitional and turbulent flow.

With this in mind, it is worthwhile asking whether the flow in the entire upper respiratory tract
is in fact turbulent (Finlay et al. (1996)). This issue has been raised by different authors, such
as Ahmed and Giddens (1983), Dekker (1961) and Olsen et al. (1973), but it is worthwhile
mentioning again here. The geometry of the upper airway system is basically a series of
bifurcating tubes. Using White (1994) a first estimate of Reynolds number Re = 2300 is
given to deduce the flow pattern inside the model. However this value has no meaning, since
it is a very rough estimate based on experiments in smooth walls, straight pipes, far from any
inlet (hence the flow is fully developed). So it can easily vary between 1800 and 10, 000 due
to the complex geometry and different flow characteristics (Finlay et al. (1996)). Detailed
studies are performed to determine specific flow rate values and corresponding Reynolds
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numbers (based on the normal distance to the nearest wall) for an upper respiratory system
of a child and an adult. These values are presented in Table 3.1 (Jeong et al. (2007) and Xi
et al. (2011)).

Table 3.1: Normal flow rates and Reynolds numbers for an adult’s and childs upper respiratory
system, Jeong et al. (2007) and Xi et al. (2011)

Normal flow rates [L/s] Reynolds number [-]
Light breathing Heavy breathing Light breathing Heavy breathing

Adult 0.2 1.67 800 9300
Child 0.05 0.5 368 3302

According to Finlay et al. (1996), from a fluid dynamics point of view, the flow near the nose,
teeth, mouth, pharynx and larynx shows little resemblance to fully developed pipe flow, since:

• The flow is near the entrance, thereby impossible to fully develop,

• There are separated regions, where the flow recirculates,

• There are free shear layers, where away from any walls, adjacent regions of fluid move
at considerably different velocities.

• There is a mean streamline curvature.

The turbulence associated with the last three flow features, tends to develop at lower Reynolds
numbers, compared with the turbulence in a straight pipe.

The transition from laminar to turbulent in the human trachea was already a field of discussion
in 1961. Dekker (1961) investigated the critical velocities at which turbulence appears using
21 plastic casts of the human trachea. The flow patterns were very different for each individual
cast. For a regular inflow, turbulent flow appeared. This is visualized in Figure 3.1. Only for
quiet breathing, with flow rates around 125 - 200 ml/s and a breathing frequency of 0.25 Hz
(which are 15 cycles per minute) a Strouhal number of 0.2 in the nasal cavity is found. The
Strouhal number is defined as St = ωL

U , with the length-scale L based on the axial length
from the entrance. According to Keyhani et al. (1995), this indicates that a quasi-steady
approximation is valid. Olsen et al. (1973) also verified this statement by an experiment. He
found out that a steady flow assumption is valid for flow rates up to 2.5 L/s. When a peak
velocity is reached, the flow seems to be comparable with a quasi-steady flow. But, during
acceleration and deceleration different velocity profiles are encountered (Calay et al. (2001)).

Another research into the flow field is carried out by Ahmed and Giddens (1983). They
studied the result of steady flow through an axisymmetric stenosis (25, 50 and 75 % area
reduction) at different Re numbers (in a range from 500 to 2000). The so-called Coandă
effect was captured (wall attachment away from the obstruction). These experimental results
are later frequently used for comparison with numerical methods (for example in Luo et al.
(2004) and Zhang et al. (2002)).

W.C.P. van der Velden MSc. Thesis



3.2 Governing flow equation 25

Figure 3.1: Traces of dye in a plastic cast of the human trachea, perfused with water at different
speeds. A, B and C: inspiratory flow equivalent to, respectively, 28, 72 and 116 ml/air/sec; D and
E: expiratory flow equivalent to, respectively, 54 and 95 ml/air/sec. A:laminar flow; B: beginning
turbulence; C: well-developed turbulence; D: laminar flow in expiratory direction; E: spiral pattern
of expiratory flow, beginning of turbulence, Dekker (1961)

Thus, based on previous research and as suggested by previous authors, the flow in the nose,
mouth and throat is probably not laminar (except at quite low inhalation rates).

3.2 Governing flow equation

The goal of this thesis research is to investigate the noise from turbulent structures, originating
from an obstruction in the human upper airway tract. Since these flows are typically in
the very low Mach regime, and subjected to Newtonian fluid properties, the Navier-Stokes
equations can be used as the governing equations describing the fluid dynamics of the specific
domain. The Navier-Stokes equations are a collection of five equations. The first Equation
(3.1a) describes the conservation of mass, the second Equation (3.1b) the conservation of
momentum (three equations for the x, y and z direction in Cartesian coordinates) and the
last Equation (3.1c) formulates the conservation of energy.

Dρ

Dt
=
∂ρ

∂t
+∇ · ρu = 0, (3.1a)

Dρu

Dt
=
∂ρu

∂t
+∇ · (ρuu) = −∇p+∇ · (µ∇u) + f , (3.1b)

Dρe

Dt
=
∂ρe

∂t
+∇ · (ρue) = −∇pu +∇ · (µu∇u)−∇q, (3.1c)

wherein D/Dt = ∂/∂t+ u∇ indicates the material derivative. Other important variables are
p, ρ, u, e, q and f , also known as the pressure, density, velocity, total specific energy, energy
source term and the body forces of the fluid. In addition, ∇ refers to the Nabla operater,

MSc. Thesis W.C.P. van der Velden



26 Physics and modeling of fluid flow

defined as:

∇ =

(
∂

∂x

∂

∂y

∂

∂z

)ᵀ

. (3.2)

As indicated in previous section, the flow inside the human upper airway is characterized by
a low Mach number flow. Hence, the flow can be assumed to be incompressible which results
in a homogenous constant density in the entire domain. To further simplify the Navier-Stokes
Equations (3.1) the assumption is made that no external forces are exerted on the fluid. Hence
gravity forces and other body forces are neglected. Also temperature changes are ignored,
making the fluid flow equations independent of temperature. Applying these assumptions,
only four different quantities remain; the different velocity components and the pressure. The
Navier-Stokes equations reduce to:

∇ · u = 0, (3.3a)

∂u

∂t
+∇ · (uu) = −∇p

ρ
+∇ · (ν∇u), (3.3b)

wherein ν indicates the kinematic viscosity. The entire last term in Equation (3.3b) is also
known as the viscous stress term, defined as ∇τ .

3.3 Turbulence modeling

Concerning the computation of the turbulent flows, different CFD schemes can be used.
Nowadays, improvements in computational performance and a better understanding of the
characteristics of turbulent flows allows one to simulate physically accurate turbulent fluid
flow fields for many real applications. For this specific domain, it is therefore important to
select an accurate method, since the fluid properties such as velocity and pressure are going
to be the main source for conducting the acoustic computations. The physics and modeling
of the acoustics is discussed in the next chapter.

Although the upper respiratory airway tract has a very specific geometry many studies have
already been devoted to it. During these studies, mainly the typical airflow features and the
aerosol (particle) distribution are investigated and discussed. Together with some research
into the field of upper airway obstructions a large amount of papers is published. Next, there
is a large amount of variation on the type of CFD scheme. So, it is always a challenge to
find the best airflow model to get the most accurate solution. In general, a large influence on
the type of model is the geometry. Even simplified geometries require unstructured meshes,
leading to large grids. Hence, the size of the grid and the complexity of the geometry, and
therefore the type of airflow, has a large influence in the type of turbulence models that can
be chosen.

The first option is to compute all turbulent eddies, which are essential for the acoustic sources.
This is known as Direct Numerical Simulation (DNS) of the Navier-Stokes equations. This
requires a resolution on the order of the finest scales of turbulence (the Kolmogorov scale),
which would require on the order of hundreds of millions of grid points required for the
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simulation of the upper airways (i.e. of the order Re9/4 (Hulshoff (2011)). Unfortunately,
this method is too computationally expensive for an airway model. Besides, not all turbulent
scales may be relevant for a acoustic analysis.

Therefore it might be better to directly resolve the larger turbulence scales that should be
important for the acoustic sources, while modeling the smaller eddies that are not significant
for the acoustic sources. This is known as a Large Eddy Simulation (LES). Still, the LES
method is classified as a method with a relatively high computational cost. However, with
the LES method it is already possible to simulate turbulent flows with fairly low Re numbers
and complex geometries. This makes it a suitable method for an upper airway model Wagner
et al. (2007).

The majority of the studies presented in the previous decades solve turbulence using the
Reynolds-Averaged Navier-Stokes (RANS) equations. Whenever solving this type of equa-
tions, one has the option to solve the flow as if it was laminar throughout the entire domain,
as performed by Huang et al. (2005). This reduces the complexity of the simulations, there-
fore increasing the computational speed. However, from the introduction of this chapter did
follow that a laminar approach is only valid for extremely low Re numbers. Another option
is to close the system of RANS equations by using a turbulence model. There are a number
of options, but the two most commonly used RANS turbulence models in industry are: k− ε
and k − ω. Now turbulent flow features are modeled by solving the variables for turbulent
kinetic energy (k) and turbulent dissipation rate (ε) or specific turbulent dissipation rate (ω).
One of the advantages of the k − ω model is that there exists a low Re number model that
can obtain an accurate laminar solution when the turbulent viscosity approaches zero, as
mentioned by de Backer et al. (2008b). This becomes necessary when dealing with flows in
transitional regions. A larger disadvantage is that due to the fact that all eddies are modeled,
there is a possible loss of fluctuations which can be relevant for acoustic sources.

In this thesis, a LES model is used together with a special implemented SubGrid-Scale (SGS)
model, required to close the system of equations. The following sub-sections therefore con-
tinues on the theory of the LES and the SGS model. For the interested reader, the literature
study by van der Velden (2012) contains a review of all used turbulence methods inside a
human upper airway tract. Here, also hybrid methods are discussed.

3.3.1 LES

The idea of LES originates from the early 60’s and was well documented by Smagorinsky
(1996). The theory is based on the theory of the Kolmogorov large scales, which contains most
of the energy in a turbulent free field. The largest scales contribute most to the transport and
are therefore calculated directly. The smaller scales are then modeled, with the assumption
that they behave uniformly. This leads to the fact that in a turbulent energy spectrum,
the smaller scales only contribute a fraction of the total energy. This can be summarized
by Figure 3.2, presented in the course notes from Hulshoff (2011). The energy spectrum is
roughly divided in three regions:
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• The first region is the large scale range. The largest scales in the flow are those respon-
sible for turbulence production, and carry out the majority of turbulent kinetic energy.
This energy is extracted from the mean flow, and have comparable length and velocity
scales. They have a macroscopic effect on geometry and forcing, and are therefore of
primary importance in the computation of acoustics. Besides the turbulence scales,
the frequency of the fluctuations can also be important to identify the correct acoustic
sources.

• The second range is the inertial subrange. The eddies will follow Kolmogorov’s law. It
is a region dominated by transitive scales. Hence, energy transfer between the larger
and smaller eddies takes place in this range.

• The last region is the dissipation range. In this range, the behavior of eddies is assumed
to be dominated by the viscosity and the rate of energy transferred from the large scales.
The eddies are very small, compared with large scale range and are not dependent on
the larger scales.

Figure 3.2 also indicates the resolved and unresolved scales region. The separation takes
places at the cut-off wavenumber Kc.

Figure 3.2: Resolved and unresolved scales in LES, Hulshoff (2011)

3.3.2 Scale separation using filtering

To separate different scales, a filter function is required. In LES, a locally derived weighted
average of the flow properties over a volume of a fluid is used. Important here is the filter
width ∆. The turbulent scales larger than ∆ are solved directly, while the scales which are
smaller than ∆ are modeled using a SGS model.
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First, any flow variable should be rewritten in the form of a contribution of a large scale and
small scale. For example, the velocity can be written as:

ū = u− u′, (3.4)

wherein the over-bar refers to the larger scales, while the prime indicate a smaller scale
velocity. A way to define a filtered and therefore large-scale velocity is to use convolution
over the physical domain, Ω:

ū =

∫

Ω
u(x′)G(x, x′; ∆)dx′, (3.5)

where the convolution kernel should satisfy:
∫

Ω
G(x, x′; ∆)dx′ = 1. (3.6)

The standard filter used in OpenFOAM R©(an open-source CFD software package that will be
described later) is the top-hat filter, defined as:

G(x,∆) =

{
1
∆ , if |x′| ≤ ∆

2
0, otherwise

. (3.7)

This filter is simply defined as the average over a rectangular region and often applied in finite
volume methods (FVM).

3.3.3 The filtered Navier-Stokes equations

If a filter is applied to the incompressible Navier-Stokes equations in Equation (3.3), the fluid
equation of motion can be derived only based on the larger eddy scales:

∂ūi
∂xi

= 0, (3.8a)

∂ūi
∂t

+
∂

∂xj
(ūiūj) = −1

ρ

∂p̄

∂xi
+

1

ρ

∂τRij
∂xj

+ ν∇2ūi. (3.8b)

Reordering and making above equations non-dimensional, results in the following set of equa-
tions:

∂ūi
∂xi

= 0, (3.9a)

∂ūi
∂t

+
∂

∂xj
(ūiūj) = − ∂p̄

∂xi
− ∂τij
∂xj

+
1

Re

∂2ūi
∂xi∂xj

, (3.9b)

where the Re number is calculated using a reference velocity u0 and a reference lengthscale
l0. Due to the non-linear convection term of the Navier-Stokes equations, the dynamics of the
resolved scales are not independent of those of the unresolved (sub-filter) scales. The effect
of the unresolved scales are encapsulated in the additional stress-tensor like term, defined as:

τij = uiuj − uiuj . (3.10)
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Since the SGS model to be presented belongs to the eddy-viscosity family, the stress tensor in
Equation (3.10) can be split in a deviatoric and isotropic part. For incompressible flows, the
term involving τkk can be added to the filtered pressure. The deviatoric term of the sub-grid
scale stress tensor is then modeled as:

τDij = −2νtS̄ij , with S̄ij =
1

2

(
∂ūi
∂xj

∂ūj
∂xi

)
, (3.11)

where νt is the eddy, turbulent or subgrid viscosity.

3.3.4 Subgrid-scale model

To determine the eddy viscosity νt, initiated in previous section, a SGS model is needed.
Previous studies (e.g. Lynch (2012)) investigated different SGS models in a realistic upper
airway model. As a general conclusion, a selective Smagorinsky SGS model performed best
on transitional flows in wall bounded regions (a characteristic of an upper airway flow).
Therefore, for this thesis research, a selective Smagorinsky SGS model is used as is described
in the paper by Sagaut et al. (1999). This is a quite complicated model, not standard available
in OpenFOAM R©, but necessary for correctly representing the physics inside the upper airway.
For more information about other SGS models, please review the literature study of van der
Velden (2012).

The Smagorinsky model assumes the following dependency:

νt = (c1∆)2|Sij |, with |Sij | =
√

2SijSij , (3.12)

where the constant c1 is taken equal to 0.1, ∆ the earlier introduced cut-off length-scale of
the filter and |S| the mixing length for the sub-grid scales.

The selective model is a combination of a basic subgrid-viscosity model with a selection
function (Sagaut et al. (1999)). The selection function, referred to as fs, checks a specific
property of the test field of the quantity ū′, and turns off the SGS model when this parameter
does not correspond to a certain threshold which would indicate fully turbulent flow. In
practice, a velocity field is assigned as turbulent (and should thus require a SGS model) if
and only if the local angular fluctuations of the instantaneous vorticity is higher then a given
threshold θ0. This parameter determines the three dimensionality of the flow, in this case, the
angle between the vorticity vectors. The selection function can be mathematically written as:

fs(θ, θ0) =

{
1 if θ ≥ θ0

r(θ, θ0)1/2 else
, (3.13)

with r(θ, θ0) defined as

r(θ, θ0) =
tan2(θ/2)

tan2(θ0/2)
. (3.14)
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where θ is defined as the angle between the average vorticity of all neighbors cells and the
own cell’s vorticity. The flow property criterion as given in Farhadi and Rahnama (2006) is
used. From this the treshold angle of θ0 = 20◦ is extracted.

Finally, the deviatoric term of the stress tensor reads:

τDij = −2fs(θ, θ0)νtS̄ij . (3.15)

Numerically, a time integration and spatial discretization method is required. In general these
will be addressed in Section 3.5.2. This paragraph only briefly describes the condition for the
SGS model. A special treatment is used for the SGS term in case of time integration. This
is based on a splitting which decouples the dispersive contributions, which can be written
as ∇νSGS · (∇ū + ∇T ū), from the dissipative ones, which read νSGS∇2ū. The dispersive
ones should be determined explicitly, because they could affect the efficiency of the implicit
method, while the second ones are treated implicitly (Sagaut et al. (1999)).

3.4 Boundary conditions

When solving the Navier-Stokes equations, one needs boundary and initial conditions. For
an airway model, there are roughly three conditions which should be taken into account; the
inlet, outlet and wall conditions. This section describes the general conditions, used in most
of the simulations.

3.4.1 Inlet and outlet

Depending on the model different inlet and outlet conditions are used. In case of the boundary
conditions (BC) for the velocity u, either a von Neumann, a Dirichlet or pressure driven normal
velocity boundary condition is used. The last mentioned boundary condition is a special one.
In that case, OpenFOAM R©determines the inlet velocity based on the pressure gradient. This
then results in a non-uniform flow. Therefore smoothing is applied near the inlet, to reduce
peak velocities.

At the inlet and outlet, the pressure condition can be determined using a Dirichlet (fixed value
at the wall) or a Von Neumann (fixed gradient at the wall) condition. Both conditions can
cause reflections. In a direct acoustic calculation equation, this is a major problem. However,
this may also affect a decoupled analysis. Lynch (2012) therefore tried to implement a sponge
layer as formulated by Chen et al. (2004) for the pressure at the inlet and outlet. Poor results
were obtained and the flow field became unstable. Hence, since for this thesis the main focus
is on the acoustic simulation, a simpler boundary condition for the CFD pressure is used.
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3.4.2 Wall modeling

Wall modeling in CFD can be roughly divided in three different methods: wall functions,
hybrid methods (i.e. DES) and direct calculations. Important dimensionless parameter for
wall modeling is the wall distance y+, defined as:

y+ ≡ u∗y

ν
(3.16)

wherein u∗ equals the friction velocity at the nearest wall, y the distance to the nearest
wall and ν the local kinematic viscosity of the fluid. If one uses a high y+ value of the cell
near the wall, wall functions and hybrid methods are sufficient. However, other cases can
give erroneous results. For example, wall functions will work well for fully developed non
separated flow and hybrid methods will work good in separated flow but not in laminar flow.
For the complex flow in the human upper airway, which was already described in Section 3.1,
neither a wall function or hybrid method will fit. Therefore a direct wall approach is used for
evaluating the separation, back flow, unsteadiness and laminar regions near the wall. With
this direct approach, it is attempted to keep the y+ value for the first cell layer within the
viscous sub layer (y+ < 5) (Breuer et al. (2007)).

