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Abstract

This thesis comprises an investigation of the dynamics of airflow in the upper respiratory tract
from the nose to the carina using computational modelling. The work primarily considers in-
spiratory flow and comprises separate detailed studies of airflow in three distinct regions: the

nose, the larynx and the trachea.

In the nose, both airflow dynamics and the associated processes of heat and water exchange are
studied. The geometry of the nasal cavity is highly variable both inter- and intra- subjectively.
The consequences of inter- and intra-subject variability for both airflow and exchange processes
during inspiration is investigated using 10 subject geometries obtained by MRI scans in the
decongested and congested states. Non-dimensional scalings are applied to quantify the effects
of flowrate and geometry on wall shear stress, heat and water transport . It is found that the
anterior nasal cavity contributes most to the exchange process and that decongestion generally

affects the distribution of inspiratory flow, promoting a switch towards more inferior pathways.

Flow in the larynx is controlled by the position of the vocal folds, which determine the glottis
aperture. Even with the vocal folds fully abducted, inspiratory airflow experiences a degree of
constriction and exits the glottis as a jet which dissipates in the trachea. The effect of glottis
aperture on pressure loss and flow structure is examined, and the results compared with those

from a separate experimental investigation.

In pathological tracheal geometries, characterized by severe constriction and deviation as caused
by compressive retrosternal goitre, far more severe pressure losses may occur than in the normal
trachea. The third investigation performed in this work describes a computational approach
to assess pathological tracheal resistance. Direct and large eddy simulation results are applied
to determine the profile of energy dissipation in the case of a progressive tracheal compression.
The study examines the effects of inflow disturbances on the breakup of the jet downstream
of the constriction and the consequent loss characteristics. The effect of domain truncation,
associated with the typical field of view of clinical imaging, is an important consideration and

is investigated.
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Chapter 1

Introduction

1.1 Airway geometry

The process of transporting air in and out of the lungs is properly referred to as ventilation.
The upper airways of the human respiratory tract, which are the concern of this work, are the
interface between the external environment and the lower respiratory system. Consequently,
the airways are not only conduits to channel air from the environment to the lungs, but the
house organs that perform additional functions. The main physiological functions of nasal cav-
ity are air-conditioning, filtration and olfaction. The inhaled ambient air can be conditioned
to nearly alveolar conditions when it reaches the nasopharynx [3], and the conditioning pro-
cess will be continued in the trachea to protect the internal environment of the delicate lung
tissues. The amount of water required for conditioning depends on the external environment,
whilst the expiratory process will recover about 20% of the water consumed during inspiration.
Filtration is another important function of the nasal cavity, with nearly all larger particles of
diameter over 5 um trapped during transit through the curved geometry and narrow passages
largely due to the inertial force. Moreover, roughly 50% of the particles of diameter between
2 to 4 pum are deposited on the mucosal membrane. Smaller particles pass through the cav-

ity and continue to the lower airway [4, 5, 6, 7], though diffusion aids trapping for nano-particles.

34
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Figure 1.1: Nasal cavity anatomical diagram.

The respiratory tract considered here, contains three main parts, which are respectively the
nasal cavity, the pharynx and larynx treated as a single unit, and the trachea continuing to the
carina and including the first generation bronchi (higher order bronchi are out of the scope of

this study).

Figure 1.1 shows the anatomy of the nasal cavity. As we can see, the nasal cavity contains
three turbinates: superior, middle and inferior. The olfactory cells are primarily located in
the superior portion of the cavity, though they are not confined to a highly defined region but
distributed over the cavity [8, 9, 10, 11, 12, 13]. From anterior to posterior of the cavity, sig-
nificant anatomical landmarks can be identified such as: nostril, nasal valve, anterior septum,
posterior septum and nasopharynx. The nasal valve normally operates as the first restriction of
inspiratory air entering the nasal cavity and is usually expected to represent the smallest pas-
sage cross-sectional area in the anterior nose. As a consequence, a pronounced jet is generally

formed at the nasal valve that progresses to impact on the head of the turbinates [14]. There-
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after the turbinates will direct the flow into different sections of the cavity. The turbinates act
to increase the rate of local heat and moisture transport by protruding into the flow, leading to
thinner boundary layers and by narrowing the passageways for air. Several studies point out
that the turbinates can introduce laminar swirls downstream of the turbinate wall, which would
further augment exchange processes. However, abnormal blood supply or mucous generation

may reduce the rate of heat or moisture flux into the inspired air [15].

A large proportion of the air-conditioning process is completed by the time inspired air exits
the turbinate region and passes on to the nasopharynx. The separate left and right nasal in-
spiratory air streams merge downstream of the posterior septum, bending sharply to continue
through the pharynx region where the oral cavity and nasal cavity connect. The directing of
flow from pharynx to larynx is controlled by the epiglottis fold that opens while breathing; it is
temperately closed during the swallowing process to protect from being choked during eating

(or drinking).

The glottis is a natural restriction of the airway and the angle of opening depends on different
physiological demands of various activities such as speaking and doing exercise. For healthy
subjects, the glottis at the larynx forms a weak restriction with a weak laryngeal jet. However,
for patients with glottic compression, there is strong jet formation and flow separation. In
each case, since the glottis strongly affects both the direction of flow and the peak velocity, the

laryngotracheal jet will affect the flow further downstream in the trachea [16].
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Figure 1.2: Trachea anatomy.

The tracheal lumen begins below the glottis. The trachea has the form of a mildly undulat-
ing conduit due to the impression of the U-shaped supporting rings of fibrous cartilage (figure
1.2), which act to maintain a certain rigidity whilst permitting limited tracheal extension dur-
ing breathing. During quiet breathing, the work required for delivering air through trachea
to and from lungs is negligible [17, 18], however, it can increase significantly if the subject
suffers pathological compression of the trachea such as retrosternal goitre. With either in-
trinsic or extrinsic tracheal compression, the airway obstruction can become severe while the
compression worsens. Often tracheal constriction progresses gradually so that patients remain
asymptomatic and stable for a long time before suddenly deteriorating [19]. Amongst the
most common causes of intrinsic compressions are laryngotracheal stenosis, lymphovascular
malformations and idiopathic inflammatory conditions such as granulomatosis with polyangi-
tis (Wegner’s granulomatosis) [20]. Extrinsic compressions may be attributed to: retrosternal
goitre, anatomical variants of the great vessels, oesophageal tumours, lung tumours, cardiac

enlargement or exercise induced laryngeal obstruction (EILO) [21, 22, 23],.
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1.2 Mechanics of breathing

1.2.1 Temporal flow profiles

Human breathing is cyclic but varies from breath to breath, even under the same physical
condition. For a standard tidal volume of 0.5 L and a respiratory rate of 12 to 15 times per

1 with the total volume being about

minute, the equivalent breathing rate is 6 to 7.5 L.min~
10000 L per day [3, 24]; other studies suggest higher values associated with postures other
than recumbent [25, 26]. Assuming equal duration of inspiratory and expiratory portions of
the ventilation cycle, an equivalent steady flow is double the ventilation rate, i.e. 12 to 15
L.min~!. The intra subject variations of breathing can be caused by multiple reasons during
rest, and restful breathing is very different from that in strenuous exercise or in sniffing. The

ventilatory pattern also varies inter-subject and with gender and age. For a healthy subject, the

measurement from rhinomanometry gives a functional measure of the pressure-flow relationship.

From the study of Wheatley et al [27], it was shown that the pressure-flow relationship follows
a sigmoid shape that can be fitted by power law function of the form: AP = aV?, where V
represents the volumetric flowrate, whilst a, b are empirical constants. The total nasal airway
resistance measured by rhinomanometry of resting breathing was reported within the range of
0.15-0.39 Pa.m~3.s by multiple researchers [28, 29, 30]. Another interesting finding was that the

3.5 and with the increase

nasal resistance in the infant is higher than adult at about 1.2 Pa.m™
of age it decreases. Vig et al. [31] reported that for males the nasal resistance decreases from
to 0.29 Pa.m3.s between age 5-12 years old, to 0.22 Pa.m™3.s within age of 13-19 and to 0.22

Pa.m™3.s beyond 20 years of age. Similar trends were also found in females but with slightly

lower values.

As is also well known, spontaneous and reciprocal changes occur in the nasal cavity which
makes the unilateral nasal cavity resistance variations almost a fourfold change [32, 33]. This

cyclic changes of the nasal cavity were described in many studies and were first proposed by
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Kayser et al. [34] and named as nasal cycle. However, the study from Heetderks et al found
that only 80% of 60 subjects showed this so-called nasal cycle [35]. The current understanding
of the nasal cycle is not certain and the hypothesis that the nasal cycle acts to share the burden
of the air conditioning between two nasal passageways so that dominance of airflow alternates
cannot be proven. The effect of exercise on reducing nasal resistance has been studied both
on pathological (asthma or rhinitis) and healthy subjects [36, 37, 38, 39]. The first study
was conducted by Richardson et al [40] and he found that when a patient performed exercise
there was a marked reduction in nasal airway resistance. They claimed that the reduction in re-

sistance was due to the increase in sympathetic vasoconstrictor tone to the nasal venous sinuses.

Rennie et al. have performed an experimental study of the inspiratory flow profile at rest and
sniffing [41]. Her study revealed that the time taken for flow to build up to a level equivalent to
that in restful breathing was 130 ms on average in normal inspiration while this reduced to 90
ms in sniffing and was as short as 20 ms in a rapid inhalation. Bates et al. studied the dynamics

of airflow in a short inhalation using a realistic breathing profile measured from experiment [42].

Although there are some studies that use the temporal profile of breathing cycle as the boundary
condition [43], there still many studies that use the equivalent steady state flow rate to represent
the dynamic breathing process [44, 45]. Some works claim the importance of using unsteady
breathing cycle while doing simulation, especially when the turbulent effects are dominant
such as particle distribution and deposition studies [46, 47]. Since deposition and most likely
olfaction depend on the Lagrangian dynamics of the trajectories of inhaled particles, it can be
expected that the time history of the breathing profile is significant. However the study of Bates
et al. [42] suggest that the pattern of flow and partitioning between different regions is rapidly
established. Thus for comparative studies of airflow distribution and exchange performance,

steady models appear sufficient.
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1.2.2 Fluid mechanics of upper airway flow

The poor accessibility of the nasal cavity does not permit the detailed distribution of nasal
cavity flow to be measured. With the blooming of Computational Fluid Dynamics (CFD) in
the recent decades, this technique provides the full accessibility of the nasal cavity and can give
the flow details at any location within the cavity. Determining the flow characteristic across
the nasal cavity is important in order to understand how the nose performs functions such as:
air-conditioning and filtration. The first step is to establish not just how well different normal

geometries perform, but to assess the contribution of the different regions to the overall effort.

Hahn et al. [48] measured the velocity profiles in a 20 times enlarged nasal cavity replica at
three different steady state flowrates that equivalent to 1100, 560 and 180 ml.s~!. Their findings
suggest the Reynolds number to be normally less than 500 and the peak velocity less than 15
m.s~!. Similar results were also found by Keyhani et al. [49]. Multiple researchers[49, 50, 51]
all reported that laminar flow was assumed in most CFD studies of human nasal airflow during
quiet breathing, with experimental support by Kelly et al. [52], Proctor et al. [53], Hahn et
al. [48] and Girardin et al. [54]. In addition, Zhao et al. [51] also claim that the flow can be
assumed as laminar up to about twice of the resting breathing flow rate. He also found out
that change of the geometry of the cavity at specific locations can change the flow patterns

significantly and affect the corresponding nasal functions.

Ingolf et al. [55] claims that the inhalation phase is more sensitive to the geometry change than
expiration by applying the Saint-Venant and Wanzel equation. Inthavong et al. [56] studied
multiple nasal cavities (6) at resting breathing rate of 15 L.min~! and found common character-
istics: (1) high velocity in the nasal valve area; (2) most of the flow passes through the inferior
cavity; (3) air from the front of the face tends to reach the olfactory region while the air from
lateral side of the face tends to go through the inferior half of the cavity. Both flow and heat
transfer are simulated using laminar flow model and two-film theory for heat and moisture wall

boundary model. Other studies of particle deposition from nasal sprays reveals that the most
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important parameter that affects the deposition efficiency is the particle’s Stokes number [57].

Whereas most model studies up to now have considered one or at most a couple of nasal
geometries, Zhao and Jiang. [2] performed a study of 22 subjects to determine the normal
nasal airflow, but found there are significant variations of nasal airflow among healthy sub-
jects. However, for pathological nasal cavities such as chronic nasal obstruction, there was a
fourfold higher velocity and 35% less negative pressure at the eustachian tube orifice [58, 59].
Post surgical results are not always satisfactory, as reported by Singh et al. [60]; this shows
the objective benefits of septal surgery are limited and there is a need for long-term studies.
Within 50 patients, only 43% patients are reported fully satisfied with the long-term results
of septoplasty [61]. Kimbell et al. [62] studied 10 nasal cavities of nasal airway obstruction
patients before and after surgery using laminar model at rest breathing. Paired t-test is used
to evaluate the change of airflow and resistance. In addition, the moderate linear correlation
between subjective symptom and flow measures indicate the usefulness of concurrently tracking
during future surgery planning. Dinis et al. [63] evaluated the accuracy of surgeon’s decision on
septoplasty and it shows the subjects with anterior septal deformities benefited the most within
a scope of 2 to 10 year retrospective study; also preoperative rhinomanometry was shown to be

not useful in predicting the long-term surgical outcome.

1.2.3 Heat and water exchange in the upper airways

The nasal cavity inner surface is covered with mucosa that act as the heat and water source
during the air-conditioning process. The nasal mucosa has multiple specific cell types such
as basal cells, columnar cells and ciliated cells etc [64], and it has the potential that increase
the mucosal blood supply to compensate cooling at the mucosal surface and to warm the sur-
rounding air. There are multiple studies that show in vivo measurements of nasal mucosal
temperature varies, but without the precise site of the detection and the exact time of the
detection within the breathing cycle. Willatt et al. measured the septal mucosal temperature

by thermometry that shows the temperature varies from 30.4°C to 32.0°C during inspiration to
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expiration separately [65]. Another measurement reported by Fabricant et al. [66] shows that
the temperature in the nose is within 29.7-34.7°C and in the pharynx is within 32.2-35.6°C.
Interestingly Assanasen et al. found over 1.9°C temperature increase in septum of the anterior
part of nasal cavity after warming the feet in 42°C warm water. In addition, the measurement
was taken at prone posture by Molony et al. [67] that shows the nasal septum temperature is
34.5°C, while the upright posture showed much higher values (36°C). Furthermore, Jun and
Qingping [68] measured the inferior nasal turbinate temperature before and after the puncture

of the nasal cavity as 26.9°C before and 27.4°C after separately.

The variation of those experimental measurements are not only due to the exact time and site
of the measurements were taken being unclear, but also due to the types of equipment that
were used for measuring. A copper-constantan thermocouple, as used by Keck et al [69, 70]
and Webb et al. [71], allows the nasal mucosa temperature to be measured without affecting
the breathing cycle and irritating the nasal mucosa [72, 73]. For example, Lindemann et al. [43]
continuously measured the septal mucosal temperature at defined intranasal sites during respi-
ration and found the highest temperature values were measured at the end of expiration. The
mean nasal mucosa temperature measured ranged from 30.2°C to 34.4 °C depending on the
exact time and sites where the measurements were taken. In addition, they also found that in
regions of turbulent flow, the temperature changes are more pronounced compared to regions of
laminar flow. However, the commonly used infrared thermometers could not achieve breathing

synchronic measurements due to the long reaction time.