3.5 Modeling software

This section brings a brief overview of the software used during this thesis to solve the fluid
flow equations as well as the acoustic and structural equations. A detailed description of the
software can be found in various literature and user manuals, widely available on the internet.
In this section the basic principles are addressed, the discretization method is elaborated and
the numerical schemes which are used are mentioned. Most of the information presented in
this section is extracted from OpenFOAM (2011) programmers guide.

3.5.1 OpenFOAM R©

This thesis is based on the research conducted in OpenFOAM R©. There is a large variety of
CFD packages available today to perform a decent LES simulation. Some of these software
packages, already include a build-in acoustic solver. Examples are Fluent R©, which couples
various CFD solvers with an acoustic solver based on the intergral solution of the Ffowcs-
Williams and Hawkings (FW-H) acoustic analogy. Another example is FINE Hexa R©. Both
software packages are extensively used to determine the flow and acoustical properties of
various geometries.

There are various reasons why OpenFOAM R©is chosen instead of other CFD packages. Some
of the reasons are:

• Free software. Any other commercial package is very costly, making buying a volume
license very expensive.
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• Open source software, structured and written in C++. Therefore it is possible to adapt
the code and build new functionalities, such as a in-house acoustic solver (discussed in
next chapter). Due to the fact that it is open source, many discretization methods and
post-processing tools are widely available.

• Community driven and increasingly popular in industry, making a fast evolution curve
possible.

• Can work in parallel for fluid flow equations, without additional software costs. However,
for Fluid Structure Interaction (FSI) algorithms, it is already much more difficult to
work in parallel.

• It has been used for computing acoustic sources before. However, a standard solver was
not available at the time of this thesis research.

Although, since OpenFOAM R©is relatively new, program errors are still possible and often re-
ported in the community. Therefore, validation and verification is still required and advisable.
There is no support, it lacks of detailed documentation and it is hard to install the software.
Due to the fact that there is also no Graphical User Interface (GUI, it is also a challenging
job to work with OpenFOAM R©. Benchmarks results are used in Chapter 6 to validate the
results from the in-house solver in OpenFOAM R©.

3.5.2 Discretization

As a numerical approach for the discretization of the governing equation, a Finite Volume
(FV) approach is used. This sub section describes the details of the discretization of the
governing equations in OpenFOAM R©.

A FV model is based on a subdivision of the domain in space and time. Using the method of
lines, a separation is made between the spatial and temporal discretizations. A FV method
for spatial discretization results in a semi-discrete system, which still contains the continuous
time derivative. Next, a time-marching method is required to solve for the quantities in
time. For the spatial discretization, a set of control volumes (CV) is required. In each CV,
a computational point (i.e. P) is defined. The cell is bounded by a set of flat faces, given
the generic label f . Each CV also consist of a vector d, which connects the cell center of the
adjacent volume and a vector A indicating the face normal area. OpenFOAM R©defines the
majority of the variables (such as p and u) at P, resulting in a collocated variable arrangement.
Next, due to the unsteady behavior of the flow, a temporal discretization is required as well.
The time domain will be divided in a certain amount of time intervals/steps and a solution
is obtained by marching ∆t from the initial condition.

With previous discussion in mind, it is now possible to discretize the filtered Navier Stokes
equations as presented in Equation (3.8). According to the FV method, and after integration
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of the CV in space and time yields the following equation:
∫

V
∇ · udV =

∫

∂V
dA · u = 0, (3.17a)

∫ t+∆t

t

[
d

dt

∫

V
udV +

∫

V
∇ · (uu)dV −

∫

V
∇ · νeff (∇u +∇uT )dV

]
dt =

−
∫ t+∆t

t

[∫

V

∇p
ρ
dV

]
dt. (3.17b)

Equation (3.17) is a second-order equation due to the presence of a second derivative diffusion
term. Hence, to obtain a reasonable accuracy, at least a second order method is required.
Also, the temporal discretization scheme should be a second order scheme. Quantities such
as pressure and velocity are assumed to vary linearly around a point in time t. Therefore,
one can apply a Taylor series around that point, resulting in:

φ(x) = φP + (X−XP ) · (∇φ)P +O
(
|X−XP |2

)
, (3.18a)

∂φ(t)

∂t
=

3φ(t+ ∆t)− 4φ(t) + φ(t−∆t)

2∆t
+O(∆t2), (3.18b)

where φ can represent any tensor field. Each term in the governing equations for the spatial
and temporal discretization will be discussed separately in the following paragraphs.

Spatial discretization

FV discretization of each term is formulated by first integrating the term over a cell volume V .
Most spatial derivative terms are then converted to integrals over the cell surface A bounding
the volume using Gauss’s theorem:

∫

V
∇ ? φdV =

∫

A
dA ? φ, (3.19)

where A is the surface area vector and ? represent any tensor product, i.e. inner, outer and
cross and their respective derivatives: divergence ∇ · φ, gradient ∇φ and ∇× φ. Volume and
surface integrals are then linearized using appropriate schemes which are described in the
next paragraphs.

The Laplacian term In the governing Equations (3.17) the diffusion term represents the
laplacian term. The laplacian term is integrated over a control volume and linearized as
follows:∫

V
∇ · (ν∇φ)dV =

∫

A
dA · (ν∇φ) =

∑

f

νfAf · (∇φ)f . (3.20)

The three different terms on the right hand side should be evaluated with an appropriate
method. First, the scalar νf can be found by interpolation. Next, the complete term Af ·(∇φ)f
is very dependent on the mesh. If the mesh is orthogonal, the face gradient of φ can be
expressed as:

Af · (∇φ)f = |Af |
φN − φP
|d| , (3.21)
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where the vectors d and A are parallel and N refers to the neighboring cell of P . When
the mesh is non-orthogonal, the second order accuracy is not valid anymore. Therefore, an
additional explicit term is introduced reflecting the non-orthogonal properties. If the non-
orthogonality is high, this can result in a negative coefficient which can lead to instability.
Therefore, one should aim for a mesh with high orthogonality.

The convection term The convection term is integrated over a control volume and lin-
earized as follows:

∫

V
∇ · (ūφ)dV =

∫

A
dA · (ūφ) =

∑

f

Af · (ū)fφf =
∑

f

Fφf , (3.22)

where F is defined as the volume flux through the face F = AŪf . A second-order interpola-
tion scheme is required to determine the face field φf . Example of a centered scheme used in
this thesis research is the linear interpolation (central differencing), while examples of Total
Variation Diminishing (TVD) schemes used in this thesis are the Limited Linear Differencing
and the Van Leer Limiter scheme.

Temporal discretization

Like with the spatial discretization, there are many ways to perform a temporal discretization.
The most important thing to keep in mind when selecting a temporal discretization scheme, is
that each term in the transport Equation (3.17) should be second order accurate (otherwise a
very small time-step is required). The following two paragraphs describe the first and second
time derivative discretization. Note that the transport equation does not consist of a second
order time derivative. However, this time derivative is later required for the discretization of
the inhomogeneous wave equation, to determine the acoustic propagation.

First time derivative The first time derivative is integrated over a control volume as
∂
∂t

∫
V φdV . The term is discretized by a multi-step backward differencing scheme in time

using:

• new values φn ≡ φ(t+ ∆t) at the current time step;

• old values φ0 ≡ φ(t) that were stored from the previous time step;

• old-old values φ00 ≡ φ(t−∆t) stored from a time step previous to the last.

Two second-order schemes are considered for the first time derivative. Firstly, a Crank Nichol-
son (CN) scheme can be used. It uses the trapezoid rule to discretize the spatial terms,
thereby taking a mean of current values of φn and old values of φ0. It is unconditionally
stable but the approximate solutions can still contain spurious oscillations if the ratio of the
time steps to the square of space step is large. This makes the scheme very unsuitable for
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acoustic computations. Also, this scheme is considered to be rather expensive and therefore
unwanted.

Another method is the second order backward differencing approach, which also stores the
old-old values. This makes it a larger overhead in data storage compared with, for example,
the first order Euler or CN scheme.

Throughout the simulation, the truncation error should be minimized. However, any small
variation in derivatives and face fluxes can cause errors, which could have an undesirable
effect on the LES simulation. The problem is due to the fact that such errors exceed the
sub-grid diffusion. Therefore, to maintain stability throughout the entire simulation, the cell
face Courant (Co) number should stay always below one:

Co =
Uf · d
|d|2∆t

, (3.23)

where Uf is a characteristic velocity, in this case the velocity of the flow. Due to the limitation
of the Co number, the time-step in a LES simulation should be very small, resulting in a small
temporal diffusion error.

Second time derivative The second time derivative is integrated over a control volume
and linearized as ∂

∂t

∫
V
∂φ
∂t dV . For the second time derivative, the implicit Euler scheme is

used, which is the standard option within the OpenFOAM R©structure. Unfortunately, this
scheme is only first order accurate in time.

Coupling between pressure and velocity

If one considers the discretized form of the Navier-Stokes system, the form of the equations
shows a linear dependence of velocity on pressure and vice-versa. This inter-equation coupling
is also known as the velocity-pressure coupling. A special treatment is required in order to
solve this coupling. For unsteady LES simulations, OpenFOAM R©uses the Pressure Implicit
with Splitting of Operators (PISO) method, as proposed by Issa (1986). The idea of PISO is
as follows:

• The pressure-velocity system contains two complex coupling terms; the non-linearity in
the convection term ∇· (uu), handled using an iterative solution technique: ∇· (u0un),
where u0 is the current solution and un is the new solution. The other complex term is
simple, based on the linear pressure-velocity coupling,

• on low Courant numbers (small time-step), the pressure-velocity coupling is much
stronger than the non-linear coupling,

• it is therefore possible to repeat a number of pressure correctors without updating the
discretization of the momentum equation (without updating u0),

• in such a setup, the first pressure corrector will create a conservative velocity field, while
the second and following establish the pressure distribution.
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The pressure equation is based on a semi-discretized formulation of the momentum equations
and reads:

apūp = H(ū)−∇p̄, with the operator H(ū) = r−
∑

N

auNuN , (3.24)

wherein ap contains a set of coefficients of ūp and r contains the portion of the temporal and
spatial derivative which is not dependent on uN . The final form can be written as:

apūp = H−
∑

f

A · p̄f , (3.25a)

∑

f

A ·
(

1

ap

)

f

(∇p̄)f =
∑

f

A ·
(

H

ap

)

f

. (3.25b)

A detailed derivation can be found in Issa (1986). The PISO algorithm solves above equations
successively.

3.5.3 Solvers

Now that the Navier-Stokes equations are discretized and the coupling method between the
pressure and velocity is discussed, the governing equation can be solved to perform a LES
simulation. The pisoFoam algorithm in OpenFOAM R©is used as a starting point, which is an
incompressible transient flow solver. Globally this algorithm involves the following steps:

1. Firstly, a RANS solution is used as initial field to start the LES simulation. Quantities
as pressure, velocity, turbulent viscosity and face fluxes are used for this.

2. Turbulent properties are determined and updated, such as the selection function for the
SGS model.

3. The pressure-velocity coupling is solved using the earlier described PISO algorithm. A
prediction of the velocity field is made, based on previous fields and based on Equa-
tion (3.25). A Bi-Conjugate Gradient (PBiCG solver is used, which is applicable for
asymmetric matrices. As a preconditioner, Diagonal Incomplete LU (DILU) is applied.
Both solver and preconditioner are easily accessible withing the OpenFOAM R©structure.

4. The H vector, presented in Equation (3.24) is updated by the new predicted velocities.
Then the pressure can be solved via a Preconditioned Conjugate Gradient (PCG). As
a preconditioner a Diagonal-based Incomplete Cholesky (DIC) method is used.

5. The pressure equation is solved iteratively and non-orthogonal correctors are used to
improve the convergence.

6. The fluxes and velocities are updated with the new pressure results using the continuity
formulations. The number of PISO loop correctors can be set to obtain a certain
accuracy. For the simulation in this thesis, two correctors were required.
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7. The simulation can proceed to calculate the acoustic sources, but first the structural
solver is run.

8. Acoustic sub-cycles are set, and the acoustic solver is activated.

9. Simulation proceeds to next time step, and the calculated values are used to make a
new initial guess for the solution.

The following two chapters are used to discuss step 7 and 8 in above process.
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Chapter 4

Physics and modeling of sound

This chapter focuses on the acoustic analogies, presenting different methods to solve the
acoustic wave equation. Numerical prediction of noise can be classified into two groups: the
direct methods and the hybrid approaches. A schematic diagram of different Computational
Aero-Acoustic (CAA) methods is given in figure 4.1. One can see that there are quite a
few numerical approaches to simulate flow generated noise. The direct method will solve
the compressible Navier-Stokes equations using Direct Numerical Simulation (DNS) which
compute both sound and flow field together. The hybrid approach computes flow and acoustic
field separately where a solution from the flow computation is required to start the acoustic
computations. If performed parallel, this type of method reduces computational time and
storage drastically while still keeping an accurate solution (Lynch (2012)). Therefore, a
hybrid method is proposed in this thesis. Multiple methods exist and will be discussed in
the following sections. The theory is mostly extracted from technical and PhD reports from
Testa (2008), Zhu (2007), Caridi (2008), Uosukainen (2011) , Escobar (2007) and Wagner et al.
(2007). However, firstly homogenous and non-homogenous wave propagation is discussed.
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CHAPTER 2. THE CAA METHODS 6
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Figure 2.1: A diagram of CAA methods.

ration point moves towards leading edge.

Challenges exist while resolving such flow and acoustic fields. First,
from a flow point of view, since it is the unsteady flow that makes noise
the turbulent flow structure should be well represented by the flow simula-
tion. The unsteady Reynolds averaged Navier-Stokes (URANS) method is
normally not always good enough because small turbulence structures are
difficult to capture due to the time average. Other models such as large eddy
simulation (LES) or detached eddy simulation (DES) are better to model
small turbulent structures. But still the uncertainty of turbulence model
will effect acoustic prediction, this is an important issue for future discus-
sion. Secondly, the acoustic wave length at low Mach number has large

Figure 4.1: A diagram of CAA methods, Zhu (2007)

4.1 Wave propagation

4.1.1 Homogeneous

In order to derive the acoustic analogies used in this MSc thesis, firstly consider a zero
averaged flow field and neglect the viscosity effects. Since an acoustic wave is related to all
flow variables, each quantity can be considered as the sum of an averaged component and a
fluctuating component, usually called the acoustic component:

p(~x, t) = p̄+ p′(~x, t), (4.1a)

ρ(~x, t) = ρ̄+ ρ′(~x, t), (4.1b)

ui(~x, t) = ūi + u′i(~x, t). (4.1c)

Because of the assumption of a zero uniform flow field, ūi = 0, also the quantities p̄ and ρ̄
are considered to be constant. Thanks to these assumptions and neglecting any higher order
terms, the Navier-Stokes equations can be linearized to:

∂ρ′

∂t
+ ρ̄

∂u′i
∂xi

= 0, (4.2a)

ρ̄
∂u′i
∂t

+
∂ρ′

∂xi
= 0. (4.2b)

When assuming the air to be a perfect gas, such that p = ρRT , then

p′ = c2
0ρ
′, (4.3)
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where c2
0 = ∂p

∂ρ is the wave speed propagation in case of constant entropy. When taking
the time derivative from Equation (4.2a) and the divergence from Equation (4.2b) and then
subtracting the result from Equation (4.2a) from Equation (4.2b) the following relation results:

∂2ρ′

∂t2
− ∂2p′

∂x2
i

= 0. (4.4)

If one applies Equation (4.3) to Equation (4.4) it is possible to obtain a homogeneous equation
completely defined for the pressure fluctuation:

1

c2
0

∂2p′

∂t2
− ∂2p′

∂x2
i

= 0. (4.5)

In a single dimensional case a solution of this equation can be written in the form

p(x, t) = f1(c0t− x) + f2(c0t+ x), (4.6)

where f1 and f2 are two arbitrary functions.

4.1.2 Non-homogeneous

A density based acoustic analogy often leads to a non-homogeneous wave equation. For
better understanding the acoustic analogies, described in next sections, a brief introduction
into non-homogeneous wave equations are given. No specific analytic solving details are
discussed, since in this thesis the wave equation is solved numerically on the same grid as the
fluid flow equations. This involves discretization (as discussed in Section 3.5.2) of the general
differential equation of the acoustic analogy.

In general, a non-homogeneous wave equation assumes the following form

(
1

c2
0

∂2

∂t2
−∇2

)
p = f(~x, t), (4.7)

where f(~x, t) is a generic distribution of sources. In order to solve this differential equation,
a free field Green function is needed, which is defined as the solution of the wave equation
related to a punctual and impulsive source.

4.2 Lighthill’s analogy

The comprehensive study of CAA was started with Lighthill analogy, developed in the early
1950s with the purpose of reducing noise from jet engines (Lighthill (1952)). The acoustic
relation is derived from the momentum and continuity equations. The equations of an arbi-
trary fluid motion can be rewritten by splitting terms and grouping the nonlinear terms into
a source term. This source term is also known as the Lighthill stress tensor Tij . The wave
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equation is described by a scalar partial differential equation (PDE) with fluctuating density
as the only primary variable.

The mass and momentum equations for a compressible fluid motion without external forces
are written as:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0, (4.8a)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+
∂τij
∂xj

, (4.8b)

where the viscous stress tensor for a Newtonian fluid is defined as:

τij = µ

[
∂ui
∂xj

+
∂uj
∂xi
− 2

3

(
∂uk
∂xk

)
δij

]
, (4.9)

where δij is the Kronecker delta. Combining the Equations from (4.8), Lighthill’s analogy
can be derived:

∂2ρ′

∂t2
− c2

0

∂2ρ′

∂x2
i

=
∂2Tij
∂xi∂xj

, (4.10)

where the fluctuation density is equivalent to ρ′ = ρ − ρ0, with ρ0 the fluid density at rest.
The Ligthill stress tensor Tij is defined as

Tij = ρuiuj +
[
(p− p0)− c2

0(ρ− ρ0)
]
δij − τij . (4.11)

The viscosity term τij is often neglected in case of very low Mach number air flows. Therefore
the Lighthill’s stress tensor is simplified by neglecting the viscous stress tensor τij . Next, if
adiabaticity is well held and incompressibility is assumed, the Lighthill’s stress tensor can be
further simplified to:

Tij = ρ0uiuj . (4.12)

Note that these are the first simplifications made in this complete derivation. Therefore,
Equation (4.10) and (4.11) did still represent the exact formulation and contained all physics.