Another factor that can affect the nasal mucosal temperature is the age of the human subject.
One of the studies compared the nasal air-conditioning between the younger group and the
elder group [74]. The results showed that both temperature and humidity were significantly
lower in the elder group. The degenerative atrophy of nasal mucosa of the elder group also

induced an enlarged nasal cavity and minimum cross-sectional area.
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The amount of daily heat and water transferred as a result of nasal conditioning can vary with
the breathing rate and the ambient environment. It has been reported that for quiet breathing
of room air, the net loss per day in man is about 359 kcal of heat and 250-400 ml of water as a
result of conditioning process [75, 76]. Naftali et al. [15] proposed that there is ample time for
heat and water exchange to enable equilibration to near intra-alveolar conditions; furthermore
it consumes about 265 kcal and 370 ml water daily of the nasal cavity to condition the air from
25°C, 20% relative humidity (RH) to alveolar condition. The in vivo measurements by Keck
et al. [69], who measured a group of 50 healthy volunteers showed the inhaled air temperature
can significantly increase within the anterior part of the nasal airways and the humidification
process is almost synchronous as the heating process [70]. The nasopharynx temperature is
approximately 34°C [71, 77, 78]. Similarly results also were found in this study which is dis-
cussed in the following chapter. However, at the end of the inspiratory phase, temperature at

nasopharynx only about 29°C at the ambient air temperature of 7°C [71].

For CFD studies, without considering humidity and water exchange, Lindemann et al. [79] nu-
merically simulated the temperature distribution during inspiration in an anatomically realistic
nasal cavity. Their simulations used a constant inspiratory flowrate of 36 L.min~! with a con-
stant mucosal wall temperature of 34 °C throughout and found that the inspired air (20 °C) was
heated to 33.9 °C at the nasopharynx. While a study of the heat recovery during expiration was
conducted accordingly by Pless et al. [80] that showed a closed relationship between the cooling
of warm air and airflow patterns during expiration. The simulation was performed assuming
constant wall temperature (31°C) and also without considering the humidity, but the results
showed good concordance with experimental in-vivo temperature measurements. Rather using
constant boundary conditions, Lindemann et al. [81] performed another study that applied
time-varying boundary conditions for both the flowrate and the cavity surface temperature.
Saksono et al. [82] studied a subject specific nasal cavity heat transfer patterns without con-
sidering water by specifying constant wall temperature. They found that the inhaled air will
reach the body temperature by the time it arrives at the distal nasopharyngeal region; also

they reported that the anterior head of the cavity contributes most of the heat transfer.
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However, the lack of consideration of water vapor transport is important because the latent
heat effect accounts 85% of the total heat loss during normal room air breathing [83]. This
should draw attention to the mass transfer coefficient rather than the heat transfer coefficient
only, especially in the nasal cavity where most of the air conditioning occurs. The modelling of
the real structure of the nasal membrane can be difficult and not practical, however, Gavin [84]
showed that the properties of the mucosa membrane can be assumed to be the same as water.

This assumption can highly simplify the modelling of mucosal membrane.

Naftali et al. [15, 85] simulated heat and water transfer in the nasal cavity including the latent
heat effect but using constant wall temperature and fully saturated mass fraction of water vapor
as the mucosal surface boundary conditions. By using these boundary conditions, they first
studied the heat and water transfer in two dimensional (2D) of an idealised nasal cavity. The
results show that a normal nose can handle a range of ambient condition, but the abnormal
nose (such as less blood supply or mucus deficiency) has reduced rate of heating and moisten-
ing. After the 2D study, they investigated another two idealised geometries and one anatomical
geometry and compared the CFD estimated of daily heat and water transfer with the estimates

from the psychrometric chart.

After these important studies of Naftali and colleagues, Garcia et al. [86] performed a study that
considered both heat and water transfer in the nasal cavity by using the heat model proposed
by Naftali et al. [85], however, their study was focused on the air conditioning performance
comparison between pathological (atrophic rhinitis) subject and healthy subject. Their results
indicate that the atrophic nose does not condition the air as effectively as the healthy nose.
Inthavong et al. [87] compared the nasal cavity air-conditioning between the left and right side
of the cavity. Their results indicate that a smaller cross-sectional area of the cavity has greater
heating and the residence time of inhaled air affects the ability of heating of the cavity in

laminar flows. Kumahata et al. [88] introduced a two-film membrane model that used to study
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the heat and water transfer within the cavity without considering the latent heat effect. They
suggest their model is verified by comparing with previous studies; their results show that both
the temperature and mass fraction of water experience large variations within the anterior part
of the cavity. In addition, as in the previous study [87], their study also indicated that the
narrow section of the cavity experience the largest heat and moisture change. By implementing
the same model, Hanida et al. [44] performed another study using the same cavity model but
including consideration of the latent heat flux from evaporation (or condensation) during the

cavity conditioning process.

Wu et al. [89] studied the heat and water transfer in the tracheal airway with a mouth cavity
attached. Ma et al. [90] studied the effect of anterior geometry of the nasal cavity on the
heat and water transfer by using a two-film heat model. It shows the anterior change of the
geometry can have a significant effect at the vicinity of the notch. Tsu et al. [91] studied not
only the heat and water exchange but also considering the interaction of the water with nasal
mucosa. Lee et al. [92] using Large Eddy Simulation (LES) model studied the dynamics of
nasal airflow and temperature shows that the expiration process is more unsteady than in-
spiratory process. And most of the heating process is occurring in the nasal cavity and the
nasal cavity is a very high efficient heat exchanger during inspiration period. Zhao et al. [93]
investigated the correlations of nasal patency with other measures. It shows that mucosal
cooling has a strong correlation with the nasal patency. They suggest that the quantification

of dynamic cooling between airstream and the mucosal can lead to new clinical evaluation tools.

The clinical evaluation of pathological nasal cavities before and after surgery have been studied
extensively as well. At early 1942, Moe et al. [94] evaluated the effect of excessive turbinate
surgery on the respiratory functions of nasal cavities. Although there was no significant deteri-
oration of nasal climatisation, the obvious reduction in heat and moisture of surgically altered
cavities were observed. Furthermore, Lindemann et al. [95] compared the nasal conditioning
within pre and post operative cavities that show the patient would benefit overall from nasal

surgery, with and without a preserving bilateral turbinoplasty. Septoplasty has been reported
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recently by Wiesmiller et al. [96] that it can significantly improve nasal air conditioning, al-
though it has a clear benefit on the subjective nasal patency [97, 98]. In addition, patients after
septorhinoplasty and closure of septal perforations all claim experience improvements on nasal
air-conditioning [99, 100]. Nevertheless, not all the nasal surgery have positive feedback, such

as extensive sinus surgery can deteriorate the nasal air conditioning [101, 102].

The ease of applying CFD analyses over any pre and post-surgical geometries provides the
possibilities of virtual surgery that ideally can improve the surgical outcomes. From the previ-
ous studies that analyzed pathological (due to atrophic rhinitis) nasal cavities before and after
surgery through CFD, the results indicate that regularising the airstream to eliminate flow
disorder and to correct for the reduction of flow mucosa contact time is beneficial [86, 103].
Those results also gave instructions for nasal surgeries that should aim to restore the original
surface area of the nose and the physiological airflow distribution. Another pure virtual surgery
conducted by Xiong et al. [104] showed the potential of CFD as an effective virtual surgery tool

to aid clinical decision making.

Although there have been multiple studies that investigating the both the flow mechanism as
well as the air-conditioning of the nasal cavity, most analyses were limited to one or a couple
of geometries. However, Zhao et al. [2] completed a study that comprised 22 healthy nasal

geometries with the aim of identifying the common nasal flow features.

The present study includes 10 healthy nasal geometries and considering these were obtained
for two conditions (before and after decongestion), this results in a total of 20 nasal cavity
geometries. Furthermore, not only the flow features are investigated through a systemic manner,
but also the heat and water transfer are studied. This cohort nasal cavity simulations study aims
to review the characteristic features of both flow mechanics and energy transfer. In addition,

the comparison between congested and decongested simulation results is also conducted.
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1.2.4 Laryngotracheal flow studies

Upper airway abnormalities serve as the pathophysiologic basis for many pulmonary diseases [105].
There are multiple kinds of abnormalities of upper airway such as stenosis at vocal folds or
subglottic stenosis. The diagnosis of airway obstruction may not only depend on the clinical
presentation but also depends on the patient’s age [105, 106]. The upper airway obstruction is
fairly common among both children and adults as reported by Loevner [106]. The idiopathic
upper airway abnormality for children are mostly caused by laryngeal malacia, subglottic steno-
sis, laryngeal webs and vascular rings, while for adults that are mainly dominated by malignant
neoplasms of the aerodigestive tract [106, 107]. Other causes that may induce the upper airway
obstruction include inhalation burns, foreign body aspiration, subglottic edema due to anaphy-
laxis or prolonged intubation, mechanical ventilation or even the subtle change associated with
asthma [105, 106]. Prolonged intubation is one of the most often used stenosis management
for patients with breathing difficulty. At early 1976, Hawkins et al. [108] conducted a study of
the glottic stenosis caused by prolonged endotracheal intubation as the complications of intu-
bation were being seen more often. The results show that the complications of intubation are
mostly due to the trauma in the glottic posterior commissure. And he also proposed that the
endoscopic management can be more successful if it is conducted early enough and as much as

necessary.

More recently, CFD is well accepted for analysing respiratory flow due to its non-invasive char-
acter as well as the unsatisfactory of laryngotracheal reconstruction [109]. A patient specific
study was carried out by Nithiarasu et al. [45] that focused on the effect of steady inhalation
flow in the pharynx. The results show that the major pressure drop occurs while flow passes
through the narrowest section of the airway (around oropharynx). The necessity of including
laryngopharynx or even the complete nasal airway for reproducing an appropriate flow profile
upstream was also pointed out. Choi et al. [110] performed a limited study of the effect of
intra and inter subject variability in airway geometry effect on upper airway flow using LES

flow model including the effect of inflow domain truncation on the tracheal flow. Their results
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point to the necessity of including the glottis in studies of tracheal flow that if the full geometry
were not available, a cut at midpharynx could be used to improve the solution accuracy. Jeong
et al. [111] conducted a study on the flow characteristic in the upper airway with nasal cavity
attached with obstructive sleep apnea using CFD. The maximum aerodynamic force was found
at the velopharynx. Similarly, Lin et al. [16] investigated the effect of the laryngeal jet on
intra-thoracic airways through comparing two simulations that with and without mouthpiece
geometry. It shows that the jet induced by laryngeal geometry could significantly affect the air-
way flow patterns as well as the wall shear stress downstream. Mihaescu et al. [112] simulated
flow in an accurate upper airway of a patient with obstructive sleep apnea. The results show
the airway narrowing can lead to the increased flow velocity and reduced static pressure, as a
result of increasing airway collapsibility. Additionally, wall shear stress might be an important

indicator of assessing obstructive sleep apnea.

For pathological tracheal geometries, the simulation results before and after surgical correction
show that post-surgical airway flow field showed minor instabilities and both airway resistance
and wall shear stress were significantly reduced compared with pre-surgical case [113]. Simi-
larly, Chen et al. [114] also investigated the effect of applying surgical correction by trachea
vascular ring surgery on the flow characteristics. The simulation results indicate that after the
treatment, the pressure drop in the tracheal airway was significantly decreased, especially for
the low respiratory rate. Rather than applying steady inhalation as the boundary condition,
Liu et al. [115] studied the flow characteristic within an obstructed realistic human upper airway
(caused by pharyngeal collapse) with the simulated respiratory cycle through sine wave. Their
LES simulation results show that the airflow experience unsteadiness (transitional/turbulent)
under low Reynolds number. Although previous researchers have claimed that CFD computa-
tions based on (RANS) modelling is adequate for analyzing respiratory flow [45, 114], there is
some doubt regarding its accuracy, since the use of a turbulence model does not capture the

flow dynamics in the upper airway [116].
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1.2.5 Energy cost of flow transport through upper airways

During quiet nasal breathing, the resistance of the nasal passage is about one half that of
the entire respiratory tract and 50% more effort is required when compared with oral breath-
ing [117], although the anterior part of the nasal cavity is the critical resistive area [118]. The
effort required to drive airflow through the normal trachea represents a minor contribution to

the total work of breathing [17, 18].

As described above, similar flow characteristics can be found in the laryngopharynx region
for different subject specific CFD studies. However, in order to understand the mechanism of
stenosis jet formation. Jayaraju et al. [119] tested different level of tracheal stenosis, showing
the pressure drop only start to increase steeply after the constriction passes a certain level. This
is consistent with the patient’s symptoms experience a sudden increase in severity, although a
very marked stenosis has already been shown (an exactly analogous case exists for the coro-
nary arteries). In addition, he also tested that by applying heliox as an alternative breathing

fluid [120], the breathing effort can be reduced more than 50%.

Lin et al. [121] studied the effect of sub-glottic stenosis on the tracheal pressure loss. They
showed the constriction area to be more important than the constriction length and found the
airway resistance can be well represented by a simple power law. Kin et al. [16] studied the
effect of laryngotracheal jet on the tracheal flow and wall shear stress. Their geometry includes
the oral cavity rather than the nasal cavity. Cheng et al. [122] studied the laryngotracheal
stenosis at various locations. Their results show that the mouth breathing can compensate for
the increased resistance partially that caused by stenosis and the variations of stenosis have
different effects on the airway resistance. In addition, they also found that glottic stenosis has
a greater effect on resistance than the tracheal stenosis. Nithiarasu et al.[45] studied the air
flow through the upper airway geometry using an in-house CFD code. Their study indicates
the locations such as oropharynx and laryngopharynx should be focused for any studies that

aimed at understanding the human upper airway collapse. Bates et al. [17] analyzed the effects
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of tracheal constriction and curvature on the power loss mechanism of the flow in the trachea
with the comparison of a normal geometry. The results show that the curvature has strong

effects on the jet impingement and breakdown patterns in the pathological geometries.

However, none of the previous studies has ever analyzed the different level of upper airway
natural constrictions (glottis opening) of a same healthy subject or a retrospective study of
a pathological subject under a series of scans as the constriction worsens. The present study
analyzed the effects of glottis opening on the upper airway resistance by using a complete geom-
etry (from nostril to first generation bronchi) and with the comparison to experimental results.
Furthermore, the sub-glottic stenosis effect was conducted in a retrospective way associated

with CFD simulations before and after surgical correction.

Energy flux calculated in this study is defined as the product of total pressure and the cross-
sectional plane normal velocity. As the flow passes through the airway conduit, the pressure
losses come from two components: wall shear stress and viscous dissipation. Energy flux is an
indicator for assessing the flow energy dissipation along the airway. It is useful to evaluate the

energy loss patterns and to help quantify the flow mechanisms responsible.

1.2.6 Outline of the thesis

This thesis aims to answer several questions.

Firstly, inspired by the enormous number of individual studies of the nasal cavity, where most
concern a specific geometry, and although recently a few studies start to consider multiple ge-
ometries, the question of how inter and intra subject variations affect detailed flow and function

are not well established.