Now, with the presented assumptions, the right hand side of Equation (4.10) can be fully
calculated from a CFD simulation. When the noise source region is acoustically compact
and no significant sources close to the computational boundary are present, it is allowed to
decouple the acoustic and flow simulation. The implementation is discussed in Section 4.5.

4.3 The Ffowcs Williams-Hawkings analogy

Lighthill’s theory is further developed and adapted by Williams and Hawkings (1969), Faras-
sat (1996) and Brentner and Farassat (1998) who introduced the effect of surface loading
(dipole) and thickness loading (monopole) contributions due to the presence of solid bound-
aries. This new analogy became a more generalized approach for noise predication, but was
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still based on Lighthill’s acoustic analogy. The Ffowcs Williams and Hawkings’s (FW-H)
integral approach has some resemblance with Kirchhoff’s theory, which was proposed in 1882.
In Kirchhoff (1883), a wave equation is represented by a surface integral and was originally
applied for light diffraction and electromagnetic problems.

In order to derive the governing differential equation, let f(x, t) = 0 be a permeable surface
moving with velocity v, enclosing both the noise sources and solid surfaces such as the body
surface; f = 0 is defined such that ∇f = n, where n is the outward unit normal vector,
and |∇f | = 1. Furthermore, assume that f > 0 is outside the control surface, while f < 0 is
located inside the control surface. For the sake of completeness, this is illustrated in figure 4.2.
Assume that the interior motion is very simple, and consequently does not match the exterior

Figure 4.2: A permeable control surface, Testa (2008)

flow at the boundaries. Thus, mass and momentum forces are introduced to maintain these
discontinuities, which ultimately act as a sound generator. After the reformulation of mass
and momentum equation they become

∂ρ̃

∂t
+

∂

∂xi
(ρ̃ui) = ρ0viδ(f)

∂f

∂xi
, (4.13a)

∂ρ̃ui
∂t

+
∂

∂xj

(
ρ̃uiuj + P̃ij

)
= Pijδ(f)

∂f

∂xj
, (4.13b)

where vi is the surface velocity. The presence and orientation of the surface is accounted for
by the already introduced quantity f . Herewith, δ(f) is the one-dimensional delta function,
which is zero everywhere except where f = 0, which thus means, on the surface. The equations
above are governing the unbounded fluid and are valid throughout space, being their variables
defined in the following way

ρ̃ =

{
ρ f > 0
ρ0 f < 0

, (4.14a)

ρ̃ui =

{
ρui f > 0
0 f < 0

, (4.14b)

P̃ij =

{
(p− p0)δij f > 0
0 f < 0

. (4.14c)
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In order to obtain the inhomogeneous wave equation governing the generation and prop-
agation of sound, mass and momentum equations are differentiated with respect to t and
xi respectively. Next, ρ̃ui is eliminated from the set of equations. Finally, the equation is
changed to the dependent variable; the density perturbation ρ′. Now the FW-H equation can
be written as

∂2ρ′

∂t2
− c2

0

∂2ρ′

∂x2
i

=
∂2

∂xi∂xj

{
T ijH(f)

}

︸ ︷︷ ︸
Quadrupole

− ∂

∂xi

(
Pijδ(f)

∂f

∂xj

)

︸ ︷︷ ︸
Dipole

+
∂

∂t

(
ρ0viδ(f)

∂f

∂xi

)

︸ ︷︷ ︸
Monopole

(4.15)

In Equation (4.15), Pij represents the difference of the stress tensor from its mean value p0δij ,
and the complete term containing this tensor yields an integral over the surface of the obstacle.
The generalized tensor T ij is equal to Lighthill’s tensor, already presented in Equation (4.12).
The tensor is zero within each surface. This is accomplished by the Heaviside function H(f) in
Equation (4.15). The presence of both Dirac and Heaviside functions points out the different
nature of the noise source terms at the right hand side of the wave equation. The last two
terms in Equation (4.15) are called the pseudo-loading and pseudo-thickness terms whereas
the first one is the quadrupole source term from Lighthill’s analogy. The pseudo-thickness
term describes the contribution of the net mass flux through a surface, while the pseudo-
loading term is related to the net momentum flux. Mathematically, the pseudo-thickness
and pseudo-loading terms correspond to the monopole and dipole non-stationary surface
distributions respectively.

When the surface f = 0 is a solid surface, such as a body surface, the application of the
impermeability condition implies that the normal velocity of the fluid is equal to the normal
velocity of the surface, i.e. un = vn. In that case, the monopole term can be interpreted
as the noise generated by the displacement of the fluid forced by the body passage while
the dipole term can be assigned to noise resulting from the pressure distribution upon the
body surface. The sum of these two contributions provide an accurate noise prediction when
extreme transonic flow conditions do not occur and noise is not characterized by turbulence
phenomena. See for example the results from Hanson and Fink (1979), Schmitz and Yu (1986)
and Farassat and Tadghighi (1990). These studies show, that when pressure, density and
velocity fields surrounding the source of noise are related to high-speed transonic operating
conditions or to massive turbulence flow, the inclusion of the non-linear quadrupole volume
term (non-linear due to the u⊗u term) is required. However, this requires a much finer mesh
in order to accurately capture the volume source term. This increases the computational time
enormously. In case of only a simulation including monopole and dipole sources, a coarser
mesh should be sufficient.

4.4 Curle’s analogy

The acoustic differences between Curle and FW-H are similar since both of these approaches
do take into account the presence of solid bodies. However, it is worthwhile mentioning the
work done by Curle (1955), since his theory was developed earlier than FW-H, but without
considering the effect of surface motion. This method is a widely used method inside CAA, for
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example in noise generation from open cavities and flow induced cylinder noise in a uniform
flow (Zhu (2007)).

The starting point of the derivation of Curle’s analogy is similar to the one by FW-H, pre-
sented in previous section. Assuming that the fluid is divided by the stationary solid body S
and the fluid is at rest at infinity, Curle wrote the solution of Lighthill’s equation with sur-
face and volume source terms. This resulted in Equation (4.16), where a non-homogeneous
wave equation is shown together with a surface term (dipole source term) and a volume
source term (quadrupole source term). The equation is indeed almost similar, compared with
Equation (4.15).

∂2ρ′

∂t2
− c2

0

∂2ρ′

∂x2
i

=
∂2

∂xi∂xj

{
T ijH(f)

}

︸ ︷︷ ︸
Quadrupole

− ∂

∂xi

(
Pijδ(f)

∂f

∂xj

)

︸ ︷︷ ︸
Dipole

. (4.16)

To further clarify the terms in above equation, it is useful to look at the magnitude of
both terms. Assuming that the characteristic length scale divided by the frequency and the
Lighthill’s stress tensor are proportional to u0 and ρ0u

2
0, the pressure fluctuation for the

quadrupole term can be written such as, Caridi (2008):

p′(x, t) ∼ ρ0u
2
0M

2 L

‖u‖ . (4.17)

In this equation, L is a characteristic length scale. Acoustic power density is defined as:

Iac =
p′2

ρ0c0
. (4.18)

Combining Equations (4.17) and (4.18) a dimensional analysis can be performed on the
quadrupole term. For the quadrupole sources, Lighthill found out that the intensity of sound
varies with the eight power of the mean velocity:

Iacquad ∼ ρ0u
3
0M

5 L2

‖x‖2 ∼ u
3
0 ·M5. (4.19)

Curle performed the same analysis for the dipole source. For this source, the proportionality
of the pressure fluctuation and the acoustic intensity are:

p′(x, t) ∼ ρ0u
2
0M

L

‖u‖ , (4.20a)

Iacdip ∼ ρ0u
3
0M

3 L2

‖x‖2 ∼ u
3
0 ·M3. (4.20b)

Comparing the quadrupole and dipole source term: Iacquad/Iacdip ∼ M2 it is possible to say
that in the case of M � 1 the contribution of the surface sources (dipole term) is dominant.
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4.5 Implementation into OpenFOAM R©

This section explains the modeling of the acoustics inside OpenFOAM R©. Firstly, the idea
behind the coupling of the fluid and acoustic analogy is discussed. In further sections, the
implementation of the source terms is shown.

4.5.1 Hybrid method

The introduction of this chapter already contained a comparison between direct and hybrid
methods. This section is to clarify the choice made in the introduction by presenting the
hybrid approach in a nutshell.

The hybrid analogy is based on decoupling the flow simulation from the acoustic simulation.
With the flow computation, one creates a source field for the acoustic simulation. During
the acoustic computation, source field data is post-processed in a non-homogeneous wave
equation. This approach results in one fundamental assumption; a one-way coupling between
the flow and the acoustics. It is assumed that unsteady flow produces sound and affect its
propagation, however sound waves do not effect the flow field significantly. Therefore, the
principal application for this hybrid approach are flow fields with no strong coupling.

To determine the source terms accurately, a preferred simulation method for the flow exists.
This scheme must be accurate and must be able to collect unsteady, broadband turbulence
data. A LES simulation satisfies these requirements. Especially for low Mach number appli-
cations, such as the upper airway tract, a hybrid LES acoustic solver can reduce CPU costs
drastically compared with a DNS simulation, which requires a very high resolution for the
simulation.

In this thesis, the source terms of the non-homogenous wave equation are extracted from
OpenFOAM R©. Also the wave equation itself is modeled in OpenFOAM R©. This has several
advantages: First of all, this allows for a quasi-simultaneous simulation of both the flow and
acoustic simulation. Hence, after every flow time-step, several acoustic time-steps are per-
formed. Since in general, the time step for the acoustic simulation needs to be smaller because
of the higher wave velocity. Because the acoustic simulation is done directly after the CFD
computation, there is no need to save the data every time-step thereby reducing memory
demands. However, as a disadvantage, it is impossible to only redo the acoustic simulation
if, for example, another acoustic analogy is preferred. Another advantage is the reduced pro-
gramming effort, since both temporal and spatial discretization schemes are widely available
within the OpenFOAM R©structure. Also post-process algorithms are available, making the
data access and analysis easier and more convenient. Finally, solving a PDE instead of the
integral solution makes it possible to account for reflection and propagation, which is very
crucial in an interior acoustic simulation. An integral solution of the FW-H analogy will be
therefore unsuitable for any interior analysis.
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4.5.2 Quadrupole source term

The quadrupole source term, depicted on the right hand side of Equation (4.10) consists of the
Lighthill stress tensor. In case of a low Mach number, high Reynolds number flow, the tensor
reduces to Equation (4.12). At the time of this MSc thesis, OpenFOAM R©did not include any
code to compute acoustic source terms. However, thanks to OpenFOAM R©’s object oriented
structure, the quadrupole source term can be easily extracted. The source term was simply
declared as a scalar field. There are also pre-defined operations on the these general fields
such as divergence, which is required to determine the quadrupole term. The framework also
allows the discretization to be chosen at run time, saving the programmer a lot of work and
making it easier to understand.

After each CFD time-step, the acoustic sub-cycle is start. In this cycle, the quadrupole source
term is determined using:

Qquad = ρ · ∇ [∇ (U×U)] , (4.21)

quadrupoleTerm = rho * fvc::div(fvc::div(U*U));

Here, U*U represents the velocity tensor field. Taking two times the divergence results in a
scalar source field. This source field is added on the right hand side of the wave equation.

4.5.3 Dipole source term

The dipole source term was already introduced in Equation (4.16). It consist of the pressure
stress tensor (Relation (4.14c)). In OpenFOAM R©, the divergence is evaluated, which takes
into account face interpolation of the volume pressure field. To verify the dimensions, the
surface area is used (magSf()) and multiplied with a scalar γ, which is 1 at the wall and 0 on
the inside. This way, the boundary can easily be accessed. Finally, the expression is multiplied
with the density, since in OpenFOAM R©the pressure is defined as a density normalized pressure.
The code listing is summarized below:

Qdip = −ρ · ∇ (γp) , (4.22)

dipoleTerm = rho*fvc::div((-mesh.magSf()*gammaField),p);

This source term can also be added (with a minus sign though) to the right hand side of the
wave equation.

4.5.4 Monopole source term

The monopole source term requires information from the boundary. This information can only
be obtained, when solving the stresses inside the structure surrounded by the fluid domain.
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Details about the analysis method for the structure is found in the next chapter. For now,
only the implementation of the source term is of interest. The term, which can be found in
Equation (4.15), involves an acceleration term of the solid multiplied with the density of the
fluid. This is obtained via:

ρ · ∂
2D

∂t2
, (4.23)

d2Ddt2 = rho * fvc::d2dt2(D);

Next, the magnitude of the acceleration is stored on the fluid-solid boundary, finalizing the
monopole source term:

Qmon =

(
ρ · ∂

2D

∂t2

)
· n, (4.24)

\begin{verbatim}

monopoleTerm.boundaryField()[fluidPatchID] =

interpolatorSolidFluid.faceInterpolate

(d2Ddt2.boundaryField()[solidPatchID]) &

(-mesh.Sf().boundaryField()[fluidPatchID]/

mesh.V()[fluidPatchID]);

where interpolatorSolidFluid interpolates the values from the structural mesh to the fluid
mesh using the zoneToZoneInterpolation algorithm inside OpenFOAM R©1.6-ext. V() indi-
cates the volume of a cell. This second term is important, for dimensionalizing the monopole
term. More information about the structure, as well as a different method to incorporate for
monopole sources is discussed in Chapter 5.

4.5.5 Density equation

Now that the source terms are introduced, it is possible to solve the non-homogeneous wave
equation. The wave equation is programmed in OpenFOAM R©as a normal PDE in such a way
that you can easily describe the boundary and initial values. The code listing reads:

∂2ρ′

∂t2
− c2

0

∂2ρ′

∂x2
i

= Qquad −Qdip +Qmon, (4.25)

solve((fvm::d2dt2(rhoPrime) - sqr(c0) * fvm::laplacian(rhoPrime)==

quadrupoleTerm - dipoleTerm + monopoleTerm))

in the case that both quadrupole, dipole term and monopole term are used as source terms.
The main advantage of solving a PDE instead of a integral solution of an acoustic analogy, is
that one can consider boundary and initial conditions. This way, reflection and propagation
of the noise can easily be taken into account.
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Inlets and outlets

At the inlet and outlet the density perturbations are prescribed by a convective outlet bound-
ary condition, which is a subset of a Robin boundary condition. This allows the acoustic
waves to leave the domain without any reflection. A convective outlet boundary condition
for density perturbations can be written as:

dρ′

dt
+ c0

dρ′

dn
= 0. (4.26)

In this equation, the spatial derivative is taken normal to the boundary. The initial value of
the density perturbation field is simply a zero uniform field.

Walls

For describing the walls inside an acoustic simulation, different possibilities arise. A physically
correct representation near a rigid wall is to set the molecular velocity at the wall to zero. To
make sure molecules do not travel normal to wall, there cannot be a pressure gradient at the
wall. Hence, at the wall, the acoustic simulation contains a zero pressure gradient condition.

Another possibility is to also describe the propagation, transmittance and reflectance of the
wall. In real life, not all the waves are reflected. Part of the waves are namely absorbed and
transmitted due to the fact that the walls are not completely rigid, i.e. they can vibrate.
To give a sense about impedance levels, Table 4.1 provides some numbers. The higher the
acoustic impedance, the more difficult the material will transmit. This impedance level can

Table 4.1: Approximate values for the impedance of different parts inside the human body, Baun
(2009), Hu et al. (2009) and Ludwig (1950)

Material Impedance [MRayl]

Air 0.0004
Fat 1.38
Water 1.48
Blood 1.51
Soft tissue (average) 1.63
Muscle 1.7
Bone 7.8

be translated to a impedance boundary condition at the wall, as derived by Spa et al. (2010).
The equation reads:

∂p(x, t)

∂t
= −Z

ρ

∂p(x, t)

∂n
, (4.27)

wherein p is the pressure, ρ is the density and Z is the acoustic impedance. This equation
shows similarities with Equation 4.26, therefore making the implementation straightforward.

Lynch (2012) tested this boundary condition in his MSc thesis. He compared the zero gradient
boundary condition with the impedance boundary condition (Equation (4.27)). The second
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condition allows a small part of the signal to be transmitted through the wall. Using the
impedance value for human tissue (shown in Table 4.1), it was concluded that this type of
boundary condition hardly affects the sound pressure results. Only a difference of 0.5 dB was
observed. Therefore, for this thesis research, a simple zero gradient boundary condition is
used. In chapter 5, issues such as vibration will be addressed.

4.6 Acoustic relations

After OpenFOAM R©solves the density equation, as described in Section 4.5.5, some post-
processing steps needs to be conducted to get some useful results. This section describes
some acoustic relations, useful for post-processing.

First of all, in each geometric model, probes exist which collect the density perturbation (ρ′)
data. These probes are located at strategic locations, such as near the inlet, outlet and before
and after constrictions. This raw data is corrected using a moving average, where signals
below the cut-off frequency are filtered and detrended. From this result, the fluctuating
signal is collected by subtraction.

From this signal the Sound Pressure Level (SPL) is extracted. Pressure disturbances p′ are
normally very low compared to the atmospheric pressure. A human ear can detect fluctuations
between 20 Hz and 20 kHz. Due to this large range, the SPL is expressed on a logarithmic
scale as:

SPL = 20 log10

p′RMS

p′ref
, (4.28)

wherein the SPL is given in decibels (dB) and p′ref = 2 · 10−5Pa. This corresponds to a SPL
of 0 dB.

Also, the sound intensity level (SI) is an interesting quantity to compare results. It is given
by:

SI = 10 log10

( 〈I〉
Iref

)
, (4.29)

wherein Iref = 10−12Wm−2 and 〈I〉 = p′2/ρ0c0. Both SPL and SI are plotted in a fre-
quency spectrum, by using a Fourier transform inside Matlab R©. This is done after the line is
detrended by a moving average, in order to filter out the low frequency noise.
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Chapter 5

Physics and modeling of structure interaction
model

Now that the fluid flow and acoustic theory are introduced, the theory behind the structural
model should be discussed. A structural model is used for the interaction with the acoustic
domain to incorporate for the vibrations on the wall of the geometry. The displacements on
the wall are considered to be very small, and have therefore a negligible effect on the fluid
flow. However, due to the soft tissue in the upper airway, large accelerations can occur. These
accelerations can be incorporated by a monopole source in the FWH analogy, presented in
the previous chapter.

This chapter starts by introducing the computational model, a finite volume linear stress
analysis solver to solve for the stresses inside the solid (derived from Turteltaub (2009),
Jasak and Weller (2000) and Rixen (2010)). Next the interface and boundary conditions
are extensively discussed, as well as the weak coupling mechanism with the fluid flow and
acoustical model.

5.1 Mathematical model

5.1.1 FEM or FVM

Currently, a Finite Element Method (FEM) solver dominates the area of stress analysis.
These solvers are normally based on the variational principle, involving pre-defined shape
functions depending on the topology of the element, usually extended to higher order dis-
cretization. Since this thesis research focuses on the parallel and simultaneous implementa-
tion of flow and sound into OpenFOAM R©, it is useful to also implement the structural solver
using OpenFOAM R©based on the FVM analogy. This choice requires a trade-off between both
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methods. Some of the advantages, claimed by Jasak and Weller (2000) of using a FVM as
structural solver are summarized below:

• FVM is inherently good at treating complicated, coupled and non-linear differential
equations. If the mathematical model becomes more complex, a FVM outperforms a
FEM.

• FVM is more efficient, since it has been developed for meshes of milions of cells, normally
required for CFD analysis.

However it is good to know that both FVM and FEM can resolve the same PDE when
the discretization is fine enough. Also, using a FEM model, it is easier to get higher order
accuracy. But, for the structural model to be investigated, the structure dynamics is simple
enough to be represented by an accurately fine FV mesh. And, taken into account the fact
that when using OpenFOAM R©to solve for the stresses in the structure, one can program
everything simultaneously. Hence, FVM is a good choice to solve for the displacements in the
structure.

5.1.2 Governing elastodynamic equations

Based on the balance of linear momentum (F = ma), a description of the force balance can
be derived. For this, assume a simple mathematical model; a linear elastic solid. The force
balance for the solid body element in differential form reads

∂2(ρx)

∂t2
−∇ · σ = ρf , (5.1)

wherein x indicated the displacement vector, ρ is the density of the solid, f is the body force
vector and σ is the stress tensor. For the specific case of an isotropic material, the strain
tensorε is defined (in terms of x) as

ε =
1

2

[
∇x + (∇x)T

]
. (5.2)

Consequently, the stress is related to the displacements using Hooke’s law, relating stress and
strain tensors. This closes the system using

σ = 2µε+ λ tr(ε)I, (5.3)

where I is the unit tensor, ”tr()” the trace (i.e.
∑n

i=1 aii) and µ and λ are Lamé’s coefficients,
relating to Young’s modulus of elasticity E and Poisson’s ratio ν as

µ =
E

2(1 + ν)
, (5.4)

and

λ =

{
νE

(1+ν)(1−ν) for plane stress
νE

(1+ν)(1−2ν) for plane strain and 3D
. (5.5)
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With this information, the governing equation in (5.1) can be rewritten to its final expression:

∂2(ρx)

∂t2
−∇ ·

[
µ∇x + µ (∇x)T + λI tr (∇x)

]
= ρf , (5.6)

making it an expression with the displacement vector x as primitive variable. Common values
for the material properties of human skin, which are used in the simulation, are entered in
Table 5.1.

Table 5.1: Mechanical properties of human skin, CES-Edupack (2011)

Property Value

Density [kg/m3] 1110− 1270
Poisson’s ratio [-] 0.35− 0.43
Young’s modulus [MPa] 1− 4

5.1.3 Discretization, preconditioner and solver

The FV model of equation (5.6) can be discretized in a similar way as elaborated in Sec-
tion 3.5.2. Integrating the control volume (VP ) in space and time yields:

∫

Vp

∂2(ρx)

∂t2
dV −

∫

∂Vp

ds ·
[
µ∇x + µ (∇x)T + λI tr (∇x)

]
=

∫

Vp

ρfdV, (5.7)

where the spatial and time discretization schemes are explained in Section 3.5.2.

A special generalized Geometric-Algebraic Multi-Grid solver (GAMG) was selected as a pre-
conditioner to solve the force balance equation. GAMG, uses the principle of generating a
quick solution on a mesh with a small number of cells. Next, mapping this solution on a
finer mesh and using this as an initial guess to obtain an accurate solution on the finer mesh
(OpenFOAM (2011)). GAMG can be much faster than standard methods when the increase
in speed by first solving coarser meshes outweighs the additional costs of mesh refinement.

The force-balance equation (5.6) was already pre-programmed in OpenFOAM R©under the
solver name solidDisplacementFoam. For this thesis research, an adaption of this solver is
made and implemented in the in-house fluid-structure-acoustic interaction solver, creating a
solver named vibroAcousticFoam. Details of the implementation and coupling are discussed
in the next section.
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54 Physics and modeling of structure interaction model

5.2 Interface conditions and coupling procedures

5.2.1 Coupling between solvers

The force-balance equation requires input from either a body force or a boundary condition.
Since the structural model is going to be used for an acoustic analysis, interface conditions
from the fluid domain will be used for starting up the structural solver. For the sake of
completeness, a schematic overview of the coupling between the fluid, structure and acoustic
solver is given in Figure 5.1.

!
! Fluid!

•  Incompressible!Navier5
Stokes!

•  LES!
•  SGS:!Selective!Smagorinsky!

Solid!
•  FVM!linear!stress!analysis!
solver!

Acoustics!
•  Inhomogeneous!wave!
equation!

•  RHS:!quadrupole,!dipole!and!
monopole!sources!

Pressure!force!as!
traction!displacement!
on!structural!surface!

!

Surface!acceleration!for!
monopole!sources!

Pressure!force!and!velocity!
for!dipole!and!quadrupole!
sources!respectively!

!

Figure 5.1: Fluid-Structure-Acoustic interaction: a schematic overview of all coupling procedures

The first step in the complete cycle of the in-house fluid-structure-acoustic solver is to solve
the Navier Stokes equations. Details can be found in Chapter 3. Afterwards, it is possible
to determine the quadrupole and dipole sources for the acoustic solver. For this step, only
the flow quantities velocity and pressure are required to set up the quadrupole and dipole
source term respectively. The acoustic solver cannot be started yet, since the monopole source
term is still missing. This term requires acceleration data (i.e. vibrational data) from the
structure. Therefore, the next step is to evaluate the structural solver. When the acoustic field
is surrounded by flexible structures, which is the case in an upper human airway, an interface
condition between the boundaries has to be used. Details of these coupling conditions are
already briefly addressed in Figure 5.1, but will be elaborated in the upcoming paragraphs.
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5.2 Interface conditions and coupling procedures 55

After the structure is solved, the sub-cycles of the acoustic solver can be started. As can be
concluded from Figure 5.1, all coupling mechanism are weak couplings, i.e. one way coupling,
so that the three different fields are solved independently. In a following research, it might be
worthwhile to include a strong coupling between the acoustic and structural solver. This way,
the acoustic volume sources (from the quadrupole source term) can be propagated through the
structure, creating new acoustic sources at other boundaries of the domain (i.e. vibrations).

5.2.2 Structural interface conditions

From the fluid simulation, the resulting pressure is obtained and set as an equilibrium equation
for the structural stresses on the interface. This means that the pressure in the fluid domain
is applied as a force on the structural surface, such that (Rixen (2010)):

σ · n = −pn. (5.8)

This can thus be interpreted in such a way that the pressure force is like an external force
that must equilibrate the internal structural stresses (proportional to the strains, thus to the
displacement spatial derivatives). In OpenFOAM R©, this results in an interpolation function
between the two different patches of the two different meshes (fluid and solid). The pressure
can be set as a traction boundary condition, which specifies the force on the boundary face.
The governing equation actually represents the force balance for the control volume, so the
result of Equation (5.8) can directly be added to the right hand side of Equation (5.6). For
simplicity, the boundary that is not connected with the fluid interface is assumed to be
clamped; no displacements are allowed (x = 0). Another possibility is to fix only the top
and button edges of the model. However, this can lead to unwanted oscillations. And since
only acceleration data at the interface surface is required, the previous method seems to be
sufficient. Another much more realistic option is to make use of back pressure. The pressure
set on the interface wall will be copied and translated to the free wall, thereby creating a
more realistic model of an upper airway.

The structural solver solves for the stresses and displacements in the model. Using an inter-
polation scheme, the resulting acceleration field (second derivative of the displacement field)
is transferred from the solid patch to the fluid patch. The acceleration is then used in the
monopole source term, shown in Equation (4.15). This source term can also be interpreted
as a second compatibility equation, stating that the normal velocity of the structural surface
should equal the velocity of the fluid on the boundary. This can be written as (Rixen (2010)):

n · ∂x

∂t
= n · u, (5.9)

on the boundary. Since the fluid simulation is weakly coupled with the acoustic simulation,
and the fluid velocity is not an unknown in the wave equation, the equation should be rewritten
into a condition for the acoustic pressure/density perturbation. First, take the time time
derivative of equation (5.9):

n · ∂
2x

∂t2
= n · ∂u

∂t
. (5.10)
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56 Physics and modeling of structure interaction model

When using the linearized momentum equation (i.e. ρ0
∂u
∂t = −∇p), the final relation can be

obtained:

n · ∂
2x

∂t2
= n · −∇p

ρ0
. (5.11)

Equation (5.11) is implemented as a fixed gradient (Von Neumann) boundary condition in
OpenFOAM R©. This boundary condition is changed after every cycle. Note that to translate
from the acoustic pressure to the acoustic density field, the conversion from Relation (4.3) is
used. The final implementation in OpenFOAM R©is similar to the last steps of the monopole
source term, elaborated in the previous chapter.

Now that all the parameters for the source terms are known, the acoustic wave equation
(Equation (4.15)) can be solved. By reducing the time step within the fluid cycle, sub-cycles
are created to keep the acoustic Courant number below the 1.0.
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Chapter 6

Acoustic and vibro-acoustic verification and
validation

After introducing the theory in the previous chapters, it is time to validate its implementation
in OpenFOAM R©. Firstly, the quadrupole, dipole and monopole terms are checked via an
analytical solution. Finally, the (vibro)-acoustic and CFD results of the diaphragm model
are shown for all acoustic sources.

6.1 Quadrupole source term

This section deals with validating the implementation of the quadrupole source term, also
known as Lighthill’s source term. Quadrupole sources were validated before in the field of
CAA, usually using a co-rotating vortex pair (Link et al. (2009), Escobar (2007), Piellard
and Bailly (2008) and Liow et al. (2001)). The possibility of an analytical approach makes
this validation model so interesting. In the upcoming sections, the model, the analytical
expression and the results are presented.

6.1.1 Model and approach

Vorticity acceleration produces an acoustic radiation, as investigated by Lighthill (1952). This
mechanism is highlighted in the particular two-dimensional case of two co-rotating vortices.
The co-rotating vortex pair consists of two point vortices which are separated by a fixed
distance of 2r0 with a circulation intensity of Γ. A schematic illustration can be found in
Figure 6.1. The vortex core rotates around each other with a period of T = 8π2r2

0/Γ. The
angular speed of the swirling flow is given by ω = Γ/4πr2

0 and the circumferential Mach
number is given by Mr = Γ/4πr0c0.
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58 Acoustic and vibro-acoustic verification and validation

70 6. VALIDATION OF THE IMPLEMENTATION

The configuration results in a rotating speed ω = Γ/(4πr2
0), and rotating Mach number

Mr = vθ/c0 = Γ/(4πr0c0) = 2πr0/Tc0. The rotating noncircular streamlines are directly
associated with the hydrodynamic field of the rotating quadrupole [62]. The incompressible,
inviscid flow can be determined numerically by the evaluation of a complex potential function
Φ(z, t) [38, 34, 27]

Figure 6.1. Schematic diagram of corotating vortices.

Φ(z, t) =
Γ

2πi
ln(z − b) +

Γ

2πi
ln(z + b) =

Γ

2πi
ln z2(1 − b2

z2
) , (6.1)

where z = reiθ and b = r0e
iωt. For |z/b| " 1, (6.1) can be approximated by

Φ(z, t) ≈ Γ

πi
ln z − Γ

2πi

(
b

z

)2

= Φ0 + Φ1 . (6.2)

The first term on the right hand side of (6.2) represents a steady vortical flow, whereas
the second term represents the fluctuation with the fundamental frequency due to the vortex
motion [62].

From (6.1) it is then possible to derive the expressions representing the hydrodynamic
quantities required to compute the acoustic sources when following the acoustic analogy
approach. The hydrodynamic velocity is obtained by differentiating (6.1) with respect to z,
and the hydrodynamic pressure pinc is obtained by the unsteady Bernoulli’s equation as

ux − iuy =
∂Φ(z, t)

∂z
=

Γ

iπ

z

z2 − b2
. (6.3)

pinc = p0 − ρ0
∂

∂t
{Re(Φ(z, t))} − 1

2
ρ0(u

2
x + u2

y) . (6.4)

In the acoustic computation a linear propagation is assumed outside the fluid region,
governed by the homogeneous acoustic wave equation.

Figure 6.1: Schematic drawing of the co-rotating vortices, Escobar (2007)

The analytical solution of the acoustic pressure fluctuations from the co-rotating vortex pair
is derived from Lighthill’s acoustic analogy, together with the time-harmonic expression of
Möhring’s (vortex sound theory). By using the method of Matched Asymptotic Expansions
(MAE), the solution for the far field was derived (Mitchell et al. (1995)):

P ′(r, θ, t) =
−ρ0Γ4

64π3r4
0c

2
0

[
J2

(
2ωr

c0

)
sin(2θ + 2ωt) + Y2

(
2ωr

c0

)
cos(2θ + 2ωt)

]
, (6.1)

where J2(z) and Y2(z) are the second-order Bessel functions of the first and second kind
respectively and r and θ the locations in the polar coordinate system.

The induced flow field is assumed to be inviscid and incompressible. Since at the origin of
the setup a singularity occurs, a vortex core model is applied, Escobar (2007). The flow can
be determined numerically by the differentiation of the following complex potential function
Φ(z, t):

Φ(z, t) =
Γ

2πi
ln z2

(
1− b2

z2

)
, (6.2)

wherein z = reiθ and b = r0e
iωt. Assuming that ‖ zb‖ � 1, the equation can be simplified as:

Φ(z, t) =
Γ

2πi
ln z2 − Γ

2πi

(
b2

z2

)
. (6.3)

The first term represents the steady vortical flow, whereas the second term represents the
fluctuation due to the vortex motion. Within the vortex core model, the velocity components
are given by:

ux = − Γ

2π

y

rc + x2 + y2
, (6.4a)

uy =
Γ

2π

x

rc + x2 + y2
, (6.4b)
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6.1 Quadrupole source term 59

with rc indicating the core radius. The hybrid methodology, as discussed in Chapter 4, will
be used to evaluate and validate the acoustic field induced by the co-rotating vortex pair. The
acoustic sources are obtained from the hydrodynamic velocity field. The flow field is initialised
as the vector sum of the velocity field of each vortex core. At the computational boundaries,
the velocity field is based on the analytical solution of a single vortex of circulation Γ. For
simplicity reasons, the acoustical domain equals the fluid domain. Therefore no interpolation
scheme was required for mapping the source term. Also three different meshes were used,
from a coarse mesh to fine mesh (0.04 · 0.04 m, 0.02 · 0.02 m and 0.01 · 0.01 m).

For evaluation of above equations, the density is chosen to be ρ0 = 1 kg/m3, the speed of
sound equals c0 = 1 m/s, the spinning radius equals r0 = 1 m and the core radius equals
rc = 0.1 m. The circulation is set to 1.00531 m/s (similar as in Link et al. (2009)). This
choice leads to a Mach number of 0.08 and a wave length of approximately 39 m. In all
computations presented in this section, the flow field is evaluated on a numerical region of
200 x 200 m. In OpenFOAM R©, the quadrupole source term is extracted from the flow field
(which was evaluated in Matlab R©using the above equations), and used for solving the in-
homogeneous wave equation (Section 4.5.5). The boundary of the domain is modeled via a
convective outlet boundary condition and the analytical fluctuating pressure function, indi-
cated in Equation (6.9), is applied at the surface source.

6.1.2 Results

First of all, in Figure 6.2, the overall contour plot of the acoustic pressure distribution at
t = 400 s is shown. Clearly, the largest pressure is observed near the co-rotating vortex pair.
The overall pressure peaks decrease, away from the vortex pair. This is also visualized in
Figure 6.3(a), together with the numerical result of different meshes. The numerical results
were extracted using a moving average, which filters signals below 50 Hz. This figure shows
a comparison of the acoustic pressure decay along the x-axis between the analytical and
the numerical results. Overall, the acoustic field predication is confirmed by the analytical
solution, especially at dense mesh. The coarse mesh has an somewhat over-predicted acoustic
pressure level and shows a small numerical dispersion in the waves reaching the acoustic
boundary. Using this mesh study, the absolute error is found (see Figure 6.3(b)). The order
of accuracy is approximately one.
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Figure 6.2: Pressure field of co-rotating vortex pair at t = 400 s
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Figure 6.3: Validation of the quadrupole source term using co-rotating vortices
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6.2 Dipole source term

In this section, the dipole source term will be validated. As can been seen from Section 4.5.3,
the implementation of the dipole source term is straightforward, only involving surface and
volume fields. The following sections describe an analytical solution for the dipole source
term, as well a simple simulation model in OpenFOAM R©for verification.