Specific questions to be addressed include the following;:
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e What are characteristic ranges for the patterns of flow within the nasal cavity?

e How does the air-conditioning performance of the nasal cavity range across individuals

and intra-individual?

For this part of the work, the intranasal cavity pressure loss and resistance are quantified and
analysed along the cavity cross-sectional planes in a manner of bilateral and unilateral sepa-
rately. Accordingly, the effects of cavity geometry change (caused by decongestion) are studied
through the comparison of the intranasal simulation results, and subjected to tests for statis-
tical significance, (Wilcoxon signed-rank test). Following the analysis of nasal airway flow, the
heat and water transfer within the nasal cavity are also invested. As for the flow analysis,
both the geometry change caused by decongestion and the change of flowrates and ambient

conditions are discussed.

Secondly, the analysis moves from the nasal airway to flow in the larynx. There the two key

questions are:

e How do different CFD predictions of the pressure distribution compare with experimental

results?

e What effect does glottis aperture area exert on inspiratory flow behaviour and pressure

loss?

Thirdly, the study finally considers airflow in the pathological constricted and deviated trachea,
in the context of a patient specific study of a progressive compression and surgical correction.
Main questions raised are:

e How does the profile of energy dissipation relate to the geometry?

e What are the effects of inflow domain truncation on the loss profile and how can this be

modelled?

e How does pressure loss change with geometry and flowrate?



Chapter 2

Methodology

This chapter is intended to provide a brief but systematic description of the methods used within
this study. In order to provide a complete description, not only are the computational methods
described, but some details regarding the process of segmentation and ascribing landmarks for
the clinical datasets are included. The author acknowledges that the latter work was performed
by others, primarily Dr. Raul Cetto. Ethical approval was granted for all studies: for Magnetic
Resonance Imaging (MRI) of volunteers for the nasal airway studies, by the National Health
Service (NHS) Health Research Authority NRES Committee South East Coast-Surrey reference
number 06/Q0602/18; for retrospective use of patient scan data, hospital and ethics compliance

was obtained from the local Joint Research Compliance Office (reference 15SM2566).

1. For the nose, the images originate from MRI. For nasal cavity scans, 10 non-pathological
subjects are studied and each in two conditions: congested and decongested, where con-
gested actually refers to the normal state and decongested refers to images acquired after
application of a topical decongestant, oxymetazoline nasal spray as described by Dr.

Cetto [123].

2. Laryngeal geometries were obtained from a clinically acquired Computed Tomography

(CT) of a 46-year-old male patient, and the variations in the vocal fold position were

52
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created by manual alteration of the subject image data by an Ear Nose and Throat

(ENT) surgeon as described by Dr. Lulu [124].

3. The pathological trachea data was likewise obtained from retrospective clinical image
data: first scan was conducted in January of 2012 and three more scans in the following
23 months. The CT neck and thorax with intravenous contrast was performed in a Philips
ICT 256 helical scanner with the patient in the supine position. A series of 323 slices
2 mm thickness with a 1 mm slice increment were acquired with a field of view (FOV)
of 430 mm and a pixel size of 0.56 mm. The image segmentation process is following
the American Thyroid Association (ATA) imaging test guidelines and also done by ENT

surgeon Dr. Cetto.

2.1 Models of low and heat transfer

Within this study, the Navier-Stokes (NS) equations that describe incompressible flow are dis-
cretised and solved in a segregated (as opposed to a coupled) approach using the commercial
software (STAR-CCM+ 11.04). The solver selected employs a co-located variable arrangement
and a Rhie and Chow-type pressure velocity coupling combined with a semi-implicit method for
pressure-linked methods (SIMPLE-type) algorithm [125]. This method is capable of handling
both incompressible and mildly compressible flows although it originated for the solution of
constant-density flows. For flow transfer with heat and moisture, density varies due to warm-
ing and the addition of water vapour; although these effects are relatively small for respiratory
tract flows, they are accounted for in the computation. Note that density is considered to
vary only with temperature and not with pressure, so the flow is still strictly considered as

incompressible. As gravity is not considered, buoyancy effects are also neglected.

The mechanics of fluid flow are governed by equations that express the physical conservation

laws for the quantities mass, momentum, and energy. Assuming a continuum, the balance of
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mass through a control volume can be expressed by the continuity equation:

dp
otV () =0 (2.1)

where p is the density and u is the velocity vector.

The balance of momentum can be expressed as follows:

Unsteady Acceleration

A~ =~ Convective Acceleration Pressure Gradient  Viscosity
u 2
p( B + u-Vu) = —Vp + uVou (2.2)
Vv
Inertia

where u, p and p represents the fluid velocity, density and dynamic viscosity. As STAR-CCM+
uses finite volume method, the differential equations of mass continuity and momentum equa-
tions are written in integral form. From the Gauss theorem, the volume integral of divergence
of a given vector can be related to the integral over the surface bounding the elemental volume

of the scalar product of the vector and the normal to the surface:

/V-ng:j{n-gdA (2.3)
v A

Consequently, integrating the differential form of the continuity equation over an elemental

volume gives the condition that the net flux into or out of the volume is zero:

?ipu-da: 0 (2.4)

where da represents an element of the surface of dV pointing in the local surface normal

direction. The momentum balance in integral form is written as:

Convective Flux Viscous Flux

2/pudV—i—j{,0u®u-da— —%pl-da—i—j{T-da (2.5)
ot Jy A A A

— —— ————
Rate of Change Pressure Gradient
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where t, V, p, I and T is time, cell volume, density, identity matrix and the viscosity stress

tensor. A general species transport equation for any fluid property ¢ can be written as:

0po

5 V- (pou) = V- (DV6) + S, (2.6)

where ¢ represents the general source term and D is the diffusion coefficient; however, within
this study, there are no sources in the region of interest, so that the source term can be ignored.
This equation can be adapted for the internal energy equation by changing ¢ into T" by means
of an equation of state. The key step of the finite volume method is the integration of equation

2.6 over a control volume which gives the form below:

/dev+/vv-(quu)dv—/VV-(DW)dV (2.7)

Applying the Gauss divergence theorem, the formula can be simplified further into the form

below:

5 [ podv + § (oyia = § (D61 (28)

where the physical meaning of da, as above, is the normal vector to an element of the surface
A of magnitude da. The physical meaning of the left side is the net rate of change of fluid
property ¢ within the elemental volume due to changes in ¢ with time and the net increase or
decrease due to transport into the volume across the surface boundary of area A. The right
side represents the rate of change of ¢ due to transport by diffusion across the boundary. The
equation therefore equates the change in the stored value of ¢ with the sum of all transfers into
and out of the volume. The last step is making this integral form suitable for solution on each

cell, by reducing the continuous formulation to a discretized form:

C(0oV) + Ylpo(u-a)l; = Y (DVo - a); (2.9
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where the f represents the face of each element surface.

The transient term in the left hand side of the equation is discretized by a second order im-
plicit unsteady approach. Within STAR-CCM+, a second order temporal discretization of the
unsteady solver uses the solution at the current level, as well as the solutions from the previous
two time levels. However, for the first time-step, even for the second order discretization, a first
order Euler implicit scheme is used since only two time levels are available. As the scheme is
implicit, it does not have to respect the Courant-Friedrich-Lewy (CFL) condition for stability;
what is necessary is to check instead that the time step is sufficiently fine to capture the flow
dynamics. Consequently, time-step independent checks were also carried out to assure the ac-
curacy. All the simulations consider the flow as incompressible since the maximum flow Mach
number throughout the airway is much less than 0.3 where the compressibility of the flow starts

to become significant.

Within STAR-CCM+, a plot of solution residuals is one of the means of indicating the degree
of convergence of the iteration process of the solver. Residuals are given for the continuity
and three momentum components (energy and species if applicable) that is normalized by the
maximum value of the first five iterations. The needed number of inner iterations of each time
step depends on how quickly the residuals decrease and is easily monitored graphically. The
simulation will advance to the next time step once the residuals decrease to a predefined level
of accuracy. From STAR-CCM+ manual [125], a three order of relative magnitude drop in
residuals is recommended as acceptable results, because the normalization of the residuals plot,
each simulation will be affected by the initial condition. For instance, if the initial solution sat-
isfies the discretized equations perfectly (the final solution is the same as the initial solution),
the residuals plot will not drop at all. Within this study, all the simulation residuals dropped
below the order of five. Both heat flux and species flux monitors are created between inlet and
outlet to monitor the time required for a steady-state solution to be reached. In practice, it is
more important to monitor how physical quantities (for example mass flow difference between

in and out or pressure loss over the volume) are affected by mesh and time step refinement
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to assess the reliability of the simulation, since judging a simulation well converged solely by

residuals can mask an inaccurate result.

The transport of thermal energy can be modelled as an equation for the temperature field :

oT ko,
il . = —V°T 2.1
T + (u-V)T pva (2.10)

where u is the velocity vector, ¢ is time and 7' is temperature, C), is the specific heat, £ is
the thermal conductivity. The transport equation for the water vapour is modelled using the

species transport equation:
OY oy

o T (W V)Y = DV, (2.11)

where u is the velocity vector; ¢ the time; Y,,,, the mass fraction of water vapour; D the molecular
mass diffusion coefficient of water vapour. Thus the density in each cell is determined by the

relative proportion, in terms of mass fraction, of air and of water.

Heat

For all the simulations performed in this research, the upper airway is modelled as a rigid
body, and only the nasal cavity simulations are solving the heat equations described above.

3

The inhaled air for both nasal cavity and trachea simulations has density of 1.184 kg.m™ and

viscosity of 1.855 Pa.s™! (corresponding to 25 °C and 1 bar ambient pressure).

For nasal cavity simulations, the challenge for this work is to model the liquid-lined mucosa of
the internal surface of the nasal cavity. Although the mucus will be shifted when the flow passes
through, the actual moving distance of mucous is four orders smaller than the flow velocity [1].
Thus a non-slip condition can be applied to the internal walls. In reality, the nose draws air
from the surrounding environment, so an artificial hemispherical section named ‘Atmosphere’
is attached in front of the human face and this geometry is created by using Boolean subtract

between a sphere and a square cube within STAR-CCM+. The effect of simply apply a pre-
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scribed inflow profile at the nostril has been studied by previous researchers [126, 127], and a
diameter of 1 m is used of this study which is well in excess of that required for an unbiased
inspiratory flow [128]. The flat part of the ‘Atmosphere’ geometry is intersected with the hu-
man face and slightly behind the chin and it is also treated as rigid wall. The ‘mass flow rate’
boundary type is applied to the half sphere surface of the ‘Atmosphere’ section as the inlet
boundary, with values that equivalent to various breathing conditions (will be addressed in de-
tail in the corresponding chapters). The inflow direction is parallel to the normal of the sphere
surface of the inlet. Constant pressure outlet is applied at the (nasopharyngeal) outlet with
reference value zero. For tracheal simulations, no heat model is added, but multiple flowrates
are studied. For some of the tracheal simulations, the nasal cavity surface is attached with a
relatively coarser mesh (compared to that of the trachea) to prescribe a realistic inflow profile
downstream. However, only a simple extrusion at inlet and outlet are used for studies of the

pathological tracheal geometries.

The nasal cavity internal surface is covered by a layer of tissue called the nasal mucosa that
secretes a liquid film and provides all the heat and water needed during the air conditioning
in the nose. However within this study, we model this complex tissue bed simply by a zero
heat capacity membrane with a constant thickness of 1 mm everywhere; this is as proposed
previously [44], however here we will not apply film theory, but proceed more directly as will

be described.

The 1 mm layer provides a thermal resistance between the underlying vascular network (which
is named as ‘Organ’) and the airway surface. From experimental measurements [70], a constant
organ temperature of 34 °C is assumed and represented by symbol T,. The nasal cavity surface
temperature, which is named as Ty, is calculated within the airspace volume mesh. The heat
flux through the membrane from organ side to air side is given by the steady state (since heat

capacity neglected) relation:
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(2.12)

Qmemb = _kmemb
where ¢ems 18 the flux through the membrane and &,,,¢pmp and d,,emp are respectively the thermal
conductivity and thickness of the membrane layer. The above relation determines the heat flow

per unit time and unit area, i.e. the heat flux, with a unit of J.s~!.m=2.

Ta Air _ Computational
Qair Qlatent mesh

TS——»

Mathmatical

To——> model

Figure 2.1: Heat model diagram.

Figure 2.1 displays the simplified model of the nasal airway surface. The nasal mucous mem-
brane thickness is assumed constant. The upper (green) layer, labelled with ‘Air’ corresponds
to the first layer of the computational mesh. The membrane and organ side are represented by
a mathematical model instead of being calculated within the CFD solver. In addition to the
heat flux from the organ through the membrane to the air, according to the temperature differ-
ences, there is an additional heat flux into or out of the membrane associated with evaporation
or condensation processes. Evaporation of surface water requires an additional energy trans-
fer from the membrane, termed the latent heat of evaporation. The inverse process, namely
condensation results in an equivalent heat transfer back to the membrane. The specific latent
heat coefficient is defined by the equation below which is calculated by cubic fit to Rogers et
al. data [129].

Lo = 2500.8 — 0.00006 - T2 4 0.0016 - T2 — 2.36 - T, (2.13)

where the T} is in Celsius and L0 have a unit of J.g=!. Thus the total amount of heat flux
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into the nasal cavity is the sum of the flux from membrane and the latent heat flux generated
during the evaporation (or condensation) process. Summing the heat flux from the membrane

surface into the cavity,
oT

lair = _kair_a 2.14
q . (2.14)
together with latent heat flux, defined as

qr = Lp20o - w, (2.15)

(where w means the water mass flux and is defined by formula 2.19), yields the total amount

of heat flux from human body into nasal cavity:

QTotal = Qai’r + QL = Qmemb~ (216)

The heat flux and indirectly the water flux into the domain are determined by the surface
temperature 7T,, which is updated at each time step so that heat and water fluxes at the
membrane side and at the air side balance at each time step. Starting again with the total heat

flux,

Qmemb = q.air + C}L7

and expanding the terms:

oT T, —1T,
_kair_ L SwW = _kmem .
an * 120 " 10 ’ 5memb
Expanding the air-side gradient:
T, — T, . T, — T,
kaz‘r— - LHQO W= kmemb—
5wall 6memb
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so that the interface temperature 7T to balance the energy transfers is given by:

_ kairTa + kmembTo - LHQOwéwall(Smemb

T, (2.17)

kmemb5wall + kairémemb

where dw is the thickness of the first layer of the cell. The value of T, in the above can be
thought of as a Dirichlet boundary condition for each iteration of the air side energy equation;

it is constantly updated during the iteration at each time step.

Moisture

t Computational
mesh

Mathmatical
model

v

Figure 2.2: Water model diagram.

The water species transport through the boundary is displayed diagrammatically in figure
2.2. As is known [130], the water vapour is continuously supplied by the water-based mucous
layer within the nasal cavity surface, for simplicity, the fully saturated condition at the interface
between membrane and air is assumed and the mass fraction of water at 100% relative humidity

on the interface is shown below which is a function of temperature:

Yo = 2 - 10772 + 0.0003T} + 0.0025 (2.18)

where T means the interface temperature. This relationship is based on the empirical relation

from psychometric charts.
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The mass fraction of water vapour near the wall can be calculated by equation 2.18, and the
water mass flux through the membrane to the nasal cavity is calculated using Fick’s law of
diffusion [131]:

)
; wiaD 2.19
w pfl d an ( )

where pgiq is the mixture of air and water vapour density and weighted by the mass fraction
of each component (pfiuid = pPair - (1 — Yuw) + pr2o - Yuw). Equation 2.20 shows the details of
calculating water flux gradient near the wall. Ideally, the difference of mass fraction of water
vapour between the first cell and the wall will eventually converge to zero (w = 0), which
indicates there is no water exchange occurring between the membrane and the nasal cavity.
Then the air would have reached a fully saturated state; however this is unlikely to be fully

achieved even at the nasopharynx for many or most external environmental conditions.

an'u o Yw'uffirstcell - wifwall (2 20)

on 6wall

Interpolation of heat and moisture boundary conditions

Within STAR-CCM+, one can either specify the boundary as a ‘Temperature’ or ‘Heat flux’
condition for heat transport; either choice allows the option of applying ‘User Defined Function’
which provides a mechanism for customizing the boundary values. For species transport, it pro-
vides ‘Species Flux’ and ‘Species Mass Fraction’ as the boundary condition and one can specify
the boundary value as a ‘User Defined Function’ as well. Here we choose ‘Temperature’ and
‘Species Mass Fraction’ as the boundary condition, with both using ‘User Defined Function’ to

customize the value.

The iterative procedure described above is used to update the wall boundary values, applying
the formula 2.17 and 2.18 to define the boundary value separately. Figure 2.3 shows the initial

state of the boundary condition.
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1. For initial boundary values, we specify Tjy, o = To(i,n) (air temperature at first time

step, where i represents the mesh node and n represents the time node) equal to 25 °C .

2. From this, T,(i,n = 0) (surface temperature at first time step iteration) will be calculated

by equation 2.17.

3. Since the organ temperature is assumed constant, T,(i,n) is set equal to 34 °C at all stages.

4. For the inflow condition of 50% relative humidity at 25 °C, the mass fraction Y, fipn =

Y. (i, 1) is given the corresponding value of 0.01125 .

Tinflow =25 C The First Layer of Volume Mesh

Enflow :0-01125 /
—— b b =0.01mm g Yaulin =0)
Ts(i,n = 0)—
T(in) — > i 6memb =1mm
=34°C Organ

Figure 2.3: Initial state of the boundary value: 9,4 is the thickness of the first cell of the
volume mesh and d,,¢mp 18 the membrane thickness and where ‘n=0’ indicates the initial state.
Note: first order in space treatment of the boundary condition is using and is more stable

As the simulation is unsteady, the surface temperature (7s(i,n)) will be iterated to conver-
gence among all variables in the solution domain and updated at each time step. Meanwhile,
the value of the water flux from the boundary into each cell in the first layer of the volume
mesh is determined by the concentration gradient between the surface value of mass fraction

and the mass fraction in the first cell. This concentration gradient is determined by a simple
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first order difference between cell mass fraction and wall mass fraction, according to the height
of the first mesh layer, d,,;. The wall mass fraction corresponds to 100% relative humidity at

the temperature Ty (i,n).

After the current time step is finished, the surface temperature for the next time step will be
replaced by the sum of the previous time step value and a fraction of the difference between
the value calculated at the current time step and previous time step, i.e. under-relaxation
is performed. The mass fraction of water vapour on the wall will be updated by the same
procedure as the interface temperature (7y). Equation 2.21 and 2.22 details the iteration used
to effect the updating process of the surface temperature and mass fraction of water vapour on

the interface between air and membrane:

Ts(i> n+ 1)applied = Ts(i, n) + a(Ts(i, n+ 1)calculated - TS(i> n)) (221)

wi(i, n+ 1)applied = wi(i, n) + a(wi (Z, n—+ 1)calculated - wi(i, n)) (222)

where « is the under-relaxation number used to control the stability of the iteration process.
Ts(i,n + 1) catcutatea indicates the interface temperature calculated by formula 2.17 and Ty(i,n +
1) applica represents the boundary temperature applied and used for next time step calculation
by under-relaxation control. The subscript of formula 2.22 is using the same logic as formula
2.21. Testing showed a value of 0.9 to be the maximum to assure convergence from the first
time step and was used here throughout; the choice of value of «. could potentially be adapted
during the process as the first time steps require the greatest adjustment of boundary values

to achieve equilibrium between heat flux from the organ and into the air.
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2.2 Nasal cavity flow

2.2.1 Definition of simulation

The physical models used for nasal cavity simulations are listed in table 2.1

Nasal cavity geometry

Flow model Laminar

Energy model | Segregated fluid temperature

Flow property Ideal gas law
Transient term Implicit unsteady
Solver Segregated flow solver

Table 2.1: Nasal cavity simulation setup details.

The unsteady laminar flow model is used for solving the NS equations. The unsteady equations
are solved with a relatively coarse time step and without applying turbulence modelling. This is
because previous studies [127, 132] show flow is predominantly laminar in the nose in quiet and
moderate breathing regimes. By contrast, some previous studies have applied a RANS-type
turbulence model [133]. Given the experimental evidence for laminar flow at lower flow rates,
and weakly transitional flow at rates as high as almost 1 L per second [42] , justification for
the use of RANS modelling is lacking. However whilst computations performed in this study
show unsteadiness to be largely absent up to the merging of flow at the posterior septum, some
‘flapping’ of flow occurs in the nasopharynx but with negligible effect on resistance or other
metrics. The presence of flapping produces small fluctuations in flow resistance, so that a steady
laminar flow solution does not exist; computationally this should be manifest as an inability to
achieve a well-converged solution, except at very low flow rates where the nasopharyngeal jet
is steady. Compared to the fully resolved computations of [42], the time step employed here
is much coarser but was found in a temporal convergence study to be sufficient to capture the
low frequency flapping at the nasopharynx, which is the only significant source of unsteadiness

at the flow rates studied here. A further advantage of applying an unsteady solver is that it
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enables the time course for water and heat flux equilibration to be determined.

For heat transfer within the nasal cavity, the segregated fluid temperature model solves the
total energy equation with temperature as the solved variable, then the enthalpy is computed

from temperature according to the equation of state.

2.2.2 Spatial convergence

The volume mesh for simulations was generated by STAR-CCM+ 11.04. The mesh in the bulk
of the geometry consist of a polyhedral mesh which is about five times efficient than tetrahedral
mesh [134], and a layer of prismatic cells near the wall comprising sheets stacked on top of each
other so that the gradients of velocity, temperature and water vapour concentration near the
wall can be accurately resolved. The height of the prism layer has been controlled to locate
within the viscous sub-layer of the boundary layer to ensure near-wall accuracy. Local mesh
refinement was applied on the geometry wherever is necessary. The details of the mesh statistics
of each simulation is documented in the associated chapters. Mesh quality is always one of the
most important parameters to increase the robustness and accuracy of the simulation results.
Low quality cells might direct to the wrong simulation results or even lead to divergence of the
solution process. An essential step before running simulation is conducting a mesh diagnostic
check within STAR-CCM+; two measurements can be used to judge the mesh quality which
is face validity and volume change. The specific guidelines of STAR-CCM+ can be found in

appendix A.1.

The cohort of nasal cavity simulations are running with an order of 4 million mesh elements
that comprise a polyhedral mesh in the bulk of the flow and prism layers at the near wall
region. The mesh independent check was conducted with a range of mesh elements from 2.5
million to 6.3 million on subject D and ideally this can be used as a guidance for other nasal
cavity simulations. The details of mesh statistics and the mesh structures can be found in

appendix A.3.
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The overall total pressure loss of subject D congested cavity with various mesh elements is
listed in table A.2 at flow rate 30 Lmin~!. It shows the total pressure loss converging to the
same value while increasing the total amount of mesh elements. The total pressure loss is
a temporal mean value between solution time 0.1 s and 0.3 s and the reason is explained in
appendix figure A.1. The relative error is calculated using the finest simulation (case D(f)) as
the reference case and is listed in percentage. As shown, the simulation with 4 million mesh
elements has only 1.2% difference in pressure loss compared to the reference simulation and
that was chosen as the mesh setting for the cohort nasal cavity simulations. Similarly, the

subject D decongested cavity mesh independent check details are displayed in appendix A.4

2.2.3 Temporal convergence

For the temporal convergence study, table 2.2 lists simulations with various time step param-
eters but with the same amount of mesh elements (4 million). It shows that when the time
step changes from 5 ms to 0.1 ms, the effect on total pressure loss is not pronounced and the
fluctuation of different cases are within 2%. This is also similar for quantities of total heat
transferred and water flux transferred, although it has been found that the existences of un-
steadiness through the nasal cavity [92]. In other words, we can conclude that for quantities
concerned of this study, the simulation results of nasal cavity flow are not sensitive to the

temporal resolution.
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Subject(mesh identifier) D(c) | D(c) | D(c) | D(c) | D(c) | D(f)

Time step (ms) 5 2 1 05 | 0.1 | 0.1

Mean total pressure loss
24.3 | 243 | 24.2 | 24.1 | 24.2 | 24.5

between inlet and outlet(Pa)

Relative error (%) 08 | 0.8 | 1.2 | 1.6 | 1.2 0

Total heat transfer
5.22 | 5.19 | 5.19 | 5.18 5.2 5.19

across the cavity (W)

Relative error (%) -0.58 | 0 0 |019]-019] 0

Total water transfer
1.12 | 112 | 1.12 | 1.12 | 1.12 | 1.12

across the cavity (e-5) (kg/s)

Relative error (%) 0 0 0 0 0 0

Table 2.2: Subject-D temporal resolution independent check. Besides total pressure loss, there
are two other quantities that being studied: total amount of heat transferred as well as the
total amount of water. D(c) represents the subject D congested cavity with 4 million mesh
elements.

To further investigate the effect of temporal resolution on the simulation results. Figure 2.4
shows the total pressure drop between inlet and outlet during the simulation in physical time.
As can be seen the evolution of pressure loss for case D(c) with 1 ms time step approximately
matches that of case D(c) with 0.1 ms time step, in terms of level and oscillatory character
although it appears out of phase both in magnitude and time. To achieve the similar level of
accuracy of simulation results, the temporal resolution of 1 ms is chosen and applied to the rest
nasal cavity simulations, as it is shown the mean total pressure loss and total amount of heat
and water exchange does not show significant difference (table 2.2). (The oscillatory behaviour
is principally due to flapping of the flow from the nasal choanae leading to the nasopharynx, as
shown the flow recirculation in figure 3.4.) Even further, the plot of simulation with 6 million
and 0.1 ms time step shows extremely similar to results of case D(c) of 0.1ms time step in

frequency and 1.2 % mean offset in magnitude.
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Figure 2.4: Total pressure loss plot along with simulation physical time.

2.2.4 Water flux balance

According to the heat flux model described for the nasal cavity simulations, the heat flux
originating from the virtual membrane should take time to reach equilibrium with that lost at
the surface, due to thermal inertia of the mucosa and the development of a thermal boundary
layer in the flow. The current model neglects thermal inertia effects and we consider only steady
flows. After an initial transient, a steady state needs to be reached numerically at which point
the amount of water flux from the cavity surface should equal to the amount of water increased
within the same geometry range. Figure 2.5 shows the comparison of water flux from the cavity
surface and the amount of water added between AS and PS plane. It shows that after 0.07 s,
these two quantities start to converge to a same value, although the plot for both quantities
shows fluctuation which is due to the unsteady nature of the nasal cavity flow. Whilst the total

amount of water coming from the cavity wall and the increased amount of water within the
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same geometry range should be the same, there is a small numerical difference of 0.6% which
we ascribe to differences in the computation procedure for each flux requiring evaluation and

summation of gradients versus summation over interior cell values for moisture content.

9 X 1078 SubjectD-Congested water flux balance
"-\ —Water flux from cavity surface between AS and PS
8.8 1 \ —Water flux change between plane AS and PS
86
847

Water flux (kg/s)
[0e]

7 | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
Physical time(s)

Figure 2.5: Comparison between integrated water flux from nasal cavity surface and the differ-
ence of water flux between inflow and outflow.

2.3 Nasal cavity boundary conditions

To make the simulation as realistic as possible, the nasal cavity surface from segmentation is
defined with the in-vivo conditions. As mentioned above, the artificial surfaces that needed to
seal the volume of interest which used by CFD solver were created and named as ‘Atmosphere’
for inlet and for outlet there is only simple extrusion created from the end of the original surface.

Figure 2.6 shows the location and size of the half sphere inlet as well as the outlet extrusion.
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ﬁ

Figure 2.6: Demonstration of artificial inlet and outlet boundaries. The diameter of half sphere
inlet is 1m and the outlet extrusion length is 0.05m to assure the ideal flow profile.

All the simulations are performed specifying the mass flowrate at the inlet. The outlet is set
as a pressure outlet with a value of zero of the static pressure. The inflow farfield boundary
corresponds to a half sphere of radius 0.5 m. Previously it was shown [127] that air entering the
nostrils rapidly approaches a simple sink type flow with increasing distance from the nostrils, so
the influence of the farfield diminishes rapidly with distance. Effectively, this renders the flow
largely insensitive to the location of boundary condition specified. Subsequently Bates [128§]
confirmed that the choice of velocity vs pressure as the prescribed inflow does not alter the flow
dynamics, by comparing the solution obtained using pressure vs the solution using velocity as
the prescribed inflow, (figure 4.4 of Bates thesis [128]). Since the transnasal resistance fluctuates
slightly depending on the instantaneous flow pattern, if pressure is held constant, flowrate will
fluctuate and vice versa when flow is held constant. Since these fluctuations are small and
moreover since the applied inspiratory pressure in-vivo is not constant, the different forms of
boundary specification may be considered immaterial for the simulations reported here. The
direction of flow into the volume is normal to the inlet surface boundary. Both inlet and outlet
are located far away sufficiently from the volume of nasal cavity to avoid the flow being affected
by the well-posed boundary conditions. This study simulated two flow rate of the nasal cavity

simulations: (1) 15 L.min™", for restful breathing; (2) 30 L.min" for representing light exercise
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breathing rate. The heat and water boundary values have been specified in the previous sections

where the implementation process of heat and water model is described.

Although most parts of human airway tract surfaces are covered with soft tissues, in the CFD
simulations they are treated as rigid wall and with non-slip condition (velocity equals to zero
on the surface). In addition, the movement of airway surface during breathing process is
also not in the scope of this study, but it has been studied by Bates lately [135]. Furthermore,

simulations without individual description, the boundary conditions described here are applied.

2.3.1 Heat and water flux boundary condition:

choice of model and definition of exchange region

As has been discussed above, the human nasal cavity inner surface is covered with mucous that
directly provides the source of heat and water while doing air-conditioning during breathing.
However, the nostril inner surface is not as humid as the turbinate surface. The way that the
nasal cavity surface changes from relative dry surface (nostril inner surface) to humid surface
(turbinate surface) is not clear. The effects of different ways of defining the transition from dry

to complete mucus film in the simulation are addressed and compared here.

At the vestibule, the human nose is lined with a mucous membrane of squamous epithelium,
which is tissue then transitions to become columnar respiratory epithelium, a pseudo-stratified,
ciliated (lash-like) tissue with abundant seromucinous glands, which maintains the nasal mois-

ture and protects the respiratory tract from bacteriologic infection and foreign objects.
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Figure 2.7: Partition defined for transitions from ‘dry’ surface to water exchanging surface. Ti,
T5, T3 and T 45 represents the temperature at location of plane 1, 2, 3 and AS; T, means the
temperature of inflow stream.