6.2.1 Analytical solution

To validate the implementation in OpenFOAM R©, first an analytical solution has to be found.
As known from Section 4.1.2, a free field Green’s function gives the approximate result of a
non-homogeneous wave equation. Considering Equation (4.16), the most general solution of
the non-homogeneous wave equation on a bounded domain is given by:

ρ′ =
1

4πc2
0

∫

V

∂2Tij
∂yiyj

1

|x− y|dV (y) +
1

4π

∫

S

{
1

r

∂ρ

∂n
+

1

r2

∂r

∂n
ρ+

1

c0r

∂r

∂n

∂ρ

∂t

}
dS(y). (6.5)

In Equation (6.5), all the partial derivatives are evaluated at the retarded time, i.e. t − r
c0

.
Here, r = |x− y|, where x is the location of the observer and y is the location of the sound
source. The first integral is taken over the volume (containing the quadrupole sources) whereas
the second integral contains the surface (dipole) source term. Equation (6.5) is rewritten by
Curle (1955) in the following form:

ρ′(x, t) =
1

4πc2
0

∂2

∂yiyj

∫

V

Tij
r
dV (y)− 1

4πc2
0

∂

∂xi

∫

S

nj(pδij − τij)
r

dS(y). (6.6)

This solution is derived via a free-space Green’s function G and other mathematical oper-
ations. More information is presented in the paper by Curle (1955). When computing the
solution of Curle analytically, it is favorable to transform the spatial derivatives into temporal
ones. By applying the chain rule, making use of Equation (4.3) and assuming a non-moving
body (surface velocity is zero), a compact form of Curle’s analogy can be derived, only valid
for a far field expression:

p′(x, t) ∼= xixj
4πr3c2

0

∫

V

∂2

∂t2
TijdV (y)− xj

4πr2c0

∫

S

∂

∂t
pnidS. (6.7)

Since, in this validation only the dipole sources are considered, the first integral can be
discarded. Besides, the time integral may be taken out of the spatial integration so that it
reduces to a time-derivative of the surface integral of pressure:

p′(x, t) ∼= − li
4πc0r

∂

∂t

∫

S
njpδijdS(y), (6.8)

where li = xi−yi
r is the unit vector directed from the source point y to the listener x. The

integral term can be interpreted as the total force exerted by the fluid on the body. Equa-
tion (6.8) is the analytical expression of the so called Gutin’s principle for compact rigid
bodies, which directly relates the force exerted by the fluid on the body to the radiated field
in a far field approximation. In a two dimensional field, the z-integral vanishes and the am-
plitude of Green’s function, based on the surface of the sphere (4πr2) is interchanged for the
surface of a circle (2πr2) (You et al. (1998)).
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6.2.2 Test domain and boundary pressure conditions

Now that the analytical solution is known, the implementation in OpenFOAM R©can be verified.
Since it is difficult to test the implementation with pressure fluctuations derived from an actual
geometry (such as a diaphragm or an upper airway model), one can simply assume a known
pressure function on a small rigid body to solve Equation (6.8) analytically. Therefore, the
author proposes the following pressure function, which is dependent on time, but constant
over the entire body:

p(x, t) = 2000 sin(700t) + 1500 sin(700t) · cos(700t). (6.9)

For this equation, an analytical solution can be easily found via Matlab R©. For the numerical
part of this analysis, an easy domain is required. Therefore, a free-field domain with a
small solid boundary attached on the bottom is modeled in OpenFOAM R©using the build-
in blockMesh utility. The domain is illustrated in Figure 6.4(a), clearly stating the surface
source location and the location of the far-field observer. A coarse, dense and fine mesh is used
for solving the acoustic wave equation. In OpenFOAM R©, a probe is placed at the observers
location. The boundary of the domain is again modeled via a convective outlet boundary
condition.

6.2.3 Results

A numerical simulation is run using OpenFOAM R©to solve Curle’s density equation (equa-
tion (4.16)), only containing dipole sources. Hence, a CFD simulation was not required,
making the time-step only dependent on the acoustical Courant number. By using an time-
step of ∆t = 1 · 10−5, the acoustic Courant number stays under the required value of 1.0 for
all individual meshes.

The resulting raw density field at t = 0.05 s is depicted in Figure 6.4(b), showing a fluctuating
’point-source’ and a full motion period. This can be verified by comparing the period of the

signal with the retarded time, i.e. 2π
700 ≈ 0.009 s and

√
22+42

340 ≈ 0.013 s. The period of
the fluctuating signal is smaller, making it possible to completely visualize the period in the
domain.

From the microphone positioned at the observer location, the raw density data is extracted.
Using a moving average, where using detrending signals below the 50 Hz are filtered, the
fluctuating signal is retrieved. This fluctuating pressure can be compared with the analytical
solution, which is retrieved by combining Equation (6.8) and (6.9). The result is plotted in
Figure 6.5(a) for three different type of meshes.

A few interesting things can be derived from this figure. First of all, the overall resemblance
of the numerical and analytical result is reasonably good. The result from the coarse mesh
gives almost identical results as the pressure result from the fine mesh. Only one peak is
overestimated, while another is underestimated. This error can be assigned to the detrending
function required for correctly visualizing the perturbations. The numerically result in Fig-
ure 6.5(a) also indicates the retarded time, required to receive the signal at the probe. On
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(a) Description of the domain (b) Density field at t = 0.05 s of the domain

Figure 6.4: Domain modeled in OpenFOAM R©for validating the dipole source term

the other hand, the analytical result is adapted to the retarded time in order to coincide with
the numerical result.

By using a Fourier transform, the signal can be converted to a spectrum. The SPL spectrum
for the finest mesh is indicated in Figure 6.5(b). Again, overall a good resemblance is present
between the analytical and numerical result. Both amplitudes of both peaks coincides, for
the lower and higher frequencies. The higher frequency values are under-predicted in the
numerical case. The first peak corresponds to the overall frequency of the analytical pressure
function (i.e. 700

2π ≈ 111 Hz) while the second peak correspond to the period of the small
oscillation inside the analytical pressure function, originating from the (sin(t) · cos(t)) term
in Equation (6.9).
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Figure 6.5: Analytical and numerical result for the dipole verification model

6.3 Monopole source term

In a similar procedure as the dipole source validation, the monopole sources are evaluated.
This section first introduces the analytical expression. Next both numerical models, the
monopole source term and the fixed vibro-acoustic gradient condition, are compared with the
analytical expression using the same model as used in the dipole source validation.

6.3.1 Analytical solution

To validate the implementation of the monopole source term (4.15), as well as the compatibil-
ity fixed vibro-acoustic gradient condition (5.11), first an analytical solution has to be found.
Using the similar approach as presented in Section 6.2.1, including the free field Green’s func-
tion, the analytical expression for the pressure perturbation from monopole sources is given
by:

p′(x, t) ∼= 1

4πr

∂

∂t

∫

S
ρ0vndS(y), (6.10)

where vn indicates the normal structural surface velocity. This expression is again rewritten
in a two-dimensional format, similar as before.

The following analytical expression for the structural surface displacement is proposed, which
can be implemented in previous formula.

∫
vndt =

1

200

{
cos2(800t) sin(800t) + sin2(600t)

}
. (6.11)

This displacement is set on the wall of the domain presented in Figure 6.4(a). Again, a
convective outlet boundary condition for the boundary patches is chosen.
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6.3.2 Results

A numerical simulation using OpenFOAM R©, with a special solver able to solve the wave equa-
tion for monopole sources only (Equation (4.15)) and a solver able to handle the compatibility
Equation (5.11) is used for validation and verification. No CFD simulation was run, making
the time step dependent on the acoustical Courant number. The same time-step as in the
dipole validation run was used. The resulting raw density field at t = 0.5 s is plotted in
Figure 6.6. Multiple cycles can be observed in this snap-shot since the wavelength of the
source term is smaller than the dimensions of the domain.

Figure 6.6: Density field at t = 0.5 s of the domain for the monopole validation

The pressure perturbation results, without detrending, are displayed for the monopole source
term input as well as the vibro-acoustic compatibility input, in Figure 6.7(a) and Figure 6.7(b)
respectively. A coarse, middle and fine mesh for the domain is used. Clearly, the numerical
simulation of all meshes closely correspond to the analytical expression. The monopole source
term result is almost identical to the results with the fixed vibro-acoustic gradient input. This
verifies the correctness of both methods.

As a final check, the fine mesh Fourier transform results for the two methods are compared
with the analytical results in Figure 6.8. Both methods, the monopole source term and
fixed vibro-acoustic gradient input, are giving almost identical results and show good re-
semblance with the analytical solution. The three peaks are clarified by the three different
wavelengths, appearing in the acceleration term of the structural boundary (the sin3(800t),
the cos2(800t) sin(800t) and the cos2(600t) or sin2(600t) term). The corresponding frequencies
are respectively 3·800

2π ≈ 382 Hz, 800
2π ≈ 127 Hz and 2·600

2π ≈ 191 Hz.
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(a) Result for the monopole source term
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(b) Result for the fixed vibro-acoustic gradient
input

Figure 6.7: Pressure perturbation versus time for the monopole validation
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Figure 6.8: Sound Pressure Level versus frequency for the monopole source validation
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6.4 Diaphragm

The diaphragm is a more realistic looking upper airway model, used for verifying the cor-
rectness of the implementation of the fluid, acoustic and structure. A diaphragm involves
internal flow, which means that the acoustics are more restricted by means of reflections.
This creates a complex acoustic field. Due to this complexity, it is useful to verify the result
with a reference value. Three references are used, which do have the same model, as well as
the same boundary and initial conditions. These are: Gloerfelt and Lafon (2007), Piellard
and Bailly (2010) and Piellard and Bailly (2008).

6.4.1 Geometry

For the diaphragm a 2D and 3D fluid and structure model is created. The 2D model probably
lacks accuracy (such as in-plane fluctuations and spreading of noise), but is useful to give a
quick insight into both fluid, acoustic and structure properties. Also the 2D model is used to
debug the OpenFOAM R©solver. An overview of the fluid domain of the diaphragm is indicated
in Figure 6.9. On the top and bottom of the diaphragm, a solid mesh is positioned with
a thickness of 10 mm. The structure mesh is used for determining the monopole sources of
the diaphragm model. The 2D fluid and structure mesh counts 1.39 · 104 and 2.75 · 103 cells
respectively, while the 3D fluid and structure mesh counts 4.18 · 105 and 8.25 · 104 cells.
Lynch (2012) already extensively discussed dense and coarse meshes for the diaphragm model,
making it superfluous to do these tests again in this thesis. It is further interesting to mention
that the reference papers did use a denser mesh, as well as a higher order CFD scheme. This
probably influence the results.

Figure 18. Diaphragm geometry. The aspect ratio is given by A = w/h, where w is the duct width and h the diaphragm
opening; the expansion ratio is R = D/h, where D is the duct height. The x-axis indicated the streamwise flow direction;
y- and z-axis respectively indicate the transverse and spanwise directions.

based on the inlet velocity U0 and duct height D is ReD = 3.3⇥ 104, the Reynolds number computed at the
diaphragm, based on the maximum bulk velocity Ub = 20m/s and obstruction height h, is Reh = 4.8⇥ 104.
The flow is fully turbulent.

This case has been studied previously, in particular by Van Herpe et al17 who performed experiments in
order to get the acoustic power radiated by the diaphragm, and by Gloerfelt and Lafon6 who performed a
Direct Noise Computation, both providing reference results for the present simulation.

The aerodynamic features of the flow downstream a rectangular diaphragm is very similar to that down-
stream a plane sudden expansion. This last geometry has been extensively studied experimentally, and
many authors provide detailed descriptions of the flow characteristics for di↵erent aspect and expansion
ratios. These studies mainly aim at providing a physical explanation to the symmetry breaking, pitchfork
bifurcation, occurring just behind the double step in a specific range of Reynolds numbers and aspect and
expansion ratios. This asymmetry causes the flow to attach to one or the other wall parallel to the expansion;
this phenomenon is sometimes called the Coanda e↵ect in the literature. The experiments of Durst et al18

demonstrate that the low Reynolds number flow downstream of a sudden expansion in a symmetric channel
of large aspect ratio may be asymmetric and substantially three-dimensional. Cherdron et al19 moreover
provide a map of symmetric and asymmetric flow regions, depending on Reynolds number, aspect and ex-
pansion ratios; it is found that a decrease of the aspect and expansion ratios has a stabilizing e↵ect, which
extends the range of Reynolds numbers over which symmetric flow can exist. At higher Reynolds numbers,
the small disturbances generated at the lip of the sudden expansion are amplified in the shear layers, shedding
patterns which alternate from one side to the other with consequent asymmetry of the mean flow. Another
general conclusion of Cherdron et al19 is the ratio between both recirculation lengths: the smaller recircu-
lation region length corresponds to a single wavelength of the disturbance, while the longer recirculation
length is close to odd multiples of the disturbance wavelength, three in Cherdron et al19 experiments.

Last reviews of Escudier et al20 and Casarsa and Giannattasio21 provide detailed experimental results
for the case of turbulent flow through a plane sudden expansion (PSE) at high Reynolds numbers. In
Escudier et al,20 aspect and expansion ratios are A = 5.33 and R = 4 and the Reynolds number is fixed at
Reh = 5.55 ⇥ 104. In addition to the asymmetry already noticed previously, three-dimensional e↵ects are
noticed with di↵erences along the span; this behavior is attributed to the presence of two contra-rotating
vortices located downstream the expansion, near the channel side walls, seemingly resulting from the modest
aspect ratio. After a detailed analysis of PIV results of the flow through a planar sudden expansion of aspect
and expansion ratios A = 10 and R = 3 and at a Reynolds number of 104, Casarsa and Giannattasio21

propose a three-dimensional model of the complex flow field. In this model, a spanwise mass transport of
spiral motion is associated to each recirculation; the mass loop is closed thanks to the presence of corner
vortices in the vicinity of lateral walls.

It is interesting to note that all numerical experiments performed on planar sudden expansions report
a natural evolution of the flow toward asymmetry, even when using Reynolds Averaged Navier-Stokes sim-

17 of 28

American Institute of Aeronautics and Astronautics

Figure 6.9: Diaphragm geometry, Piellard and Bailly (2008), where w = 100 mm, D = 80 mm,
h = 35 mm, l = 95 mm, e = 5 mm and L = 500 mm. The x-axis indicates the streamwise flow
direction; the y- and z-axis respectively indicate the transverse and spanwise directions.
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6.4.2 Boundary and initial conditions

The boundary and initial conditions are set, such that they are similar to the reference
data. The inlet flow can be assumed to be uniform, with a velocity vector of 6 m/s in
x-direction. At the outlet, the pressure was set to 0 Nm/kg, which is possible due to the
incompressibility of the model. The velocity has a zero gradient condition at the outlet, which
corresponds to a von Neumann boundary condition. For the acoustic part, the condition for
the density perturbation at the inlet and outlet was set as a convective outlet boundary
condition, introduced in Chapter 4. At the walls the pressure and density are determined
using a von Neumann boundary condition, while for the velocity a no-slip condition is used.

The structural mesh only consists of two boundary conditions. At the interface, there is
a traction boundary condition, which interpolates the pressure data from the fluid to the
structure mesh. All other boundaries are fixed, i.e. no structural displacement is allowed.

6.4.3 CFD results

To verify the correctness of the CFD results, the qualitative results from Gloerfelt and Lafon
(2007) are used. Since the diaphragm is symmetric, one may assume that the flow also shows
a symmetric pattern. However, from the results will follow that this is not the case, making
it an interesting test case. In Figure 6.10, a snapshot of the instananeous velocity profile
in x direction is shown. The results for the y and z velocity are plotted in Figure 6.11
and Figure 6.12. In all cases, for comparison, the results from Gloerfelt and Lafon (2007)
are attached. From a first observation, clearly all specific flow patterns are similar. The
result from Gloerfelt and Lafon (2007) logically shows more details due to the very fine mesh
compared with the diaphragm model. In case of the longitudinal velocity, the flow attaches
to the wall. This is the so called ’Coandă’ effect. The attachment point is similar, however
from the diaphragm a much finer jet (the jet is mixed into the uniform flow a bit sooner) is
observed. Another difference is, that after the attachment point, the jet in the reference plot
separates from the wall again. This latter observation is not clearly visible in the diaphragm
results. Here, the jet reattaches and stays at the wall. This might be because of the improved
wall treatment.

Please note that these images are instantaneous plots of the velocity. Hence, due to the
turbulent behavior, the velocity profiles will vary per plot. For the crossflow and spanwise
velocity, clearly the fine mesh from Gloerfelt and Lafon (2007) shows much more structures.
However, the same maximum and minimum values are reached in both plots, making the
diaphragm results accurate enough.

Another interesting property to analyze is the vorticity modulus. The shedding of the two
large vortices, due to the diaphragm, are plotted in Figure 6.13, together with the reference
result from Gloerfelt and Lafon (2007). Again, the results lacks some detail due to the coarser
mesh. The overall features are however still comparable, for example the point at which the
center of the jet begins to show vorticity and the location where the vorticity breaks down.
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yielding C ¼ hj=h ’ 0:69. Busemann [36] derived an empir-
ical expression for the contraction ratio solution as:

C0 ¼
Sj

S
¼ p

pþ 2 1
C0

Sc
S # C0

S
Sc

! "
arctan C0

S
Sc

! " ð5Þ

where Sc is the duct cross-section. In the present case,
S=Sc ’ 0:44 and (5) yields C0 ¼ 0:64, slightly lower than
the value determined directly.

3.2.1.4. Turbulent intensities. The turbulent intensities are
shown in Fig. 8. The maximum values in the separating
shear layers are clearly visible, and contribute to the broad-
band part of the radiated sound. High levels of urms in the
lower shear layer just below the attachment point are

related to the presence of a highly unsteady and three-
dimensional recirculation under the jet.

3.2.2. Analysis of instantaneous velocities
Instantaneous snapshots of the velocity show the

unsteadiness of the asymmetric jet, corresponding to peri-
odic sheddings and collapses of large even-mode instabili-
ties of the jet flow. As the jet progresses away from the
diaphragm, it expands to reattach to the upper and lower
walls, and the crossflow velocity profile resembles that of
a fully developped channel flow. An indication of the
three-dimensional development is given by the views in
the three directions of the three velocity components in
Figs. 10–12.

Power spectral densities (PSD) of the vertical velocity
fluctuations in the upper shear layer, together with the

Fig. 10. Snapshots of the instantaneous longitudinal velocity u (levels between #15 and 28 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.

Fig. 11. Snapshots of the instantaneous crossflow velocity v (levels between #10 and 10 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.

Fig. 12. Snapshots of the instantaneous spanwise velocity w (levels between #10 and 10 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.
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Figure 6.10: Snapshot of the instantaneous longitudinal velocity u from the diaphragm model
(top) and from Gloerfelt and Lafon (2007) (bottom)
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Fig. 10. Snapshots of the instantaneous longitudinal velocity u (levels between #15 and 28 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.

Fig. 11. Snapshots of the instantaneous crossflow velocity v (levels between #10 and 10 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.

Fig. 12. Snapshots of the instantaneous spanwise velocity w (levels between #10 and 10 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.
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Figure 6.11: Snapshot of the instantaneous crossflow velocity v from the diaphragm model (top)
and from Gloerfelt and Lafon (2007) (bottom)
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where Sc is the duct cross-section. In the present case,
S=Sc ’ 0:44 and (5) yields C0 ¼ 0:64, slightly lower than
the value determined directly.
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band part of the radiated sound. High levels of urms in the
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Fig. 10. Snapshots of the instantaneous longitudinal velocity u (levels between #15 and 28 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.

Fig. 11. Snapshots of the instantaneous crossflow velocity v (levels between #10 and 10 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.

Fig. 12. Snapshots of the instantaneous spanwise velocity w (levels between #10 and 10 m/s). On top, top view at y ¼ 0; bottom left, side view at z ¼ 0;
and bottom right, cross section at x ¼ 0:097 m.
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Figure 6.12: Snapshot of the instantaneous spanwise velocity w from the diaphragm model (top)
and from Gloerfelt and Lafon (2007) (bottom)
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Since vorticity is closely related to quadrupole sources, it can be assumed that the fluid flow
equations are accurate enough to predict the three acoustic source terms. The source terms
will be discussed in the next section.