Figure 2.7 displays the partitions that used for defining the transition from ‘dry’ surface to
water exchanging surface. As defined, (1) section within 1 and 2 represents the nostril; (2)
section between plane 2 and 3 indicates the vestibule; (3) section between plane 3 and AS is
a part of the anterior cavity. The transitions of heat and water are only discussing within the
region formed by plane 1 and AS. Transition from ‘dry’ surface to water exchanging surface
varies from (1) BC1, no transition for both heat and water: the surface is treated as the same as
the fully saturated from plane 1; (2) BC2, for heat, transition between plane 1 to 3; for water,
transition between plane 2 to 3; (3) BC3, for heat, transition between plane 1 to 3; for water,
transition from plane 2 to AS; (4) BC4, for heat, transition between plane 1 and 3; for water,
transition from plane 1 to 3; (5) BC5 is the same as BC2 and the surface mass fraction value
is different. The calculation of 7, is the same as previous study [44] and the details are shown
in appendix A.5. Table 2.3 illustrates the exact boundary values used for various transition

combinations.
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BC1 Tl - Tface; Tl*AS = TS

1-AS .
Mo = Mipo

BC2 | T1 = Tace; Th-3 = T1 * % + T ddﬁ; T3 a5 = T,

1-2 2-3 : d3 42 . 3-AS _ .
Mo = 0; Mo = Mifhoi Mo = Miro * Bg T Mo * B Mo, = Mo

BC3 | 11 = Tface; Ti_3="1T; % % + T3 * ﬁ; Ts_a9 =T,

21-2 (). 252 2-AS _ 2 _d2 . 2 AS s
Mo = 05 Mo = Mifhoi Mipe = Mo * d2+d Rl M0 * dotdas’ MH20 = "H20

BC4 | Ty = Thace; Tis = Ty % g% + Ty 7% Ty a5 = Ty

21 air -3 -1 ds _dy . 3 3—AS _ -s
Mo = MHs0; Mo = Mo * T Mo * 70 Mo, = Mo

BC5 Same as BC2, but the value of mgoo is calculated with two-film theory.

Table 2.3: Transition region heat and moisture boundary conditions. In the transition region,
the surface value is calculated by interpolating between conditions specified at the planes de-
noting start and end of the transition region. Lower case d,, e.g. di, ds, d3 and dag represent
distances of an arbitrary point on the surface to the bounding planes of the appropriate tran-
sition region, for example d;, d3 are used between planes 1 and 3 and dy , das between planes
2 and AS. The surface mass fraction of water of BC5 is calculated using two-film theory rather
than simply assuming a fully saturated condition on the cavity surface.

Figure 2.8 show the initial values when applying each of the boundary conditions described,
except BC5. As can be seen the change of boundary conditions from BC1 to BC 4 for both
temperature and water mass fraction on the anterior cavity surface shows different heat and

water maps accordingly.

The cumulative sum of the amount of water transferred into the cavity along the nasal cavity
centerline for the various surface treatments is plotted in figure 2.9. As can be seen, the total
amount of water flux transferred are similar for all cases with the notable exception of BC5,
although there is a relatively larger mismatch in the anterior part of the cavity. The varies
anterior transition combinations does affect the amount of water transferred into the cavity.
The dashed line of BC1 represents the boundary condition that with no transition, has the
maximum amount of the total water flux into the cavity. However, the significant difference of
water model between BCH and the others is that BC5 is using the two-film transfer model for

water as well [44], just like the way how heat flux is treated in this study. Consequently, the



2.3. Nasal cavity boundary conditions 75

relative humidity on the interface between airflow and cavity surface will not be able to reach
fully saturated condition, not the same as this study. Thus as can be seen from the plot, this
will lead to nearly 40% less water flux transfer into the cavity compared to BC2, which is used

for cohort study.
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(a) Initial temperature condition of BC1. (b) Initial water condition of BCI.
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(¢) Initial temperature condition of BC2. (d) Initial water condition of BC2.
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(e) Initial temperature condition of BC3. (f) Initial water condition of BC3.
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(g) Initial temperature condition of BC4. (h) Initial water condition of BC4.
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Figure 2.8: Initial condition with displayed by scalar map of multiple boundary conditions.
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Cumsum water flux (kg/s)

Centerline Plane

Figure 2.9: Cumulative anterior to posterior local water flux from cavity surface.

2.3.2 Membrane thickness sensitivity

The membrane thickness of the heat and water model will affect the amount of water that can
be transferred through the cavity surface. For the 4 different values of thickness and the flux
limited condition, the evolution of the flux balance is plotted, in figure 2.10. From this figure,
it can be seen that the rate of the water flux from a volume balance (water inflow - outflow in
the cavity) reaches equilibrium with the water flux transmitted through the cavity wall surface
more rapidly with reducing the membrane thickness. This means thinner membrane thickness
allows a quicker water flux equilibrium to be reached under the same boundary condition. The
plot of BC5 (flux-limited) not only shows a slower rate of reaching the equilibrium of water
flux, but also a much lower value compare to the same membrane thickness of BC2. The
results show that the time required for the water flux from the cavity surface and the water
flux increase between the inflow and outflow of the same geometry to equilibrate depends on

both the membrane thickness and also on the amount of the water transferred from the surface.
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Figure 2.10: Comparison between water flux transferred from cavity surface and the difference
between inflow and outflow within the geometry range of plane AS and PS.

2.4 Laryngo-tracheal flow

Flow in the nasal airways is predominantly laminar under quiet breathing conditions, owing to
the relatively low Reynolds numbers of O(1000). Flow entering the nasopharynx is generally at
least weakly unsteady; rapid area variations in the supra glottic space may produce localized
jets [42] and the restriction of the glottic aperture produces a local acceleration. Consequently
flow in the trachea is turbulent, posing more severe computational demands on laryngotracheal

and tracheal simulations.

2.4.1 Transitional and turbulent flow models

Direct numerical simulation (DNS) numerically solves the NS equations without introducing
any turbulence model. This indicates that all the scales, both spatial and temporal, of the

turbulence must be resolved. It is the ideal case if there are enough computational resources
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available. Typically it requires a higher order spatial discretization schemes and explicit tempo-
ral integration to help reduce the incurred numerical errors [136]. However, in STAR-CCM+,
only second-order central-differencing scheme with boundedness is used, along with second-
order implicit temporal discretization, which has been shown to produce a reasonable but not
fully verifiable confidence of accuracy to meet the demanding standards for full DNS in most
cases. Therefore, this method is called quasi direct numerical simulation (qDNS) in STAR-

CCOM-+ [137, 138)].

A popular alternative to DNS is LES, in which the larger scale unsteady features of turbulent
flow are simulated, but the fine scale turbulence is modelled by an approximation. Still less
accurate are models in which all of the turbulent fluctuations are modelled and the flow is
assumed steady, or at most varying in time but slowly relative to turbulence timescales. These
models are termed RANS, when the large scale flow is assumed steady, or unsteady RANS
(URANS), where the large scale flow is permitted to be unsteady, but over longer timescales

than the modelled turbulence.

The difference between turbulence modelling in LES versus that in RANS models is that for
LES, a spatial filtering is applied to the equation rather than a temporal averaging in the case of
RANS. Thus in LES, each of the variables is decomposed into a filtered component, that which
is resolved by the mesh, and a sub-grid value, which has a spatial wavelength too small for
the mesh to resolve. The rationale for LES modelling derives from Kolmogorov’s theory of the
self-similarity in turbulent flows [139], which suggests that it should be possible to explicitly
solve only the large eddies, which contain most of the turbulent energy, and to model the
small eddies by using a subgrid-scale (SGS) model. STAR-CCM+ provides three SGS models
to represent the unresolved turbulent length scales: Smagorinsky, Dynamic Smagorinsky, and
Wall Adapting Local Eddy (WALE). Within this study, the WALE SGS model is picked due
to its flexibility in handling wall-bounded flows and the transition regime, with a reasonable

computational cost for LES.
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Turbulence scales

Determining appropriate modelling for turbulent flows requires a basic understanding of the
length scales in a turbulent flow. From Kolmogorov’s theory, the length scales depend on the
kinematic viscosity and the rate of turbulent energy dissipation. To determine the turbulent
energy dissipation, it is usual to separate out the fluctuating components of the flow from the
steady components, since most flows (as in those modelled here) are assumed either steady or

relatively slowly varying in time.

The temporal mean of any flow property f can be defined as:

_ 1 t+T
f= limT_m?/ flz,y,z,t)dt (2.23)
t

where T represents the averaging time period and numerically, this integral form can be con-

verted to discrete form:

f(z,y, 2,1t) Zf, (x,y,2,1) (2.24)

where N means the number of samples considered within the time period 1" and i is the element

counter. The fluctuation of f can be expressed as:

f(@,y,2,t) = fla,y,2,6) = fz,y,2,1) (2.25)
The variance of f* will be in the form:

Variance(f') =f (z,y, 2, t)?

:((f(x,y,z,t) flz,y, 2,t) )2
=Ty 5 1P ~ 20 (.2 0w D)~ (Few0)
Tyt - (=)

(2.26)
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Numerically, the variance of f* will be defined as:

: 1| LN
Variance(f) = N1 fo - (N Zf’) (2.27)

=1

The means of quantifying the accuracy of CFD simulation results can be achieved by comparing

the mesh element size and time step to the smallest scale within the bulk of flow.

Kolmogorov scales are the smallest scales in turbulent flow and at this scale flow will domi-
nates by viscosity and the turbulent kinetic energy will dissipate into heat. The calculation of
Kolmogorov length scale need to obtain the turbulent dissipation rate first. As pointed out by

Delafosse et al.[140], the turbulent dissipation rate is defined as:
i\’ oy \ uy\’ oy \ uy\ oy \’
=p{2 — —= — - —_= 2
‘ V{ ((31’1) + <8x2) + (%3 * 81‘2 + 89@1 + 8113‘3
ouy\ oy \ oy \ Ouy Ouy — Ouy Ouy — Ouy Oug
3 72 3 o ( =122, T P2 TS
- (81}61) * (8953) * (8:@) * Ouy Ouy * Oug Ouy * Ouy Oy }

where u’l, ul2 and u;) represents the fluctuating component of velocity vector and v is the kine-

(2.28)

matic viscosity.

Once obtained the dissipation rate, the Kolmogorov length scale can be calculated by equation

2.29:

(2) o9

T = (5)% (2.30)
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2.4.2 Definition of simulation

In this work, there are two separate studies of the flow in the trachea. The first considers the
effect of glottic aperture on inspiratory flow in the normal trachea, whilst the second concerns
flow in pathological tracheas, where external compression by a retrosternal goitre results in a
deviated and constricted trachea. The first study includes the entire supraglottic airway, in-
cluding the nasal airway to provide realistic tracheal inflow. This study is conducted primarily
using an unsteady laminar flow simulation, without engaging an LES model, despite the ele-
vated Reynolds number. The second study applies LES modelling to pathological geometries

without nasal airway attached.

In both cases, simulations are compared with qDNS results, whilst the first (glottic aperture)
study also includes comparison with experimental data from a separate study. The relative
accuracy of different modelling approaches can thus be compared. Both studies are assumed

the flow density as constant and using segregated implicit unsteady solver.

2.4.3 Spatial convergence

A similarly meshing strategy is applied for tracheal modelling as used for the nasal cavity, with
the combination of polyhedral mesh in the core and prism layer mesh near the wall. Especially,
for LES model, a y+ value less or equal to 1 is sufficient to ensure the first layer of the cell is
located within the laminar sub-layer. For pathological trachea geometries, the most demand-
ing case (referred to as T15 in the later chapter) is selected to test for convergence (as the
most constricted geometry, this provides the strongest flow jet and should represent the most
complicated flow behaviour) and the mesh statistics for both complete airway and pathological

trachea can be found in appendix A.6 and A.7.

In order to investigate the dependence of the flow on the computational resolution, the trachea

geometry of 10 degrees glottis at flow rate 50 L.min~! is considered. First of all, the spacial
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convergence is conducted in a systematic manner and shown in table 2.4:

Simulation 1 2 3 4 5 6 7

Flow model Laminar | Laminar | Laminar | Laminar | Laminar | LES | qDNS

Mesh elements
1.8 2.2 2.9 4.6 6.5 11.2 14.6

(million)

Total pressure loss
107.6 107.8 108.7 109.4 110.0 | 118.3 | 118.5

Inlet - outlet (Pa)

Relative error (%) 9.2 8.3 8.3 7.7 7.2 0.2 0

Table 2.4: Mesh independence checks for trachea simulations with nasal cavity attached.

Table 2.4 displays 7 different meshes. From the table we can see that simulation 3 has a decent
converged result if simulation 7 is used as the reference, but with much fewer mesh elements,
which reduced from 14.7 million to 2.9). Simulation 3 can be considered sufficiently accurate
for measuring pressure loss purposes, given the uncertainty in the source image data, leading

to appreciable computational time-saving.

2.4.4 Temporal convergence

Results were obtained for time steps ranging from 5 x 107* s up to 5 x 1072 s; likewise, these
showed that a 1 x 1073 s time step to be sufficient to ensure relative accuracy over 95%. Keep
using the ¢DNS simulation result as the reference value, we can find the relative errors of various
time steps as shown in the table. From this we can conclude that the temporal resolution is
secondary to spatial resolution, in that comparable errors are found for all of the time steps

tested.
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Simulation a b c d e f

Time step (ms) 5 2 1 0.5 0.2 0.1

Total pressure loss
109.7 | 109.8 | 108.7 | 108.5 | 108.4 | 107.7

Inlet - outlet (Pa)

Relative error (%) | 7.4 7.3 8.3 8.4 8.5 9.1

Table 2.5: Temporal resolution effect on the overall mean total pressure loss of laminar model
simulation.

2.5 Laryngo-tracheal boundary conditions

Subjects with healthy trachea are simulated with nasal cavity attached to ensure a realistic
upstream flow profile. Figure 2.11a shows the healthy subject laryngotracheal flow simulation
uses the same half sphere as the inlet boundary as previously used for nasal cavity simulation.

Extrusions are applied to the bronchial outflow tracts as the outflow boundary.

The inlet and outlet boundaries of pathological tracheal geometries use simple extrusion as
shown in figure 2.11b, since the imaged region is normally of such limited extent to exclude
some or even all of the supraglottic airway. In these flow simulations, the inlet also uses a specific

mass flow inlet boundary type and the outlet is pressure outlet with zero static pressure.
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Figure 2.11: Figure a shows the boundaries for healthy subject laryngotracheal flow simulation,
while figure b shows the boundaries for pathological laryngo-tracheal flow simulation.

L to

Multiple flowrates are studied on complete airway geometries that range from 20 L.min~
80 L.min~! with 10 L.min~" as the interval. There is no heat and water model applied on the
laryngotracheal flow study. For pathological geometries, flowrate of 392 ml.s™ (23.5 L.min™!),
corresponding to the peak flow rate for a half sinusoidal inhalation of duration 2 s at a tidal

volume of 500 ml, using LES with the WALE sub-grid scale model in STAR-CCM+-. Other

flow rates (30, 40 and 50 L.min!) were also simulated for T15.