The acoustic power is obtained by summing the acoustic
intensities in the inlet and outlet sections:

P dB ¼ 10 log
I

I ref
" S

! "
with

I ¼ 1

q1c1

Z
½PSDðp0Þ&ðf Þ df

and, I ref ¼ 10'12 W m2. At the outlet, 78.8 dB are calcu-
lated. The sensors #9 and #12, located at the upper and
lower walls, give the same response justifying the plane
wave approximation of the preceding formula. The deter-
mination is more delicate at the inlet since it is too close
to the diaphragm and it is polluted by a relatively intense
continuous component. After a linear detrending, one esti-
mates 69 dB, leading to a total radiated power around
79 dB. In spite of the uncertainties noted previously, the
low intensity at the inlet, when compared to that at the out-
let, can be explained by the presence of the diaphragm. A
study of the acoustic response of a diaphragm has been
conducted by Hofmans et al. [37] for several flow regimes.
The presence of the flow can induce either attenuation or
amplification of the transmitted and reflected waves. For
low Helmholtz number, low Mach number, unsteady flows
ðSth ( Oð1ÞÞ, the diaphragm dissipates acoustic energy.
This behaviour is coherent with the Bechert–Howe theory
of dissipation of acoustics by an edge at low Helmholtz
numbers [38,39]. The imposition of an unsteady Kutta con-
dition at the edges of the slit-shaped diaphragm, or equiv-
alently the rate of vorticity shedding (in the form of
Kelvin–Helmholtz vortices in the present study) converts
a part of the acoustic energy into kinetic energy. This phe-
nomenon also explains why the intense Kelvin–Helmholtz
peak near 425 Hz in the first velocity spectra induces no
peak in the acoustic spectra.

The total radiated power of 79 dB has to be compared
with the experimental power. Since the experimental value
for the diaphragm of height 35 mm and with an inlet veloc-
ity of 6 m/s is not available, the acoustic power is extrapo-
lated from the 94 dB measured for the same diaphragm at
14 m/s through a U4 law (verified experimentally, cf
Fig. 19a):

logðP 6m=sÞ ' logðP 14m=sÞ ¼ 4 logð6=14Þ and

P dB ¼ 10 logðP 6m=sÞ ¼ 94' 14:7 ¼ 79:3 dB

in fair agreement with the simulated value. The shapes of
the spectra are compared qualitatively in Fig. 19b. Note
that the measured power spectrum is an average of inlet
and oulet intensities.

4. Concluding remarks

We have applied direct noise computation (DNC), e.g.
the calculation of flow and noise by solving directly the
3-D compressible Navier–Stokes equations, to a very low
Mach number application (M = 0.017). At such Mach
numbers, the efficiency of turbulence as a noise source is
very weak, and the length scales of the acoustic waves are
very large compared to those of the flow. The sources from
turbulence are compact, and two-step hybrid methods are
generally preferred. The DNC had to resolve several chal-
lenging points: the mesh grid must resolve both the fine
grained turbulence and the long-wavelength acoustic waves;
the high Reynolds number must be apprehended by large-
eddy simulation; the solver must be accurate and robust.

We proposed in the present case to use a staggered
arrangement of the compressible conservative variables to
apply centered finite differences with a better robustness
and conservativeness. High accuracy finite-difference and

Fig. 15. Snapshot of vorticity modulus kxk (contours between '5 et 5"103 s-1). On top, top view at y ¼ 0; middle, side view at z ¼ 0; and bottom, cross
sections at x ¼ 0:04, 0.1 and 0.22 m (from left to right).
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Figure 6.13: Snapshot of the vorticity modulus ‖ω‖ from the diaphragm model (top) and from
Gloerfelt and Lafon (2007) (bottom)

A last interesting note is the result of the investigation into the differences between the 2D
and 3D model. Therefore, in Figure 6.14 and Figure 6.15, the crossflow velocity and velocity
magnitude is respectively plotted for the 2D and 3D case. The 2D case clearly shows a
large difference with respect to the 3D case. The jet is not disappearing, and continuously
bouncing on both walls. Also, the cross-flow velocity at the 2D case is much larger. Probably,
the two-dimensional model is not representative for a visualizing a correct diaphragm flow.

Figure 6.14: Snapshot of the instantaneous crossflow velocity u from the 3D diaphragm model
(top) and from the 2D diaphragm model (bottom)

6.4.4 Acoustic results

The three acoustic sources, derived in Chapter 4, are used on the right hand side of the wave
equation in order to generate an acoustic field in the diaphragm model. The raw signal is
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Figure 6.15: Snapshot of the instantaneous velocity magnitude u from the 3D diaphragm model
(top) and from the 2D diaphragm model (bottom)

captured via a probe at the outlet and converted by a moving average scheme in Matlab R©,
using detrending with a cut-off frequency of 50 Hz. By subtraction, only the resulting fluctu-
ating signal is retrieved. Also, in most simulations, the start-up of the simulation is clipped
in order to capture the correct signal.

Outlet probe results

The raw signal from the wave equation with monopole, dipole and quadrupole (and a combi-
nation of) sources for the diaphragm model is depicted in Figure 6.16(a), while the resulting
pressure fluctuations are plotted in Figure 6.16(b). Here one can see clearly the difference
in amplitude of the different sources. In general the Lighthill sources are having a large
amplitude and low frequency spectrum, while the dipole and monopole sources are having a
low amplitude and high frequency perturbation wave. And especially a combination of those
three sources, the FW-H results, shows a large amplitude with low frequency, together with
a small amplitude with high frequency wave. This might give an indication of a high sound
pressure.

Using the pressure fluctuations, a sound spectrum can be calculated. Gloerfelt and Lafon
(2007) also determined the sound spectrum. The result from this paper is extracted and
plotted together with all the results from the acoustic wave equations. The overall spectrum,
obtained from the Fourier transform function from Matlab R©is plotted in Figure 6.17(a), while
a zoomed spectrum can be found in Figure 6.17(b).

A first general observation is that all the different sources show a similar pattern in all parts
of the frequency spectrum. Each single sound source (monopole, dipole and quadrupole)
have different, but sometimes corresponding frequency peaks. These peaks can correspond to
various things, such as the reflection of waves inside the domain (in the x, y and z-axis) or the
vibration frequency of tissue. When taking a look at the zoomed spectrum, the sources can be
compared with the reference source from Gloerfelt and Lafon (2007). The quadrupole sources
(yellow line, almost completely positioned behind the magenta line) show an over prediction of
sound pressure in the low frequency field whereas the dipole sources (green line) show a better
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(b) Resulting pressure perturbation data

Figure 6.16: Acoustic pressure results versus time from the outlet probe of the 3D diaphragm
model
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Figure 6.17: Acoustic sound pressure results versus frequency from the outlet probe of the 3D
diaphragm model
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correspondence with the reference values. A combination of both (Curle analogy, magenta
line) also show a over prediction, making the quadrupole sources the dominant term. Te cyan
line (FW-H analogy) even shows a larger over-prediction of sound level. Unfortunately, the
monopole sources cannot be compared with any reference values, since no reference model
exist for this acoustic source. However, pure qualitatively, the monopole sources have a
small contribution between 0 and 1000 Hz and a more dominant contribution at the higher
frequencies. Overall, it does not really affect the total SPL (see FW-H line).

Quadrupole term analysis

Now that the general results are discussed, it is useful to go deeper into the results from
above. As mentioned, the quadrupole sources are over predicted with respect to the results
from Gloerfelt and Lafon (2007). First, this can be due to the fact that the larger turbulent
structures are not broken up into smaller sources resulting in a increase of energy to the
smaller frequencies. On the other hand, the quadrupole source term is based on large sinks
and sources. If the model is not long enough, which might be the case in this current issue,
not all the turbulent structures and therefore not all the sinks and sources of the quadrupole
source term are captured. The end of the domain could be set at a intersection of a source
and sink couple. If the corresponding sink is outside the domain, the sound pressure will be
over-predicted. Therefore, it is interesting again to look at the vorticity plot in Figure 6.13,
since the quadrupole source term is directly related to the vorticity (see Chapter 4. One can
clearly distinguish some high vorticity area’s near the end of the domain (see for example
the upper right corner). This implies turbulence at the outlet of the domain. To completely
damp out these effects, an infinite domain should be chosen. Other options are adapting
the viscosity of the fluid or the cell volumes at the end of the domain, to partly damp out
these effects. In this thesis, there is chosen to compare the standard model with an extended
model with large volume cells at the outlet. The model is extended with 100 mm and 4 cells
in x-direction. The resulting pressure perturbation and zoomed sound pressure spectrum is
illustrated in Figure 6.18(a) and Figure 6.18(b). No clear difference can be found between
both models. Still, each model shows an over prediction of quadrupole sources. Hence, further
research into this subject is required to avoid the over-prediction of the SPL.

Monopole term analysis

Another interesting sound source to further discuss is the monopole source, generated from the
moving structure around the diaphragm. In previous plots, the mechanical properties of the
structure were set by conservative values from human tissue. To understand the importance
of setting correct mechanical properties, the two most extreme tissue properties are chosen
from Table 5.1. This results in a monopole source term for firm and soft tissue. Results
are plotted in Figure 6.19(a) and Figure 6.19(b). Clearly, soft tissue is a better source for
sound. The acceleration term in soft tissue is much larger, and therefore more susceptible for
large pressure perturbations. The sound spectrum also clearly shows an increase of 17 dB
between the firm and soft tissue results. It can be concluded that is very important to use
the correct mechanical properties for the structural mesh, since large deviations can occur
between different acoustic results.
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Figure 6.18: Quadrupole sources results from the outlet probe of the standard and extended 3D
diaphragm model
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(b) Overall sound pressure data

Figure 6.19: Monopole sources results from the outlet probe of the firm and soft tissue model
around the 3D diaphragm model
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Two-dimensional diaphragm analysis

The 2D acoustic results are not discussed in this section, since the result from previous section
showed that the CFD results were not accurate enough. Since the acoustic results are coupled
with the CFD results, it is not useful to discuss any 2D acoustic results. However, the model
was found useful for verifying the correct implementation of boundary and initial conditions in
OpenFOAM R©. With this model, also the implementation of a impedance boundary condition
(as discussed in Section 4.5.5) is tested by Lynch (2012). Using the impedance value of
the human tissue, the impedance boundary condition was compared with a zero gradient
boundary condition. The use of an impedance condition hardly affected the results. Only a
difference of ±0.5 dB was observed. Therefore, this boundary condition is removed from any
further simulations in this thesis.
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Chapter 7

Analysis of a simplified upper airway model

Now that the three acoustic sources are validated, it is time to deal with the geometry of an
upper airway. For this, a simplified upper airway model (SUAM) is used. The model, already
introduced in Section 2.1.7 can be used to give some insight into the flow conditions, as well
as in the mesh density that is required to capture all the important flow phenomena. The
model is derived from real airway geometries and shows the same type of flow structures that
are encountered in a real airway. The model has been used in literature for a Large Eddy
Simulation (LES) simulation (Jayaraju et al. (2008)) but is also used in a Particle Image
Velocimetry (PIV) experiment (Brouns et al. (2006)). The verification of the solver with
respect to the SubGrid-Scale (SGS) model has already been performed by Lynch (2012) and
will therefore not be repeated here. However, the CFD and acoustic results will be discussed
and compared to investigate the effects of a constriction in the flow.

7.1 Geometry

The geometry of the SUAM model is already discussed in Section 2.1.7 and schematically
displayed in Figure 2.7. For the sake of completeness, a 3D model of one the models is
added in Figure 7.1. There are three different models, each with another level of constriction.
First, there is a model without any constriction. Next, there are models with 50 % and
75 % constriction. The air flows in at the top of the model through the inlet which makes
a transition to the oral cavity. From here, the flow needs to bent 180◦ to the nasopharynx.
Next a sharp edge can be seen. This is normally the place where the epiglottis would be in a
real human airway. Further downwards the area reduces as the air flows through the glottis,
and widens again when transitioning to the trachea.

The reason for choosing a 50 % and 75 % constriction model is that a doctor can start diagnose
tracheal stridor from about 50 %, while at 75 %, the patient will have severe breathing
problems and further medical assistance is required. All constrictions are cylindrical in the
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Figure 7.1: Three dimensional overview of the 75 % constricted SUAM
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SUAM and in a real airway this can be present due to, for example, scar tissue. With
these models, it is possible to investigate the sound production relations with respect to the
constriction size.

Since the CFD model, as well as the mesh of the SUAM is already verified by Lynch (2012),
only one fine mesh is used. The mesh counts approximately 2.52 · 106 cells for all models.
The SUAM model is run without structural model. The reason will become clear in further
sections.

7.2 Boundary and initial conditions

The boundary conditions used in the upper airway are slightly different compared to the
validation method from previous chapter. The inflow of an airway does not need to be
uniform whereas the outflow should be more or less uniform. Therefore, the inlet and outlet
conditions are changed with respect to the diaphragm model. A pressure-pressure boundary
condition is not very useful, since the required pressure difference is not known beforehand.
This condition would require many iterations, which is inconvenient given the approximate
time of one month for a complete simulation. At the inlet a uniform differential pressure is
set and the velocity is determined automatically by the pressure difference. This creates a
non-uniform flow, which might result in a better inflow of air. At the outlet the pressure
has a von Neumann condition and the velocity is imposed such that the correct mass flow is
achieved. A flow rate of 30 L/min is used, which is extracted from Brouns et al. (2006).

For the acoustics, an convective outflow boundary is used, even for selected regions near the
inlet and outlet. This allows waves that are non parallel to the inlet and outlet also to leave
the domain. Further more, near the inlet and outlet, the quadrupole (volume) source term
is set to zero to avoid numerical noise caused by the boundary conditions of the inlet and
outlet. Smoothing is applied at the inlet, to counteract the large velocity peaks originating
from the non-uniform inflow.

7.3 CFD results

To gain some insight into the flow characteristics of the simplified upper airway model, it is
useful to start looking at stream line vectors. The velocity vectors are plotted for all three
models in Figure 7.2. The color map is based on the magnitude of the velocity. As can been
seen, the flow enters the model smoothly. Some vortices are created at the entrance due to
the increased cross sectional area at the end of the tube. Also below the inlet, a region of
circulating flow is present. Further, after the flow bends 180◦ and hits the epiglottis (sharp
edge), the flow seems to become turbulent. Next, the flow is accelerated due to the decrease
in cross-section, smoothing the streamlines. Below the glottis the flow attaches to the anterior
(right) wall. On the other side, a recirculation zone is present. After this point, the three
different constriction models vary in the level of turbulence as can been seen from the colored
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arrows. Increasing the constriction size, increases the mixing, the size of the recirculation
zone before the constriction but also the jet attachment point.

Figure 7.2: Snapshot of streamlines for the original (left), 50 % constriction (middle) and 75 %
constriction (right) SUAM

To further investigate the mixing and the recirculation zone after the constriction, the velocity
in vertical direction is plotted in Figure 7.3. As a first observation, all three models shows
a similar velocity field with similar minimum and maximum values in the area above the
epiglottis. Hence, the constriction itself will hardly influence the flow above in the model.
Below the constriction, indeed the size of the circulation zones vary. The back flow and jet
velocity are increasing with increasing constriction size. Different zones are present in the
75 % constriction model. However keep in mind that the flow is three dimensional and that
Figure 7.3 is a two dimensional slice of the model. Not everything can be shown in this plot.
Also, when comparing the jets from the 50 % and 75 % case, the jet location is different. With
75 % constriction, the jet comes off the wall and divert to the opposite side of the trachea,
the posterior side, while in the 50 % constriction case the jet attaches to the anterior side.

Also the magnitude of the flow inside the SUAM is plotted. The results of the three models
are shown in Figure 7.4. Again above the epiglottis, no clear differences can be found. Below,
near the constriction ,the 0 % and 50 % case do also not vary much. Approximately the same
minimum and maximum are reached. However, the 75 % case shows a velocity magnitude
which is 2× larger compared with both other models. Also, the jet is decreasing in length due
to faster mixing with the surroundings. Due to redirection of the jet to the middle (in case
of constriction), more mixing is possible and the large stresses near the wall thereby reducing
the jet length.

Now that the velocity is discussed, the vorticity should be discussed. This will give more
insight into the three dimensionality of the flow. As can be seen from Figure 7.5, the 50 %
constriction model has more vorticity compared with the model without constriction. The

W.C.P. van der Velden MSc. Thesis



7.3 CFD results 81

Figure 7.3: Snapshot of the instantaneous velocity in vertical direction for the original (left),
50 % constriction (middle) and 75 % constriction (right) SUAM

Figure 7.4: Snapshot of the instantaneous velocity magnitude for the original (left), 50 % con-
striction (middle) and 75 % constriction (right) SUAM
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level of vorticity is however approximately the same. For the extreme constricted model, both
the mixing and strength are increased. The vorticity is also spread over a larger area (more
downstream), indicating a larger area with turbulent flow. The vorticity result is linked to
the quadrupole volume source term, making a higher sound pressure more likely in a more
constricted area. These results are presented in the next section.

Figure 7.5: Snapshot of the vorticity modulus ‖ω‖ for the original (left), 50 % constriction
(middle) and 75 % constriction (right) SUAM

The last interesting parameter to discuss is the pressure (Figure 7.6). The pressure drop (nor-
malized with the density in OpenFOAM R©) for the original model is approximately 10 Nm/kg,
for the 50 % constriction model approximately 15 Nm/kg and for the 50 % constriction model
this increases to approximately 30 Nm/kg. Thus, the area reduction between the normal and
50 % case is less influencing the pressure compared with the area reduction from 50 % to 75 %.
A person with 75 % obstruction will thus experience breathing problems. The contraction
of the intercostal muscles should be much larger, to generate a larger under pressure in the
lungs, for the same amount of air.
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Figure 7.6: Snapshot of the pressure for the original (left), 50 % constriction (middle) and 75 %
constriction (right) SUAM

7.4 Acoustic results

For the acoustic results, some fluid quantities are required. To avoid any interpolation, the
acoustic mesh is similar to the fluid mesh. First, a qualitative analysis of both quadrupole
and dipole source are discussed. The monopole source data is unavailable, since the structural
mesh is discarded in this model. The section continues with discussing probe results from
the inlet and outlet of the model and the results are compared with respect to percentage of
obstruction.

7.4.1 Qualitative analysis

Lighthill’s analogy consists of quadrupole sources, derived from the velocity volume field. A
snapshot of the result of the quadrupole term is plotted in Figure 7.7. The three different
constrictions show a similar result above the epiglottis. Below, the mixing increases for
increasing constriction size, and therefore the quadrupole source term shows larger sinks and
sources (alternating blue and red areas). As expected, the magnitude of the sources also
increases.

The dipole source term is derived from the fluid pressure at the boundary. Therefore, a
three dimensional plot of the boundary is required to clearly visualize the dipole term. In
Figure 7.8, the walls of the three different models are presented. It should be clear that,
when increasing the constriction size, the larger the under pressure, the larger the dipole
term is going to be. At 75 % of constriction, a significant increase in magnitude below the
constriction can be found. Not only below the constriction the source term is very active, but

MSc. Thesis W.C.P. van der Velden



84 Analysis of a simplified upper airway model

Figure 7.7: Snapshot of the quadrupole source term for the original (left), 50 % constriction
(middle) and 75 % constriction (right) SUAM

also at the constriction itself the source term is active. This is different with for example, the
quadrupole source term, which is only significant behind the constriction downstream, near
the lungs.

Figure 7.8: Snapshot of the dipole source term for the original (left), 50 % constriction (middle)
and 75 % constriction (right) SUAM

7.4.2 Inlet probe results

Now that both source terms are qualitatively discussed, it is useful to investigate the acoustic
field using inlet at outlet probes. First, observe the acoustic pressure results from the inlet
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probe. In Figure 7.9(a) and Figure 7.9(b), the pressure perturbation and Sound Pressure Level
(SPL) spectrum is plotted. The pressure perturbations are derived from the raw pressure data,
by an moving average filter of 50 Hz. During the simulation, the amplitude and frequency of
all sources stays approximately the same, which is a requirement for comparing different sound
spectra. Clearly, all quadrupole sources are dominant with respect to the dipole sources. This
result is counter intuitive after the comparison of both source terms in Section 4.4. However,
as already mentioned in previous chapter, it is likely that the quadrupole term is somewhat
over-predicted. When looking at the sound spectrum, no distinctive peaks can be observed.
The highest sound pressure is positioned at the lowest frequencies. The frequencies near the
20, 000 Hz are also increased for the 0 % and 75 % constriction case. This is possibly due to
high frequency noise, to be discussed in next section.

0.02 0.03 0.04 0.05 0.06 0.07 0.08
−80

−60

−40

−20

0

20

40

60

Time [s]

P
re

s
s
u

re
 p

e
rt

u
rb

a
ti
o

n
 [

P
a

]

 

 

Inlet Lighthill 0% sources

Inlet Dipole 0% sources

Inlet Lighthill 50% sources

Inlet Dipole 50% sources

Inlet Lighthill 75% sources

Inlet Dipole 75% sources

(a) Resulting pressure perturbation data versus
time

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
4

−40

−20

0

20

40

60

80

100

120

Frequency [Hz]

S
o
u
n
d
 P

re
s
s
u
re

 [
d
B

]

 

 

Inlet Lighthill 0% sources

Inlet Dipole 0% sources

Inlet Lighthill 50% sources

Inlet Dipole 50% sources

Inlet Lighthill 75% sources

Inlet Dipole 75% sources

(b) Overall sound pressure data versus fre-
quency

Figure 7.9: Acoustic pressure results from the inlet probe of the SUAM

7.4.3 Outlet probe results

For the outlet probe similar results can be found for the pressure perturbations (Fig-
ure 7.10(a)) and sound pressure (Figure 7.10(b)). The major difference with the inlet re-
sults are the magnitudes of the perturbation and sound pressures. The amplitude of the
perturbations are increased by a factor 1.7 while the sound pressure at higher frequencies is
increased by approximately 20 dB. Another interesting observation is the enormous increase
of sound pressure for frequencies near the 20, 000 Hz. Again, this could be assigned to high
frequency noise. This is clearly visualized by the bolder green and blue lines (which is in
fact a continuous fluctuating line) in Figure 7.10(a). To check if this is really noise, and not
part of the acoustic spectrum, Figure 7.11 is plotted. Here, a small part of Figure 7.10(a) is
plotted. Sharp peaks are observed around an average solution. This is a clear indication that
the fluctuations are not wanted, and that they can be considered as a numerical error in the
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signal. A possible reason for this noise is the difference in fluid and acoustic time step, which
is varying at around the order of 5.0 · 10−5. During the sub-cycles of the acoustic part, the
fluid results are fixed at a certain time-step. This leads to the same fluid quantities for each
acoustic sub-cycle step and therefore to a large step in source term amplitude at the end of
an old and start of a new sub-cycle. Overall, again no clear peaks are visible in the sound
pressure spectrum besides the large sound pressure level near 0 Hz. It might be the case, that
however this simplified model is accurate enough to visualize the correct flow field in an upper
airway, it lacks accuracy for an accurate acoustic analysis. This is also the main reason to not
implement a structure model in the simplified airway model. This time-consuming process
can better be performed in a more realistic model. It is therefore much more important to
also model and analyze a realistic model of an upper airway, and to compare it with clinical
results. This analysis will be performed in the next chapter.
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Figure 7.10: Acoustic pressure results from the outlet probe of the SUAM

7.4.4 Comparison between inlet and outlet

To compare the results at the inlet and outlet per model, Figure 7.12 can be used. Each
model (0 %, 50 % and 75 %) has its own plot. Evidently, all the quadrupole and dipole
sources have an increased amplitude at the outlet with respect to the inlet. The quadrupole
sources however, show a much larger increase at the outlet compared with the dipole sources,
which show only a minor increase in pressure amplitude. This can be explained by the fact
that most noise from the quadrupole sources is generated after the constriction, near the
outlet. If this noise wants to reach the inlet probe, it should propagate through the smaller
cross-sectional area at the constriction, to the epiglottis and finally rotating 180◦ to end up
in the mouth, where the inlet probe is located. Due to the difference in cross-section, the
signal can be blocked. With respect to the dipole term, the source term is also active at the
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Figure 7.11: Zoomed part of the resulting pressure perturbation data versus time of the SUAM
containing high frequency noise

constriction. This result is also substantiated by the qualitative analysis, at the beginning of
this section, and will be further investigated in next paragraph using a set of new diagrams.
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Figure 7.12: Resulting pressure perturbation data versus time for the original (left), 50 % con-
striction (middle) and 75 % constriction (right) SUAM

7.4.5 Comparison between different levels of constriction

To observe the differences per model, four diagrams are plotted. In Figure 7.13(a) and
Figure 7.13(b), the quadrupole sound pressure results from the inlet and outlet probe are
plotted. On the other hand, the dipole sources are analyzed separately in Figure 7.14(a) and
Figure 7.14(b). Increasing the constriction size, leads to an increase in mixing and also an
increase in sound pressure. From clinical research it is derived, that from 50 % constriction
and onwards, a clear increase in sound-pressure result can be observed Zwartenkot et al.
(2010). When looking at the quadrupole sources for the outlet (Figure 7.13(b)), a logical
pattern of increasing sound pressure is found. A normal airway produces less noise than an
airway with constriction. When looking at the inlet probe (Figure 7.13(a)), a different result
is found. Here, the result from the 50 % constriction model is dominant with respect to the
result from the 75 % constriction model. The noise, generated behind the constriction, has
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to travel upstream to the inlet probe. It therefore must cross the constriction again. A larger
constriction will lead to a larger blockage of noise, thereby reducing the sound pressure at the
inlet.
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(a) Zoomed sound pressure data from the inlet
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Figure 7.13: Quadrupole source sound pressure results versus frequency from the inlet (left) and
outlet (right) probe of the SUAM

It is also useful to analyze the dipole sources in a similar fashion as the quadrupole sources.
At the outlet (Figure 7.14(b)), the 75 % constriction model shows the largest sound pressure,
while the clean model shows the lowest sound pressure. This is according to the theory and
similar as the result from the Lighthill sources. At the inlet (Figure 7.14(a)), the results from
the 50 % and the 75 % constriction model are showing approximately the same sound pressure
levels. At the lowest frequencies, the 75 % model is dominant, while at the higher frequencies
the 50 % model has a higher SPL. This result is more in line with the theory and the
explanation for this behavior was already mentioned at the beginning of Section 7.4.1. Here,
we already concluded that part of the noise generation was produced at the constriction itself,
and not downstream the constriction. Probably, the sound creation part at the constriction
is not blocked now, increasing the pressure levels at the inlet microphone.
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Figure 7.14: Dipole source sound pressure results versus frequency from the inlet (left) and outlet
(right) probe of the SUAM
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Chapter 8

Analysis of a realistic CT-scan derived airway
model

Using the results and experience from the simpified model in previous chapter, it is now
interesting to investigate a Realistic Upper Airway Model (RUAM). A stridorous geometry is
captured from a CT-scan, while a healthy person is modeled by Lynch (2012) with the help
of H. Hoeve. By comparing both models, the predictive capability of the detection method
can be investigated. More important is to see how the sound production varies between both
models and how this will affect the results at the inlet probe. It will also give insight which
source term is sufficiently good for the analysis of a realistic upper airway. First, the geometry
is discussed. Afterwards, the boundary and initial conditions are introduced. This is followed
by an extensive discussion of the fluid flow and (vibro)-acoustic results.

8.1 Geometry

The RUAM consists of two different models: the first one is directly derived from a CT-scan of
a patient suffering from stridor (geometry is captured by W. Vos at FluidDA), while the other
version is an adapted version of the stridorous model. The model is adapted by Lynch (2012)
such that it represent a healthy person. Both models were already introduced in Figure 2.8.
Since the geometry is rather complex, another three dimensional view is added in Figure 8.1,
also containing a detailed image of the structural shell model.

First of all, it should be mentioned that the top part of the model is not present (the right side
on the top picture in Figure 8.1). The algorithm to convert a CT-scan to a three dimensional
CAD model is not optimized for the nasal cavity. Therefore, the model is cut near the
nasopharynx. This can influence the results in two ways. First, the inlet condition should
be set differently with respect to the SUAM, where the flow traveled through the mouth
thereby making a bend of 180◦ to reach the nasopharynx. There is a possibility that the
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Figure 8.1: Three dimensional overview of the RUAM, derived from a CT-scan of a patient
suffering from stridor. The model on top is used for the flow equations, while the model in the
middle is used for the structural equations. The model at the bottom is a combination of both,
used in OpenFOAM R©
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flow might become turbulent or separated before reaching the nasopharynx. Hence, the inlet
of the RUAM can not fully represent the correct flow. On the other hand, an extra sound
source at the inlet might be canceled now, making the sound production fully dependable on
the major sound source at the trachea. Also the location of the inlet probe is now different
(nasopharynx), with respect to the SUAM (mouth). However, this will probably only influence
the amplitude of the signal, which is not the main concern in this study. The focus lies only
on the differences between the constricted and normal model and its clinical application.

Concerning the anterior side of the model in Figure 8.1, two dead end air pockets are observed.
This is caused by the tissue that is connected to the epiglottis and the epiglottic vallecula.
On the posterior side there are air pockets which are caused by the esophagus. Further
downwards (to the left on the picture) a v-shaped region can be observed. This is the place
of the vocal cords. A small bump over there is caused by the connection points of the vocal
cords. Below the vocal cords a subglottic stenosis is located at the constricted model. In
the clean model, the stenosis is removed, thereby increasing the cross-sectional area. Further
downstream the trachea becomes bigger, and split up into the two bronchi.

Next to the fluid mesh, a structural mesh is created for evaluating the vibrations at the wall.
As can been seen, only part of the model is surrounded by this model. At these locations, it
is likely that the flow is going to be turbulent, thereby introducing vibrations. The thickness
of the trachea wall varies between 1 mm for children, to 3 mm for adults Standring (2008).
Since the fluid model is based a CT-scan of an adult, an off-set of 3 mm is used for the shell
of the structural mesh. Next, a three dimensional tetra-mesh is used to fill the shell.

The final result can be found at the bottom picture in Figure 8.1. This model is used in
OpenFOAM R©, to solve for the acoustic analogies. One mesh density was used, which was
already verified by Lynch (2012). The fluid mesh consists of 2.08 · 106 cells and the structural
mesh consists of 4.49 · 105 cells, making the run time of approximately 0.5 s one month.

8.2 Boundary and initial conditions

The boundary and initial conditions for the RUAM are approximately the same as for the
SUAM. At the inlet, a differential, density normalized, uniform pressure is set. The velocity
is determined automatically based on the pressure difference between the inlet and outlet.
This allows for an non-uniform inflow, which is wanted due to the fact that the oral and nasal
cavity are not available in the computational model.

At the outlet the pressure has a zero-gradient condition and the velocity is imposed such that
the correct mass flow is achieved. Unfortunately, for the RUAM model, no reference data is
available (even no patient measurement data). It is assumed that during the CT-scan, the
patient was breathing slowly. Therefore, the geometry of the upper airway model is only valid
for slow breathing problems. To fulfill this requirement, a boundary condition of 12 L/min is
chosen, based on the research performed in Chapter 2.
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For the acoustical waves, again a convective outlet equation is used. The wall close to the
in and outlet also have a convective boundary condition for better convection of waves per-
pendicular to the inlet and outlet. This was already introduced in the SUAM model. Also
the quadrupole source term is set to zero near the inlet and outlet, to reduce numerical noise
caused by these parts of the model. This solution strategy is already extensively discussed in
the diaphragm validation model.

The structural mesh consists of two boundary conditions, similar as the diaphragm validation
model. On the outside, the model is fixed, while on the interface, the pressure is set on the
wall as a force using the traction boundary condition.

8.3 CFD results

Due to the complexity of the model, it is useful to first discuss two vector plots of the most
important regions of the RUAM. This way, a good overview of the model can be obtained. In
Figure 8.2, a vector plot near the constriction for a single time-step is displayed. Especially
below the vocal cords (which is positioned at the top of the figure), the jet causes a transition
from laminar to turbulent flow. For the stridorous patient (right picture) a strong back-flow
is observed on the left side of the jet (posterior side), see the lower part of the image. Here,
the blue arrows are pointing upwards. Also below the jet, the flow stays three-dimensional.
For the healthy patient (left image of Figure 8.2) no extreme high jet velocity is observed.
However, behind the vocal cords, on the anterior side of the model, a couple of recirculation
zones are observed. These are characterized by the different whirls.

The exact placement of the jet, recirculation zones and back-flow together with the exact
velocities can better be observed in a velocity plot. In Figure 8.3, the instantaneous vertical
velocity is plotted for the healthy and stridorous patient on the same color-map. There is a
large difference in velocity between the normal and constricted model. The velocity of the jet
of the constricted model is approximately 19 m/s in vertical direction, while in the normal
model the jet reaches a velocity of approximately 8 m/s. This result can also be found in the
instantaneous velocity magnitude plot, added in Figure 8.4. This low value in the healthy
model is due to the larger cross-section (with respect to the constricted model) and because of
the fact that the flow can stream more smoothly into the trachea resulting in a more uniform
flow. In the constricted version, the flow needs to bend more, experiencing adverse pressure
gradients causing flow separation and jet formation. These regions are clearly visualized by
the pink color in the plot. Another important difference between both models is the location
of surface attraction, also known as the Coandă effect. With the healthy patient model, the
jet attaches to left side (posterior part, consisting of only soft tissue) while with the stridorous
patient the jet attaches to the right side (anterior part with c-shaped cartillages, which gives
rigidity to the trachea). Note that this result is the opposite with respect to the result from
the SUAM. For further studies, a more realistic surface model should be built, including
for example the c-shaped cartillages. With this model, a comparison between anterior and
posterior jet attraction can be made, taking into account the non-uniform tissue properties.
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Figure 8.2: Snapshot of streamlines for the clean (left) and constricted (right) RUAM

Figure 8.3: Snapshot of the instantaneous velocity in vertical direction for the clean (left) and
constricted (right) RUAM
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Figure 8.4: Snapshot of the instantaneous velocity magnitude for the clean (left) and constricted
(right) RUAM

The vorticity is used to calculate the selection function, required for the selective Smagorin-
sky SGS model. It is also used as the starting point of the indication of sound, using the
quadrupole sources. The vorticity result for both models can be found in Figure 8.5. The
vorticity in the constricted model is stronger, but is also more spread out over the domain.
The regions of vorticity are thicker and the result from the opposite jet attachment can also be
observed from the vorticity plots. The result for the quadrupole source term will be discussed
in the next section.

Finally, the last interesting fluid parameter is the pressure (Figure 8.6). Despite the same
color-map, a large difference can be seen between the two models. The patient suffering from
stridor experiences a much larger pressure drop (approximately 250 Nm/kg) which indicates
that the patient needs much more effort to obtain the same mass flow as a healthy patient
(approximately 50 Nm/kg), even with the conditions for quiet breathing.
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Figure 8.5: Snapshot of the vorticity modulus ‖ω‖ for the clean (left) and constricted (right)
RUAM

Figure 8.6: Snapshot of the pressure for the clean (left) and constricted (right) RUAM
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8.4 Acoustic results

For the acoustic computations, the same mesh density as in the fluid model is used. A similar
analysis as for the SUAM is done. Hence, first the raw density results are dentrended by a
cut-off of frequencies of 50 Hz in order to perform a Fourier analysis. For the quantitative
analysis, the first 0.02 s are clipped and the simulation is run until 0.12 s. However, first a
short qualitative analysis will be performed.

8.4.1 Qualitative analysis

When looking at the quadrupole source term in Figure 8.7, similarities with the vorticity
plot can be obtained. First of all, the acoustic sources for the constricted model are about
5 times stronger than the clean model. They are also much more active in a larger part of
the domain. Still, the healthy person shows much noise next to the jet, at the location of
the recirculation zones. A possible reason is that the upper airway is not modified enough to
perform as a healthy model. Therefore, for further research, it would be useful to obtain a
CT-scan derived model of a healthy person.

Figure 8.7: Snapshot of the quadrupole source term for the healthy (left) and stridorous (right)
patient RUAM

The dipole term is also illustrated in Figure 8.8. A different color-map is used, to clearly
visualize the fluctuations within the model. Clearly, due to the large difference in pressure
per model (see previous section), the dipole term also varies a lot between both models.
Important here is that, the source term is already active at the constriction and not only
after the constriction. This might lead to larger noise values at the inlet compared with the
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quadrupole source term results. Results will be discussed later. Above the vocal cords, the
dipole term is approximately zero.