2.6 Definition of flow metrics

Reynolds number

The definition of Reynolds number is the ratio of inertial force over viscous force. The formula

of calculating mean Reynolds number on the cross-sectional plane is:

_ pUdy
I

Re

(2.31)

where p is the fluid density, U is the mean velocity of the cross-sectional plane, dy is the
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hydraulic diameter the geometry and p is the dynamic viscosity. The hydraulic diameter is
used to represent the characteristic length of the flow within non-circular tubes or channels and

the formula is:

dy = — (2.32)

where A is the cross-sectional area of the flow and P is the associated perimeter.

Within the nasal cavity, the Reynolds number of each half cavity is calculated individually
while the bilateral cavity Reynolds number a sum of mass flow weighted value of left and right

cavity Reynolds number, as shown below:

mr, mg
B L mry, —i—mR R mL+mR ( )

where Rep; represests the bialteral cavity Reynolds numnber and Rey, as well as Reg are the
Reynolds number of left and right cavity separately. mi; and nig are the mass flow of left and

right cavities.

Vorticity and wall shear stress

The vorticity of the flow field is represented by w which is the curl of the flow velocity u with

the form of w = 7 x u. The wall shear stress is defined as:

(?ul- 4 au]‘

where u; and u; are the velocity components, n; is a component of the wall normal vector.
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Pressure loss and resistance

The ideal airway would deliver fully conditioned air at a negligible energy cost to the lungs.
Instead, it is necessary for the respiratory muscles to expend work, known as the work of
breathing, in order to deliver air to the alveolar gas exchange surface in the lung. In normal
restful breathing, most of the effort required to move air occurs during inspiration and is
accounted for by the work required to overcome surface tension and expand the alveoli. The
airway surface resistance is generally a smaller component of the total work and is accounted
for primarily by the nose, the glottis and the early generations of airway branching. Considered
by itself, the contribution to airway resistance of the normal trachea is negligible. As air flows
through a conduit, the product of total pressure and flow velocity over a cross-section is equal
to the mechanical energy flux which can be evaluated by measuring the dissipation rate along
the flow axis direction. Thus an appropriate means to quantify the energy cost of a portion
of the airways is the total pressure loss across the corresponding region. Within this study,
a surface average report is created and used to calculate both the total pressure and static

pressure on the cross-sectional planes:

n
= % (2.35)
where 7 is the face identifier, n is the total amount of the faces of each cross-sectional plane,
A is the area and P is pressure. Similar as this area averaged calculation of pressure loss,
the mass flow averaged calculation of pressure loss can avoid the artefact effect of calculation
of flow measures such as total pressure loss or resistance, especially in the flow recirculation
region. The formula is in the similar form as equation 2.35 but with an added weight factor
which is mass flowrate on each surface cell centre:

fin w; - PdA;

Pm = —rm_ 71

(2.36)

where P,,; is the pressure on each cross-sectional plane with mass flowrate weighted. w; is the

weight factor which is equal to the mass flowrate on each surface cell of the cross-sectional plane.
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The unit flowrate pressure loss is defined as the ratio of total pressure loss to the corresponding
flowrate. This is also named as resistance and is commonly used by clinician while assessing

the nasal cavity patency, which with the formula shown:

R= (2.37)

where PL is pressure loss and () is flow rate.

similarly as the bilateral cavity Reynolds number, the bilateral pressure loss and resistance are

also weighted by the mass flow split ratio between left and right cavities.

Energy flux and dissipation calculation

The changes in energy flux along the cross-sectional planes represents the energy required to
drive the flow though the geometry. The instantaneous energy flux on a specific plane is defined

as:

1 2
- /S(u-n)[PS + Solulas (2.38)

where u is the velocity vector, p is the flow density, P, is the static pressure and n is the
normal vector of the cross-sectional plane. The first term within the round bracket represents
the velocity normal component of the cross-sectional plane and the term within square bracket
is total pressure. The surface integral over the product of these two terms indicate the energy
flux through the associated planes. The total energy loss within a volume formed by plane i

and j can be calculated by formula:

AE = (E; - E)) (2.39)
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On the other hand, the energy lost of the fluid can also be evaluated by calculating the dissi-

pation rate of the fluid as shown by formula 2.40:
(1)« i)+ (5)
() 9(y) d(2)
+ %_Fa_v 2+ @_*_a_w 2_|_ @_‘_a_w 2}
oy Oz 0z Ox 0z Ow

For RANS turbulence model, the velocity contains two components which are the field mean

€total = V {

(2.40)

component () and fluctuating component (u'), then the dissipation rate can be evaluated as

laminar or turbulent dissipation separately.

Relative humidity and moisture content level

In the case of the nasal airways, besides the axial resistance through the cavity, the way air is
directed and divided in the cavity is examined in this work in order to quantify the effects of
geometry on the patterns of flow. Whereas the energy cost of flow delivery may be thought of
as the primary metric, there are important secondary costs that can also be measured. Firstly,
the degree to which the nasal airways accomplish warming and humidification are important

measures which can be reflected by the increase in temperature and relative humidity (RH).

RH depends on the temperature and is normally defined by either the ratio of water vapor
partial pressure to the equilibrium vapor pressure or the ratio of actual water vapor dry mass
mixing ratio w to the saturation mixing ratio w, at the corresponding temperature and pressure.

The equation of calculating relative humidity used in this study is:
w
RH (%) = 100 o (2.41)

This is equation is used for setting the boundary conditions. However, a re-defined term that

used for describing the humidity level of the flow within nasal cavity is introduced and named
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as moisture content level to the alveolar condition. The fully saturated wet air at 37°C can be
guaranteed by every healthy subject when the flow reaching alveolar location (except extreme

conditions). Then the Moisture Content (MC) level can be calculated by the following formula.

w

MC(%) = 100 * (2.42)

warec
where w indicates the mass fraction of H20 at local temperature and ws7.¢ represents the fully

saturated mass fraction of H20 at 37°C.

Fanning Drag coefficient and Poiseuille number

As described by Muzychka et al. [141], steady laminar flow in a long duct is governed by the

balance between pressure gradient and viscous dissipation:

Vp = uv3V (2.43)
~~~ N~
pressure friction
A simple scale analysis of the above equation give for the left hand side:
AP V
— = 2.44
L IuLghar ( )

where L., is some appropriate characteristic length scale, e.g. the hydraulic diameter. Ap-

plying similar order of magnitude analysis to the wall shear stress we get:

v
~ 2.45
! 'uLchar ( )
Introducing the non-dimensional Fanning friction factor, as shown:
WSS
f= = (2.46)

0.5 pu*  1pV?
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and dropping the numerical factor % for simple order of magnitude analysis:

So that we can expect:

f-Rep,. ~1= f-Rey, = C, a constant. (2.48)

char char

For a cylindrical tube, the solution is readily found to be:

16
n Red

f (2.49)

For more complex duct shapes (assumed with uniform cross-section), the value of the constant
varies. It can be computed analytically for simple shapes since with a constant pressure gra-
dient, the equation 2.43 reduces to a constant right-hand side Poisson equation that can be
transformed into Laplace’s equation (the analogous relation for heat transfer is considered in
previous study [142]). In all cases, a perimeter-averaged wall shear stress can be computed,

from which the Fanning friction factor can be deduced.

Defining the Poiseuille number as:

Po=f-Re (2.50)

according to Muzychka et al. [141] and this varies from 12 to 24 for long duct but with constant

cross-section.

However, for developing flows, the wall friction is determined by the momentum balance in the

boundary layer, which for steady flow is that between inertia and friction forces, i.e:
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pV -VV = V2V (2.51)
—_— =
inertia friction

Under this situation, the Poiseuille number is considerably higher due to the developing bound-
ary layer effect. Also as discussed by Muzychka et al [141], boundary layer development is slower
in a duct than in an external flow due to the acceleration effect of the growing boundary layer;

consideration of this leads to the generally accepted relation:

Lh = O.OlthReDh (252)

where Lj, is the hydrodynamic entrance length; Dj is the hydraulic diameter. The effect of
boundary layer development is to enhance Poiseuille number, with the degree of enhancement
dependent on a reduce duct length scale:

_ L/Dy

Lt =
R@Dh

(2.53)

As an indication, for a rectangular channel, a value of L+ of O(0.01) can double the value of

Po (figure 7 [141]).

Film coeflicient

In heat transfer, the heat film coefficient is defined as the ratio between the heat flux Q and

the driving force of the heat (temperature difference):

Q = hAAT (2.54)

where A is surface area where the heat transfer takes place, AT is the temperature difference
between the fluid temperature and the solid surface temperature and h is the heat transfer

film coefficient. Convective heat transfer occurs in the presence of a temperature difference
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between a moving fluid and at least part of a surface bounding the flow. In the same way that
there is a velocity boundary layer between the (zero) net velocity at the wall and the flow veloc-

ity at some distance from the wall, there is a thermal boundary layer in convective heat transfer.

In analogy to the heat transfer, the mass transfer film coefficient can be defined in similar

terms:

h = hoAAcy (2.55)

where 1 is the mass transfer rate, h. is the mass transfer film coefficient, A is the surface area
where the mass transfer takes place and Acy is the mass concentration difference between the

fluid and the solid surface.

Dimensionless parameters: Nusselt number and Sherwood number

To be able to quantify the relative importance of convective versus conductive heat transfer

across a boundary, the Nusselt number (Nu) then is introduced:

Nu=— (2.56)

where h is the convective heat transfer coefficient and L is the characteristic length, k is the
thermal conductivity of the fluid. A Nusselt number close to one typically indicates a laminar
flow, while a larger Nusselt number normally corresponds to turbulent flow with more active
convection. The choice of characteristic length L depends on whether this is a developing

boundary layer or fully developed flow, the hydraulic diameter is typically used.

The analogous mass transfer Nusselt number is named as Sherwood number (Sh): the ratio of

the convective mass transfer to the rate of diffusive mass transport. The corresponding formula
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is:

heL

Sh = D

(2.57)

where L is characteristic length, D is mass diffusivity and h. is the convective mass transfer

film coefficient.



Chapter 3

Geometry and airflow in congested and

decongested nasal cavities.

This chapter presents the results of a study of nasal cavity geometry and inspiratory airflow
in the normal state and after application of a topical decongestant. For simplicity, we will
refer to the normal state as congested and refer to the post-decongestant application state as
decongested. Computational fluid dynamics is applied to determine detailed patterns of airflow

in 10 subjects nasal airways in both congested and decongested states.

In the first part of this chapter, the methods of analysis are illustrated as they are applied to
a subject specific geometry. In the second part, the analyses illustrated for the subject specific
case are presented for the whole cohort, both to illustrate the range of inter and intra subject
variability and to test the significance of the changes associated with decongestion. Bilateral
(20) and unilateral (40) geometries, including congested and decongested geometries, are shown
separately. The significance of the findings and ancillary results are then discussed and pre-

sented.

94
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3.1 Subject specific analysis of nasal airflow

For the subject specific geometry (subject D) considered below, we will present the results in

the following sequence:

1. the location of the series of interrogation planes used for comparative analysis;
2. the anterior to posterior nasal cavity cross-sectional area distribution;

3. the anterior to posterior variation in Reynolds number;

4. illustrations of the flow field;

5. wall stress maps;

6. effects of flow rate on metrics such as total pressure, resistance and friction factor.

3.1.1 Definition of planes

From anterior to posterior, the nasal cavity is separated into a series of sections separated
by cross-sectional planes at the nostril (Nos), nasal valve (NV), vestibule, anterior septum
(AS) and posterior septum (PS). The particular cross-sectional planes defined for this study
applied to the given subject (D) as shown below, figure 3.1, where the figure also indicates
the anatomical features used as key landmarks. The region between the anterior septum and
posterior septum is divided into four equal sub-regions by planes labelled: 1V, 2V and 3V.
As shown by figure 3.1, there is another set cross-sectional planes are generated and ideally
it is perpendicular to the geometrical centerline of the cavity, which is indicated by the red
dashed line in the figure. Although the dimension of each nasal cavity is not the same, the
anatomical features of nasal cavity are fairly consistent. To standardize the analysis for all the
nasal cavities, the intranasal centerline distance is normalized between 0 and 1, as labelled in

the figure.
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Figure 3.1: Subject D congested cavity geometric view that rendered by STAR-CCM+-. Blue

lines are planes that defined according to anatomical landmarks and the red dashed line is an
indication of nasal cavity centerline within normalized value between 0 and 1. The grey lines
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are the projection view of cross-sectional slices along the cavity centerline.

3.1.2 Cross-sectional area variation

For this subject, the corresponding cross-sectional area (CSA) distributions are plotted in fig-
ure 3.2 for both congested and decongested nose; note that the separation of left and right
CSA only extends to the posterior septum. Figure 3.2a is the cross-sectional area distribution
under congestion, while figure 3.2b shows the same but in the decongested condition. It appears
that whereas the nasal cavity area from nostril to nasal valve is barely altered, the gross effect

of decongestion occurs from the anterior septum through the turbinate region, increasing the

whole cavity cross-sectional area by more than 50%.

Furthermore the results indicate that decongestion does not simply equalize areas on each side
of the nose: a finding emphasized by the results from the whole cohort as shown later. For this
subject the increase in cavity CSA (and correspondingly volume) is significantly greater on the

right than on the left side; moreover the degree of cross-sectional area dominance of the left

cavity over the right cavity is completely altered by decongestion.
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In the case of this subject, the point of minimum CSA (CSA,,;,) in the right cavity does not
occur at the nasal valve in the congested state, but is located posteriorly at location 1V; by
contrast decongestion clearly establishes the nasal valve as the CSA,,;, location for both sides.
The magenta line in figure 3.2 shows the cross-sectional area measurements from Zhao et al [2]
over 22 healthy subjects during resting breathing. It can be seen that the measurements for this
subject are comparable with Zhao et al’s results, although the way of defining cross-sectional
planes are considerably different in the anterior nose, where Zhao et al. use purely vertical
(coronal) planes rather than angled normal to the flow direction (refer to figure 2 of Zhao et

al. [2]). Comparison of our complete data set with the results of Zhao et al. are shown later.
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Figure 3.2: The horizontal axis represents the normalised centerline distance and labelling with
the anatomical markers that defined previously. Those abbreviations are: Nos = nostril plane,
NV = nasal valve plane, AS = anterior septum plane. 1V = first vertical plane, 2V = second
vertical plane, 3V = third vertical plane and PS = posterior septum plane. The magenta line in
the figure shows the results from Zhao et al [2]. For both congested (left figure) and decongested
(right figure) cavities, the unilateral and bilateral cavity cross-sectional area distribution are
plotted and compared with Zhao et al. results.

3.1.3 Reynolds number variation

Using the definition of hydraulic diameter, equation 2.32, and taking mean velocity as the
flow rate divided by CSA, the variation in Re for congested and decongested cases is shown in
figure 3.3. Note the large difference in Reynolds number regimes between the anterior cavity,

up to the head of the middle turbinate at location 1V approximately (Re values of order 1000
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at the nasal valve), and the fully turbinated region from 1V to the posterior septum (Re of
order 500). For a simple pipe of diameter d, Reynolds number expressed in terms of flowrate

reads as:

Re = — (3.1)

and so for a given flowrate, an increase in cross-sectional area would consequently reduce the
Reynolds number. However for nasal airways, where mean velocity is defined as % and the

hydraulic diameter is used in place of diameter, Reynolds number is computed as:

40

P (3.2)

Thus, although the CSA is significantly increased by decongestion, the perimeter change in the
main cavity, approximately the sum of the product of cavity height and passage width is much

less altered, and the effect of decongestion on Reynolds number is slight.

In the case of this subject, the major effect due to decongestion of the right cavity is that it also
lowers resistance there, significantly increasing the flow on that side. In fact in the turbinated
region between plane 1V and PS, the figure 3.3b shows an increase in Reynolds number in
this region for the right cavity, suggesting that the increase in flow on this side more than

compensates for the increased Dj; there is a slight decrease in Reynolds number on the left.
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Figure 3.3: Decongestion effect on Reynolds number variations of subject D at flowrate of 30

L.min~"'.

3.1.4 Flow field variation

The velocity field before and after decongestion is compared in figure 3.4, in which the con-
gested cavity is shown on the left and the decongested cavity is shown on the right. Prior to
decongestion, the left cavity has considerably higher flow speeds than the right side cavity; in
fact the mass flow left-right split in the congested case is 66%-34%. After decongestion, the
left-right flow split is 47%-53% so that the flow speed in the right cavity then exceeds that of the
left cavity. Overall from the figure, it is clear that the volume expansion in the cavity posterior
to the nasal valve caused by decongestion leads to the reduction of velocity magnitude under
the same flowrate. Moreover, the figure also shows that the volume expansion after the nasal
valve induced by decongestion (figure 3.2) not only lowers flow speed but reduces flow in the
superior cavity, leading to recirculation regions in the anterior cavity in both sides (figure3.4

and figure 3.5).
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Figure 3.4: Subject D cavity cross-sectional planes view of velocity field at flowrate of 30
L.min~!. Figure 3.4a is congested cavity and figure 3.4b is the decongested cavity.

Total Pressure (Pa)
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Figure 3.5: Subject D sagittal plane view of total pressure distribution at flowrate of 30 L.min~
for both congested and decongested cavities. Figures on the left are representing the left cavity
while the right side means the right cavity. Same sagittal plane is taken on each side of the
cavity before and after decongestion.

1

The total pressure distribution on the same sagittal planes as described for the velocity field
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are shown in figure 3.5, with superimposed arrows indicating the flow direction. Cavities under
both congested and decongested conditions both indicate a rapid loss of total pressure across
the nasal valve. In the congested case, the magnitude of total pressure loss is clearly far greater,
owing to the reduced CSA in the cavity. For decongested case, areas of recirculation area evident

in the anterior cavity, owing to the increased area into which the inspired air discharges.

3.1.5 Wall shear stress distributions

The wall shear stress (WSS) distributions on the cavity surface are compared in the following
sequence of images: (1) figure 3.6 (a-d), views of the turbinates as they would be exposed by
removing the septum, with left vs right cavities compared reading across the page, and with
upper pair corresponding to the congested nose and the lower pair to the decongested nose; (2)
figure 3.6 (e-h), views of the outer cavity wall in the same order as for (a-d); (3) figure 3.7 (a-d),

the final pair showing the views of the septal surface, again in the same order, is discussed later.

Considering the first set of views which show the inferior and middle turbinates, high shear
stress values occur both at the nasal valve and at the head of the turbinates where the nasal
valve flow jet impinges (figure 3.6a and figure 3.6b). WSS values are noticeably larger in the
congested left cavity than for the right cavity, due to asymmetric mass flow split. For the
decongested nose, the results show the WSS is relatively lower over both sides of the cavity
(figure 3.6¢ and figure 3.6d), as expected. However, it is also evident from the surface stream-
lines that there are extensive recirculation zones in the decongested cavities, compared to the

more unidirectional flow for the congested cavity.
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Figure 3.6: Subject-D congested VS decongested WSS distribution on turbinates. Figure 3.6a-
3.6d are the turbinates views that with the removal of septum, while figure 3.6e-3.6h are the
turbinates that viewed from outside of the turbinates.
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Figure 3.6e to figure 3.6h shows the same pattern as before, but now viewing left and right
nasal cavity surfaces from the same side as the maxillary sinus(which is removed and the
ostium closed). Finally, the WSS distributions on the cavity septum, figure 3.7, again shows
that the highest values all tend to locate at the nasal valve region of both sides before and after
decongestion. Comparing all three views of WSS in congested and decongested cavities, and
particularly this last septal surface view, one can also see a marked change in the inferior to

superior cavity flow distribution as a consequence of decongestion.

Wall Shear Stress: Magnitude (Pa) Wall Shear Stress: Magnitude (Pa)
0.0 0.2 0.4 0.6 0.8 1. 0.0 0.2 0.4 0.6 0.8 1.
| T I i | T Il i
(a) Con-Left (b) Con-Right

Wall Shear Stress: Magnitude (Pa)
. 0.4 0.6 0.8 1.0

Wall Shear Stress: Magnitude (Pa)
] 0.4 0.6 0.8 1.0

0.0 0.0

(¢) Decon-Left (d) Decon-Right

Figure 3.7: Subject D congested VS decongested WSS distribution on septum. Figure 3.7a and
3.7b are the congested left and right cavity separately, while the lower pair are the decongested
cavities.
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3.1.6 Effect of flowrate

Pressure loss and resistance

The effects of changes in flowrate were studied for both congested and decongested cavity for
subject D. The increase of flow rate has a minor but consistent effect on the flow split between
left and right side cavities, table 3.1. From the results, the left nose airflow dominates that
on the right, taking approximately 70% of inhaled air to the 30% on the right. However, the
decongestion changes the dominance which makes the left nose airflow takes only 47% while

53% on the right.

Flowrate | Con-L(%) | Con-R(%) | Decon-L(%) | Decon-R(%)
15 L.min~! 69 31 47 23
20 L.min~! 68 32 47 93
25 L.min~! 67 33 47 593
30 L.min~! 66 34 47 93

Table 3.1: Mass flow split ratio with various flow rate.

Nasal airway resistance (NAR) is generally defined as the static pressure loss experienced by air
flowing from nostril to nasopharynx per unit of volumetric flowrate, and is typically expressed
in terms of Pa.(L.min"')~!. However static pressure depends on the local flow speed through
the Bernoulli relation, so that changes in static pressure consequently do not reflect the energy
dissipated in overcoming frictional resistance. Total pressure loss rather that static pressure
loss is a better reflection of the total energy lost and NAR is defined here in terms of the total

pressure loss.

As shown in the figure 3.8, the total pressure loss increases from approximately 7 Pa at 15

L.min~! to 20 Pa at 30 L.min™" (figure 3.8a), i.e. doubling the flowrate increases pressure loss
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much faster than proportionately. Resistance (figure 3.8¢), which would remain unchanged if
pressure loss were linearly proportional to flowrate has increased, though only by approximately
a third. Comparing each of the unilateral cavities separately figure 3.9a and figure 3.9e, the far
greater flowrate in the left cavity alters the form of the pressure loss: the graph corresponding
to the left cavity shows a pronounced loss associated with the dissipation of the jet issuing
from the nasal valve. This feature is absent on the right, where the lower flow leads to a more

gradual patterns of loss.
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Figure 3.8: Bilateral cavity pressure and resistance distribution comparison before and after
decongestion with multiple flowrates. Figure a shows the total pressure loss across the cavity
from nostril plane until the posterior septum. Similarly, figure b shows the same results but after
decongestion. Correspondingly, resistance is plotted for congested and decongested cavities as
shown in figure ¢ and d separately.
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Figure 3.9: Left and right cavity pressure and resistance distribution. Figure a-d show the
distribution for total pressure loss on each single side of the cavity with flow rate raising from

15 to 30 L.min!.
pressure loss.

Resistance distribution is displayed by figure e-f in the same way as total
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Comparing both figure 3.8 and figure 3.9 decongestion for this case reduces the overall total
pressure loss by about two-thirds compared with that of the congested results. Similar ratio
also can be found from the comparison of resistance distribution. Figure 3.9 show the actual
total pressure loss, as well as resistance, are reduced extensively due to the expansion of the
cavity on both sides. Effects are more pronounced for the right cavity, which has a much higher
mass flow ratio than in the congested state. The effect of decongestion on the left cavity resis-

tance is also evident though not as significant as for the right cavity.

For comparison, figure 3.10 shows the static pressure distributions for subject D before and

after congestion applied, illustrating how the Bernoulli effect locally masks the drop in total

pressure.
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Figure 3.10: Static pressure distribution across the cavity with multiple flowrate on each single
side of the cavity. Figure a-b are the results under congested states and c-d are the results after
decongestion.

From the plot 3.10a we can see that flow in the congested left cavity is more complex compared
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with the right cavity, there are two times that pressure recovery occurred for all different 4
flowrates. The first time is located within plane AS and 1V, while the second time is within
plane 1V and 2V. Between plane AS and 1V is where the beginning of the head of middle
turbinate, this direct impingement of flow into the turbinate head will lead to the increase of
the local static pressure. However, in the same location of right cavity, the static pressure
plot does not show the similar trend which is because the highly asymmetric mass flow split
ratio between left and right cavity. Comparing figure 3.10a and3.10c it shows that due to the
vast expansion of left cavity after plane NV after decongestion (figure 3.2a), the flow in the
decongested left cavity of subject D shows much simpler profile than that of the congested state.
In addition, due to the expansion of right cavity as well after nasal valve, the static pressure loss
in the decongested right cavity is much smaller than that under congested condition, although

the decongestion right cavity has higher mass split ratio compared with the congested condition.

Frictional loss and Poiseuille number

The Fanning drag coefficient (f) is defined as the ratio between WSS and the dynamic pressure,
equation 2.46. Figure 3.11 illustrates the bilateral f factor and the Poiseuille number variations
along the centerline from nostril to posterior septum, with the left pair in figure 3.11 for the
subject D in the congested condition and the right pair are the results for decongested cavity.
For the Fanning drag coefficient, decongestion lowers the coefficient slightly and reduces the
anterior to posterior variations; increasing the flowrate significantly lowers the frictional factor.
On the other hand, the Poiseuille number plots show very similar distributions for congested
and decongested cavities. Looking at the values of f- Re for both bilateral and unilateral cavities
(figure 3.13), values for the Poiseuille number are generally between approximately 18 to 30 for
the posterior cavity. Large variations in Poiseuille number corresponding to changes in flowrate
are confined to the anterior portion of the nose. This suggests the posterior, turbinated region of
the nose corresponds more closely to an established duct flow (for which the Poiseuille number
would be independent of flowrate), whilst the anterior part shows a very different friction
coefficient behaviour, due to rapid flow development and possibly due to the presentence of jet

flow through the nasal valve.
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Figure 3.11: Decongestion effect on bilateral cavity Fanning drag coefficient and Poiseuille