Figure 8.8: Snapshot of the dipole source term for the healthy (left) and stridorous (right) patient
RUAM

8.4.2 Inlet probe results

Now that both source terms are qualitatively discussed (monopole term will be discussed
later), it is interesting to discuss the inlet and outlet probe results. First, the pressure pertur-
bations of the inlet probe are plotted in Figure 8.9(a) together with the overall sound pressure
data of the inlet probe (Figure 8.9(b)). As can been seen from the pressure perturbation plot,
the quadrupole sources have a much larger amplitude with respect to the dipole sources. On
the other hand, the dipole sources have more oscillations, hence a larger frequency. Also,
the amplitudes of the signal of the constricted model are somewhat higher compared with
the normal model. Within the result of the healthy model, high frequency oscillations are
present. This can also be observed in the sound pressure plot, where a frequency peak is
present around the 5600Hz for both Lighthill sources. This can be caused by internal reflec-
tions in the model or a sharp edge at the boundary. However, for this difficult geometry, it
is hard to find the underlying cause. One possibility could be that reflection of noise just
above the glottis. The distance between the anterior and posterior side is 30mm. A wave
should then have a frequency of about 346.15/(0.03 · 2) = 5767Hz. When looking at the
dipole sources, multiple peaks are found at the higher frequency ranges. This could indicate
stridor noise. However, from research from Zwartenkot (2010) is known, that common stridor
noise is located between 150Hz and 2500Hz. Nevertheless, this noise is still within the human
hearing limits and could be captured by a microphone.
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(b) Overall sound pressure data versus fre-
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Figure 8.9: Acoustic pressure results from the inlet probe of the RUAM

8.4.3 Outlet probe results

Similar results are derived from the outlet probe of the RUAM. The main difference with
respect to the inlet probe is the larger amplitude of pressure perturbations, see Figure 8.10(a).
The differences between the healthy and stridorous patient are now also more pronounced.
This result is also clearly visualized in Figure 8.10(b), where the differences between the
stridorous and healthy model are very clear for frequencies above 10, 000 Hz. A large Sound
Pressure Level (SPL) is observed at high frequencies. Even higher peaks are observed for the
dipole sources. At this point, it is too difficult to assign such peaks to certain phenomena.
More research is therefore required. However, what can be concluded is that the sound source
is not present in the healthy model, where for example turbulent flow is less present. Please
also mind the axis scaling between the inlet and outlet probe results.

8.4.4 Comparison between inlet and outlet

To further compare the inlet and outlet results, Figure 8.11 is used. Here the inlet and outlet
probe results are plotted per model. As a first observation, the dipole sources for both the
inlet and outlet, and models are showing high frequency oscillations. This result was already
found before. Another clear difference is the inlet versus outlet signal. At the outlet of the
constricted and clean model, the signals are much stronger. The same result was found for
the SUAM. See previous chapter for more details.
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Figure 8.10: Acoustic pressure results from the outlet probe of the RUAM
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Figure 8.11: Resulting pressure perturbation data versus time for the healthy (left) and stridorous
(right) patient RUAM
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8.4.5 Comparison between different levels of constriction

Finally, a comparison per model is made. This analysis is essential for the scope of this project
and will answer one of the first main questions: Does a constricted model shows an increase
in sound pressure level at the inlet compared with a normal model? To discuss the results,
all sources will be discussed separately. Starting with the quadrupole sources, the result is
depicted in Figure 8.12(a) and Figure 8.12(b). At the outlet, the result is as expected: the
acoustic sound from the quadrupole sources is much higher for the stridorous patient with
respect to the healthy patient. A difference of approximately 15 dB is observed. This large
difference is decreased to 5 dB for the inlet probe, but still present. The noise generation of
the constricted model is thus stronger, which is a different result with respect to the SUAM.
Nevertheless, it is also important to mention that for the higher frequencies, the healthy
patient model becomes dominant with respect to the SPL. For both the inlet and outlet, the
stridorous SPL shows small peaks at 3000 Hz, 3700 − 3800 Hz and 4600 Hz. These small
variations in the pattern of the sound spectrum could be indicators of a stridorous tone.
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(a) Zoomed sound pressure data from the inlet
probe
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(b) Zoomed sound pressure data from the outlet
probe

Figure 8.12: Quadrupole source sound pressure results versus frequency from the inlet (left) and
outlet (right) probe of the RUAM

Further research is thus required for comparing the healthy patient and stridorous patient
model. The same research can be held for the dipole sound sources. The results for the inlet
and outlet are plotted in Figure 8.13(a) and Figure 8.13(b) respectively. Both images show
expected results: the constricted model has a more pronounced sound spectrum with respect
to the clean model. In the case of the outlet probe, the difference is approximately 20 dB while
for the inlet, the difference is measured at 10 dB. Compared with the quadrupole sources, the
difference between both models at the inlet is much larger for the dipole source term, making
this source term more active at the input probe. Also, similar to the quadrupole source
results, the stridorous model shows some variances in the higher frequency spectra (between
2000 − 5000 Hz). These are again indicators for an increase in turbulence, and probably for
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stridorous sound.
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(a) Zoomed sound pressure data from the inlet
probe
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(b) Zoomed sound pressure data from the outlet
probe

Figure 8.13: Dipole source sound pressure results versus frequency from the inlet (left) and outlet
(right) probe of the RUAM

8.4.6 Comparison with patient reference data

Both results from previous section can be compared with results from Zwartenkot (2010).
From this technical report, patient information is obtained using a microphone near the
mouth. Three examples are attached in Figure 8.14(a), with in the legend of the plot a
description of the type of stridor. Clearly, each patient shows different results. This makes
an accurate detection model very difficult. Only one of these results shows similarities with
the results from the RUAM. The data from a 1-month-old boy with laryngomalacia and
subglottic stenosis is used. The reference data, together with the simulation data from the
inlet probe of the constricted model is plotted in Figure 8.14(b). Please note the difference in
ages between the reference and simulation data. The simulation model is from an adults upper
airway model, while the reference line contains data from an neonate. However, the overall
resemblance of the sound spectrum of the simulation is similar as the result from Zwartenkot
(2010). Nevertheless, a large peak after the first peak is missing, which is definitely an
important part of the stridor noise of this specific patient. Much more noise data was present
in Zwartenkot (2010). However, this data does not have the same stridor cause as in the
RUAM, and could not be considered.
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(a) Sound pressure data from three different patient
models
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(b) Zoomed sound pressure data from the in-
let probe of the RUAM and patient data

Figure 8.14: Sound pressure results versus frequency from the inlet (left) probe of the RUAM
compared with actual patient data from Zwartenkot (2010)

8.4.7 Monopole term analysis

As a final investigation into the sound production of the RUAM, the monopole source term
should be discussed. This term, derived from the structural displacement vector, gives an
indication of the sound production due to vibration. This vibration is introduced due to the
pressure distribution in the fluid domain. More information can be found in Chapter 5. To
discuss the source term, first the structural model is investigated. The displacement result
at the interface wall is plotted in Figure 8.15 for two soft tissue models. A large difference
per model is observed (a factor six). However, the absolute displacement values are very
low (1 · 10−7 m). Nevertheless, the acceleration term of the tissue, the parameter used for
the monopole source term, can still be large because of the high frequency of vibrations. It
reaches values of 1 · 105 m/s2.

From this information, the monopole source term is extracted. Two cases are investigated: a
comparison between the healthy model and stridorous model and a comparison between two
extremes of mechanical properties of the structural mesh. The values are adapted according
to the values in Table 5.1. Hence, a firm tissue and soft tissue investigation is performed.
The results are presented in a similar fashion as the results of the two previous source terms.
However, since this model only has run for a very short time (due to the fact that at this point
the interpolation scheme between fluid and structure does not support parallel application
running), the data is not very accurate and can not be compared with other source terms. Im-
proving the coupling procedure and thereby decreasing the run-time of the monopole sources
should be part of any further study.

The pressure perturbations and sound spectrum results for the three simulations can be found
in Figure 8.16(a) and Figure 8.16(b). Comparing both structural meshes of the stridorous
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Figure 8.15: Snapshot of the displacement magnitude at the interface boundary of the soft tissue
structural mesh for the healthy (left) and stridorous (right) patient RUAM

model, both pressure perturbation amplitude and sound pressure level are increasing with
softer tissue properties. Such a large difference is less pronounced comparing both soft tissue
results from both models. Both soft tissue models show similar sound pressure levels, indi-
cating that even the healthy model is already producing noise. This is due to the very soft
tissue properties, chosen for this simulation. The main differences between the healthy and
stridorous model are the two large peaks for the stridorous patient models with soft tissue
properties. Those peaks, located around 3500 Hz and 16, 000 Hz, might be an important
source for the sound production of stridor. However, according to Zwartenkot (2010), stridor
noise is low frequency noise, produced in the 0 − 5000 Hz region. This indicates that the
second peak is not a distinctive stridorous peak.
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(b) Overall sound pressure data versus fre-
quency

Figure 8.16: Monopole source acoustic pressure results from the outlet probe of the RUAM
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Chapter 9

Conclusions and recommendations

In this MSc thesis, the numerical investigation of a patient’s upper airway suffering from
stridor is investigated using a fluid-structure-acoustic interaction simulation in OpenFOAM R©.
The geometry of an upper airway model is very difficult, leading to various cross sections and
a large spectrum of flow phenomena. Next, there is a large difference in geometry per patient,
especially with respect to age. Also, taking into account the various possible causes of stridor,
current detection methods are scarce and mostly unsuccessful. There are too many variables
and there is too much variation in a detection model in order to accurately predict the noise.
This thesis investigates a numerical detection method, allowing to change one variable each
time a simulation is run. The main results and conclusions together with a discussion about
the possible further study opportunities are mentioned in different sections below.

9.1 Conclusions

9.1.1 Physics and modeling

To start building a detection method, a simulation model has to be built. A fluid-structure-
acoustic interaction model is created using:

• A flow model based on the Navier-Stokes equation.

• A Large Eddy Simulation used to accurately predict the turbulence flow.

• Direct wall modeling.

• A subgrid-scale model based on selective Smagorinsky is used, to close the fluid flow
model.
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• A new in-house solver implemented in OpenFOAM R©, together with a new acoustic and
structural solver.

• An acoustic solver based on the hybrid methodology. Instead of using the integral
solution of an acoustic analogy, the complete partial differential equation is solved.
On the right hand side the Ffowcs-Williams and Hawkings (FW-H) sources are used,
consisting of quadrupole, dipole and monopole sources.

• A Finite Volume linear stress analysis solver to solve the structural displacements, re-
quired for the acoustic analysis.

9.1.2 Validation

The in-house solver is validated using various analytical models. For the quadrupole sources,
a co-rotating vortex pair is used while for the dipole and monopole sources, the analytical
integral solution of the FW-H analogy is used. The overall resemblance is good, the numerical
models closely match the (approximate) analytical solution. The diaphragm model, more
closely related to an upper airway model, is used for validation of the fluid and acoustic
domain. Important results and conclusions are:

• The Computational Fluid Dynamics (CFD) results for the two-dimensional case are
poor, while the three-dimensional case show accurate results with respect to the refer-
ence paper.

• Acoustical reference data was available, making it possible to verify the acoustic sound
spectrum:

– The acoustic results for the dipole source term are showing the same pattern and
amplitudes as the reference.

– The quadrupole sources on the other hand, seems to be somewhat over-predicted.
This is counter-intuitive from the theory presented in this thesis. A possible reason
is the cut-off of the source term in the middle of a source/sink combination. To
solve this issue, the increase of the cell-area near the end of the domain of the
diaphragm, thereby simulating a longer domain to damp out the turbulence, is
proposed. However, the result from this simulation turns out to be similar to the
original model, where the cut-off method was used.

– The monopole source term is very effective in the diaphragm model. This sound
source is simulated twice with varying tissue properties. The result shows a clear
difference between soft and firm tissue modeling, with large and small pressure
perturbations respectively.

9.1.3 SUAM

Before a realistic upper airway can be modeled, the in-house solver is validated using a simpli-
fied upper airway model (SUAM). Three models are used (0 %, 50 % and 75 % constriction)
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to observe the difference between the constriction sizes. The most important results and
conclusions are summarized below:

• The CFD results are as expected: when increasing the constriction size the

– Jet velocity increases.

– More turbulence regions are observed.

– Larger and stronger recirculation zones appeared.

– The backflow velocity increased.

– Strength of the vorticity increased.

– Larger pressure drops were observed.

• These fluid characteristics are affecting the noise spectrum. Important conclusions are:

– The quadrupole sources are the most dominant noise sources

– No distinctive peaks at all frequencies can be found. This makes the SUAM not
suitable for validating noise prediction and propagation.

• Another study into the differences between the inlet and outlet signal showed that the
outlet signal is much stronger than the inlet signal. This is due to the fact that the
majority of the noise production takes place behind the constriction, closer to the outlet
probe. The constriction itself also blocks the noise, leading to a lower sound pressure
level (SPL).

• The different models are also compared per constriction with respect to their inlet and
outlet probe results:

– In case of the quadrupole sources, the 50 % constriction case shows the largest SPL
at the inlet probe. This is strange, since much more vorticity is observed at the
75 % case. However, as is known from previous study, the constriction will block
part of the noise. In case of the 75 % constriction model, more noise is blocked
than extra created compared with the 50 % constriction case.

– When looking at the dipole source term results, the result is the opposite. As
expected, the largest SPL at the inlet is observed at the 75 % case. Probably, this
is due to the fact that a large part of the noise is generated at the constriction,
instead of below the constriction (as in the case of quadrupole sources).

– At the outlet probes, the noise levels are as expected and the 75 % case is showing
the most dominant SPL’s.

9.1.4 RUAM

As final model, the realistic upper airway model (RUAM) is simulated. A stridorous model,
as well as a healthy model are solved. The most important conclusions are:
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• The CFD results are approximately the same as in the SUAM model:

– The same characteristics are found, as well as the connection with increasing con-
striction size.

– One interesting observation is the wall location of the jet attachment. This is
changed per model, due to the constriction. The result is opposite to the SUAM
result.

• With respect to the noise inlet and outlet results, the general conclusions are:

– The source term magnitudes for the stridorous patient model are much higher
compared to the healthy patient model.

– Investigating the pressure perturbations, the quadrupole sources can be recognized
by a large amplitude while the dipole sources can be identified by many low am-
plitude oscillations.

– On the entire noise spectrum, clear different frequency peaks are present. The
quadrupole and dipole sources are each showing different peaks, which are difficult
to assign to a phenomenon. The geometry is too difficult for that.

• An investigation into the inlet versus outlet probe results shows that at the outlet probe
of the constricted model a much higher SPL is observed compared with the inlet probe.
The same holds for the healthy model, but the difference between inlet and outlet are
much smaller. This is probably due to the fact that there is no constriction, so the
blockage of sound is negligible.

• The inlet probe results per model are also compared. The result is as expected: the
stridorous model has the most dominated SPL for both the quadrupole and the dipole
term.

• A comparison with patient data shows reasonable resemblance with the quadrupole
results. One peak is found for a patient with a similar stridor cause. However, the
simulation data is from an adult, while the acoustical data is from a neonate.

• The structural mesh is verified using soft and firm tissue. The displacements for the
soft tissue were six times higher compared to the firm tissue mesh. The same results
are presented in the SPL plot. In addition, the stridorous model shows extra peaks in
the lower frequency range, probably indicating stridor noise.

9.2 Recommendations

The results and conclusions presented before show that there is still some work to do to reach
the final goal; being able to accurately predict sound from a given geometry and using these
results, determining the inverse solution. This following list describes some ideas for further
work:
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• More stridor causes should be observed to enlarge the database of results. From experi-
mental data it is known that different stridor causes result in a different sound pressure
spectrum. It is thus useful to, for example, investigate more flexible stridor problems
with larger deformations, as well as more stiff stridor causes.

• Now, only a first order scheme for the second time derivative is used. With this scheme,
a very small time step is required for an accurate solution. In the future, a second order
scheme should be used to decrease computational time.

• The in-house solver is based on a weak, one-way coupling between the fluid, structure
and acoustic domain. For further research, this method should be adapted, thereby cre-
ating a strong-coupling interaction method. One should start by implementing a strong
coupling between the acoustics and structure: noise created in the volume (quadrupole
sources) should propagate through structures, thereby creating new vibrations at the in-
terface boundary of the model. A next step should be mesh motion (in case of observing
flexible stridor causes) by creating a strong coupling scheme between acoustics/struc-
ture and fluid. In the case of flexible constrictions, the mesh adaption will influence the
fluid flow.

• Also, currently only simplified models (such as the diaphragm) can be solved in paral-
lel. The in-house solver consists of a difficult interpolation scheme, to interpolate data
between the structure and fluid mesh. This solver needs to be updated in order to solve
more difficult geometries (such as the SUAM and RUAM) in parallel.

• Now, when verifying the acoustical data, the raw pressure line is detrended using a cut-
off frequency. This is an unwanted extra step which should be avoided. An improvement
in the acoustical solver, by for example fixing the inlet or outlet raw pressure value might
save this extra step.

• As a validation tool, an analytic solution is very useful. Now, the acoustic sources
are only checked using a two-dimensional model. For further studies, more validation
studies are needed. For example, using three-dimensional geometries that are different
then the current two-dimensional models.

• Constantly, the result from the Lighthill sources seems to be over-predicted with respect
to reference solutions. To solve this, in this thesis a longer domain with larger cell-area
is attempted. However, no good results were obtained. Therefore, other options should
be investigated, such as the adaption of the viscosity at the end of the domain. This
might damp out turbulence quicker, resulting in a total capture of the turbulence.

• Now, the monopole source term is solved using soft and firm tissue properties. This
investigation can be extended by varying more quantities at different locations (such as
different structural properties per section of wall). More research into the tissue and
stiffness of an upper airway has to be performed, which can be used to simulate a more
realistic structure model. Think about the improvement of the structural model using
the c-shaped cartilages. This can eventually lead to a research into the effect of tissue
stiffness on sound production.
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• The monopole term is dependent on the structural mesh. At this point, the structural
mesh consists of two boundary condition: the traction condition and the clamped condi-
tion. An advanced boundary condition has to be developed at the outside of the domain
to better represent the reality. Think about a freely moving boundary condition, based
on the back pressure generated by the intercostal muscles. The averaged under pres-
sure can be used for this, and set on the outer wall. This creates a realistic picture of
breathing inside the human body.

• The SUAM should be extended to a fully fluid-structure-acoustic interaction model.
Now, only the quadrupole and dipole sources can be investigated, since no structural
model is present to take into account monopole sources.

• The RUAM model is derived from an actual patient suffering from a subglottic stenosis.
Unfortunately no actual acoustic data is present from this patient. It should be useful for
further study to have a new CT-scan derived model, with acoustic patient data. After
a surgery of this patient, a new CT-scan together with an acoustic record of breathing
should be made. This way, a realistic healthy model can be obtained together with
actual patient noise data. This is then useful to compare with the stridorous model of
the same patient.
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