number with multiple flowrate studied. The left pair show the results for congested cavities,
while the right pair are for decongested cavities.

It has shown that the decongestion cavity tends to have both smaller value and fewer varia-
tions of the Fanning drag coefficient for all the four flowrates being studied here. However,
the Poiseuille number distribution for decongested cavities shows slightly pronounced variation
across the cavity, although the values are fairly consistent with that of the congested cavities.
This might due to the more complex velocity profiles of decongested cavities that due to the

wider cross-sectional area caused by decongestion expansion.

If we analyze each half nose individually, the corresponding plots are shown in figure 3.12 and
3.13. It can be seen that, for congested cavity, both the Fanning drag coefficient and Poiseuille
number of right cavity show more fluctuations than the left cavity that due to the larger
variations of the cross-sectional area distribution (figure 3.2). Although the cross-sectional area

of both sides of the cavity are not constant from anterior to posterior and also the velocity
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profiles are unknown, this analogy to duct flow by analyzing the Fanning drag coefficient and

Poiseuille number shows that the behaviour of the posterior part of the nasal cavity are fairly

similar as the duct flow, contrary to the anterior part of the nasal cavity. Furthermore, the

decongestion cavity has more regularised distribution of both Fanning drag coefficient and

Poiseuille number, especially for under lower flowrate (15 L.min™1).
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Figure 3.12: All the plots show the Fanning drag coefficient distribution along the cavity
centerline of subject D. For each single plot, it shows the comparison with multiple flowrates.
Figure 3.12a and 3.12c are the results for congested cavity and figure 3.12b and 3.12d are for

decongested cavity.
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Figure 3.13: All the plots show the Poiseuille number distribution along the cavity centerline of
subject D. For each single plot, it shows the comparison with multiple flowrates. Figure 3.13a
and 3.13c are the results for congested cavity and figure 3.13b and 3.13d are for decongested

cavity.

3.2 Bilateral nasal cavity geometric and flow analysis

3.2.1 Geometry comparison

The study cohort size is 10, with two sets of data for each subject corresponding to their normal
state (labelled as congestion), and that after application of a decongestant, labelled deconges-
tion. The effect of decongestion on nasal cavity surface area, volume and surface area volume
ratio (SAVR) are tested for significance using the Wilcoxon signed-rank test [143]. This is a
non-parametric test, meaning it does not assume a form for the data distribution. The null
hypothesis for paired data set is that the differences have a distribution centered about zero.

With only 10 subjects, testing for normality would be somewhat questionable. Whilst paired
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t-testing could be applied more confidently to the unilateral data (assuming 20 independent
half nasal cavities), for the most part we rely on the Wilcoxon signed-rank test to compare

metrics for the two states.
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Figure 3.14: This figure shows the decongestion effect on geometric changes by showing the
results of Wilcoxon signed-rank test. Reading from a to ¢, plots show comparisons for: bilateral
area, bilateral volume and bilateral SAVR separately.

Concerning SAVR, this is defined as the cavity surface area over the cavity volume. It is a useful
metric to assess the effect of decongestion on the cavity geometry, particularly in relation to
the ability of the cavity wall surface to transfer heat and moisture to the cavity interior volume.
The flux of heat and water through the wall is limited by the temperature and concentration
gradients at the surface, so that reduction of SAVR will tend to reduce transport, and vice versa

for increases in SAVR. Figure 3.14 displays box plot of surface area, cavity volume and SAVR
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before and after decongestion. The median is shown by horizontal red line in the figure and the
top, lower edges of the box indicate the one and three quartile limits respectively. In addition,
the results of Wilcoxon signed-rank test are also attached in the figure by showing the value of
‘h’ only. The logical value of ‘h = 1’ indicates that the test rejects the null hypothesis that there
is no statistic difference of its median value at the 5 % significance level. For simple and easy to
read, the specific value ‘p’ will not be shown on each of the boxplot, instead I will labelled with
‘h = 1’ for significant cases and ‘h = 0’ for insignificant cases. Thus figure 3.14a shows that the
surface area change is not significant (h=0) after decongestion. However, the cavity volume and
SAVR comparison from figure 3.14b and figure 3.14c indicate the significant difference (h = 1)
with p value of 0.0039 and 0.0020 individually. The raw data of the corresponding geometric

measures can be found from table B.1 of appendix B.1.
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Figure 3.15: Anterior cavity minimum cross-sectional area comparisons for congested and de-
congested cavities, with h value shown for application of the Wilcoxon signed-rank test; h = 0
means the null hypothesis has been accepted.

Apart from being commonly treated as the first valve between atmosphere and lungs, the nasal
valve contains multiple components: septal cartilage (which is rigid), inferior portion of the
superior lateral cartilage (which has some mobility), the erectile tissue of the nasal septum and
inferior nasal concha head [144]. The change of nasal valve might cause significant effect on
the manner of directing inhaled air. Figure 3.15 shows the minimum anterior cross-sectional
area before and after decongestion distribution by box plot and the median after decongestion

is reduced from 1.8 cm? to 1.7 cm?. The corresponding Wilcoxon signed-rank test shows there
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is no significant difference with a value of h = 0.

Internally, the human nasal cavity normally contains three turbinates. From inferior to superior,
the turbinates direct the inhaled air flow across the largest possible surface area of the mucosa.
Based on the anatomical landmarks proposed by ENT surgeon Dr. Cetto, the nasal cavity
between the anterior septum and posterior septum can be divided into three sections: top,
middle and lower cavity. These sections are defined intentionally to capture each turbinate
separately. The SAVR variations of top, middle and lower sections of the nasal cavity cohort
under both congested and decongested conditions are demonstrated by figure 3.16. Although
the median of top cavity SAVR shows some difference (from 13 to 11) after decongestion, the
difference is not statistically significant within the level of 5 %. However, the SAVR of middle
and lower sections does show significant difference before and after decongestion, with p values
of p = 0.004 for the middle and p = 0.002 for the lower cavity. Note that, figure 3.16 shows that
top section of the cavity has the larger SAVR median than the other two sections, no matter

whether during congested or decongested conditions.
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Figure 3.16: Bilateral significance test of top, middle and lower cavity SAVR before and after
decongestion.

As have been defined previously, figure 3.1, the normalized distance of each characteristic plane

to nostril plane are listed in table 3.2. Although each nasal cavity has a different length,
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their normalized anatomical features location are similar and as shown in the table. ‘Nos’,
NV CAS’ 1V 22V 3V’ ‘PS’ and ‘Naso’ represent cross-sectional planes at nostril, nasal valve,
anterior septum, 1V, 2V, 3V, posterior septum and nasopharynx separately. It shows the

maximum standard deviation (SD) of these planes is less than 5% (plane PS).

Plane | Nos NV AS 1V 2V 3V PS Naso

Mean | 0 | 0.1179 | 0.1832 | 0.3165 | 0.4498 | 0.5831 | 0.7164 1

SD 0 ]0.0262 | 0.0410 | 0.0359 | 0.0347 | 0.0375 | 0.0437 0

Table 3.2: This table shows the mean location of each plane of all the subjects in the second
row and the third row lists the SD of each plane accordingly.

Figure 3.17 compares the intranasal cross-sectional area distribution of both congested and
decongested cavities. The origin point of lateral axis represents the location of nostril plane
and it ends up at the position of nasopharynx plane (as defined in figure 3.1). Furthermore,
there are also several reference dash lines vertically that corresponds to the planes previously
defined from table 3.2. As can be seen the mean nasal valve area is reduced slightly due to the
decongestion. The area expansion after nasal valve of decongested cavities on average is much
more pronounced than that of the congested cavities. This is due to the erectile structure within
the cavity thus the decongestion will significantly increase the intranasal volume. Meanwhile,
the congestion will make the cavity cross-sectional area after nasal valve (as shown in the
figure 3.17 between AS and 1V dash lines) even smaller than the NV area on average. Apart
from that, the maximum cross-sectional area is still located around the posterior septum where
the two cavities joined as one for both congested and decongested cavities. The decongestion
changes the way of how the mean cross-sectional area between plane ‘AS‘ and ‘1V* grows, at
which the head of inferior turbinate located. In general, after the nasal valve, the decongestion
effect will roughly increase the cavity cross-sectional area 1.5 times larger until it reaches the

posterior septum.
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Figure 3.17: Comparison between congested and decongested bilateral cross-sectional area dis-
tribution with one standard deviation error bar. Red line represents the mean value of cross-
sectional area distribution among all the congested cavities and blue line shows the results for
decongested cavities. Zhao et al.’s results are plotted together with the congested cavities plot.

3.2.2 Reynolds number

Two different flowrates are simulated for all the nasal cavities: 15 L.min™! for resting breathe
and 30 L.min~! for light exercise breathe. Figure 3.18 plots the mean Reynolds number distri-
bution along the centerline over all the subjects with one standard deviation as error bar. From
the figure, we can see that the mean Reynolds number for both congested and decongested nasal
cavities at flowrate of 15 L.min~! is below 2000 across the whole cavity. There are two peak
values that are located at anterior and posterior individually. One of the peak is due to the
narrow cross section at nasal valve and the other peak is due to the small cross-sectional area
that caused by the base of the tongue at nasopharynx. Although the mean Reynolds number of
30 L.min~! at the nasopharynx region are over 2000 for both congestion and decongestion, more
than 80% of the cavity still have the mean Reynolds number below 2000. As was seen there is
a pronounced increase of cross-sectional area of decongestion cavities after nasal valve, however
Reynolds number between congestion and decongestion cavities for both flowrates show similar
value. This is likely caused by the extreme irregular shape of the cavity cross sections which
will lead to similar hydraulic diameter and induced an insignificant change of Reynolds number

after decongestion compared with that of the cross-sectional area variation as explained earlier
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Figure 3.18: Mean Reynolds number comparison. Left pair (red line) represent the congested
cavity and right pair (blue line) represent the decongested cavity.

3.2.3 Flow partitioning: top, middle and lower

As has been described above, the definition of top, middle and lower cavity do not have physical

barriers across these sections vertically.

Thus the flow can freely go through each section.

Figure 3.19 displays the mean mass flow split ratio of top, middle and lower sections of all the

cavities.
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Figure 3.19: Decongestion effect on the mass flow split ratio over top, middle and lower regions

of all the bilateral cavities. Each line represents the mean value of the 10 subjects and two

flowrates are compared: 15 and 30 L.min.

Firstly, comparing figure 3.19a and figure 3.19b we can see that decongestion will change the
mass flow split ratio: top cavity will have much less portion of the mass flow than that of the
congested cavities on average, meanwhile, the mass flow that go through the middle cavity
will increase, but the portion of mass flow go through the lower cavity region will keep nearly
unchanged. Similar patterns also can be found after the flowrate is doubled (30 L.min™'). The
relatively narrower anterior section of congested cavities will drive more flow into the top cavi-
ties after flow pass nasal valve compared to that of the decongested cavities. Moving posteriorly,
for congested cavities, the mass flow split ratio of the middle cavity starts to increase after ‘1V’
and before 2V’ at which the head of middle turbinate located. However, in the same region of

decongested cavities, the immediate expansion of cavity CSA after nasal valve will direct the
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flow earlier split into middle and lower sections of the cavity. Last but not least, either the
cavity is under congested or decongested conditions, the mass flow split ratio will nearly keep
the same if only simply double the inlet flowrate, although the higher flowrate tends to have

more distinguishable split pattern among top, middle and lower sections of the cavity.

Similarly, figure 3.20 shows the surface friction force distribution ratios along the cavities defined
by the product of WSS and surface area. Figure 3.20a and 3.20c show that the increase of
flowrate does not affect the surface frictional force distribution of the mean value for all the
cavities, while the geometry change that caused by decongestion will alter the split patterns
significantly. As can be seen from the plot, the decongestion will make the middle cavity suffer
more resistance than the lower part within the pure turbinates region that defined by plane 1V
and PS. In addition, the decongestion also slightly reduces the portion of frictional force in the
superior cavity that due to larger CSA in general of decongested cavities. Specifically, among
these three sections (top, middle, lower) of the cavity, it shows that from anterior to posterior,
the surface frictional force within the middle section is consistently high (though it is slightly
increasing across the cavity) no matter what the condition of the cavity is, except the lower
cavity that has the largest portion of the total frictional force in the anterior cavity (before the
middle region between 1V and 2V). As we have seen the head of the inferior turbinate located
around plane 1V (figure 3.1), thus the flow stream will get redirected after it passes plane 1V,
shown by figure 3.19. In other words, this will lead to the alteration of frictional force split as
well that the middle cavity starts to replace the lower cavity as the most resistive section of
the cavity proportionally. In the decongested lower section of the cavity, the surface frictional
force from plane AS to PS plane has larger variations than that of the congested cavity. In
addition, the considerable difference of surface frictional force distribution can be found from
the middle section of the nasal cavity: first of all, after decongestion the surface frictional force
starts to increase proportionally immediately after anterior septum plane, but it only starts to
increase after the location between plane 1V and 2V of congested cavity. On the other hand, at
plane AS, the decongestion effect can increase the lower section surface frictional force around

10% proportionally, that mainly contributed by the reduction of the friction force from top
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section. This is mainly attributed to the decrease of the mass flow into the superior turbinate
(figure 3.19). In summary, within the cavity range considered here (from plane AS to PS), in
the anterior quarter of the cavity, over half of surface frictional force is contributed by the lower
section. However, in the rest three-quarter of the cavity posteriorly, the middle section starts

to take over the lower section and becomes the most resistive region.
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Figure 3.20: Flow rate and decongestion effect on frictional force split ratio among top, middle
and lower sections of nasal cavity.

3.2.4 Pressure loss and resistance

Total pressure is the sum of the static pressure and dynamic pressure. Total pressure is often
used as an indication of the flow energy, although energy flux might be more direct. However

total pressure is in general more difficult to measure, so that experimental nasal airway resis-
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tance is defined in terms of static pressure changes. Plots of mean total pressure and static
pressure distributions along the nasal cavity centerline are shown in figure 3.21 and figure 3.23
respectively. Comparing figure 3.21a and figure 3.21c, it can be seen that not only the overall
mean total pressure loss for the congested cavity will be approximately tripled if the flowrate is
doubled, but also that the higher flowrate is likewise associated with higher variations of total

pressure loss among all the congested cavities.
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Figure 3.21: Intranasal cross-sectional plane averaged total pressure distribution along the

cavity. Figure 3.21a and 3.21b show the results of 15 L.min~! and 3.21c and 3.21d are the

results for 30 L.min~!.

For the decongestion cavities, the distributions are markedly different, with far smaller pressure
losses in the cavity from anterior to posterior septum. Median overall total pressure losses at

15 L.min~! are reduced approximately 38% by decongestion (from 7.9 Pa to 5.0 Pa). At 30
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L.min™!, total pressure losses are reduced by decongestion by approximately 25% (from 21 Pa

to 16 Pa).

For the total pressure loss distribution from anterior to posterior, it shows that contribution of
total pressure loss within the congested cavities are more evenly distributed within the range
of NV and PS which is due to the consistency narrow CSA of the cavity, no matter the lower
or higher flow rate (figure 3.21a and 3.21c). However, after the cavity being decongested, the
total pressure loss is more concentrated anteriorly of region between NV and 2V (figure 3.21b

and 3.21d) for both flowrates.

Box plot comparisons of the total pressure loss for congested and decongested cavities are
shown in figure 3.22. Both for lower and higher flowrates, the geometry changes due to the

decongestion are seen to significantly reduce total pressure loss.
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Figure 3.22: Significance test between congested and decongested cavity of total pressure loss.
Left figure shows the result of 15 L.min~! and right figure is the result of 30 L.min~".
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Figure 3.23: Intranasal cross-sectional plane averaged static pressure distribution along cavity
centerline with two different flow rate as label in the figure.
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Figure 3.24: Significant test of static pressure loss between congested and decongested cavity.
Left figure shows the flow rate at 15 and right is 30 L.min~!

Considering the plots of static pressure for the decongested cavities, the rapid drop in pressure

from nostril to NV and the slight pressure recovery between NV and anterior septum are char-
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acteristic of a jet entering the cavity downstream of the valve. The effect is more noticeable at
higher flowrates, with the median static pressure loss (SPL) rising from 5.9 Pa to 19 Pa for the

decongested cavity.

In the decongested cavity, static pressure drops little in the enlarged cavity, but then drops

again rapidly in the nasopharynx, where the CSA reduces.

By contrast, for the decongested cavity, the rate of static pressure loss is considerably more
uniform. There is a slightly greater loss rate around the nasal valve, and a marked decrease in
rate of loss in the enlarged CSA downstream of the posterior septum and before the contraction

in the nasopharynx.
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Figure 3.25: Intranasal cross-sectional plane averaged resistance distribution along cavity cen-
terline. The solid line is the mean value among all the subjects considered and the errorbar is
the value of one standard deviation.
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Resistance is one of the often used index for clinicians, figure 3.25 and 3.26 show the intranasal
resistance distribution with multiple conditions and the cavity total resistance significance test
between congested and decongested cavities. As expected from the definition of resistance that
the distribution suppose to have the same characteristic as the total pressure loss as well as the

significance test results.
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Figure 3.26: Significance test of cavity total resistance between congested and decongested

conditions. Left figure shows the result of flow rate 15 L.min~! and right figure is the result of

flow rate 30 L.min!.

The preceding analysis describes the nasal cavity flow anterior to plane 1V as displaying the
character of the flow in a converging-diverging nozzle due to the existence of nasal valve (es-
pecially for decongested cavities). Conversely the posterior part of the cavity before plane PS,
which is more or less the pure turbinates region, point to different characteristics for congested

and decongested cavities.

Referring back to the area distribution, whilst the CSA increases in both congested and de-
congested cavities, the increase is more dramatic in the decongested cavity. This suggests
investigating separately the airway resistance within the anterior part of the cavity (between
nostril and plane 1V) and the posterior part (between plane 1V and PS) rather than the overall
resistance. This allows the effect of changing flowrate and changing of geometry (by deconges-
tion) on the resistance to be considered separately anteriorly and posteriorly. From figure 3.27,

changes in the anterior resistance are not significant statistically, for either flowrate. However,
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the median posterior cavity resistance is reduced by approximately three times and clearly sig-

nificant.
Bilateral Nos-1V Bilateral Nos-1V
0.031
50025— 20.04 h=0.0
£ E
IS 3
2 o0.02- h=0.0 2 003}
[0} [0} 1
(8] T (8]
§0.015} P ] 0.023
b \VAVA L ) - : faWaYaYal
g ; o g 0.02F ; 0022
[0 ! U012 [0 |
o 0.01f o -
: 0.01= ‘ ‘
Con Decon Con Decon
(a) 15 L.min~! (b) 30 L.min~!
Bilateral 1V-PS Bilateral 1V-PS
0.06f 1 Lo.08F
= . 3
(2]
£0.05 3
= —0.06
$0.041 3
a0 e
Y k)
8 0.03F $0.04F h=1.0
c (7}
S ©
£ 0.02 h=1.0 o
2 0.016 ©0.021 0.02
T 0.01 — g [
50637 3 — 693
ok \ m ok \
Con Decon Con Decon
(c) 15 L.min~1 (d) 30 L.min~!

Figure 3.27: Anterior and posterior nasal airway resistance. Upper left right pair: anterior
resistance. Nos-1V denotes nostril (Nos) to approximate location of anterior head of middle
turbinate (plane 1V), Lower left right pair: posterior resistance. 1V-PS denotes plane 1V to
posterior septum (PS).

3.2.5 Friction coefficient and Poiseuille number

The figure 3.28 plots the mean distribution of Fanning drag coefficient and Poiseuille number
of all the subjects, it does not only compare the difference before and after decongestion but
also shows the effect of doubling the mass flowrate. From the plot we can see that the Fanning
drag coefficients for under both flowrates are following similar trends but the lower flowrate
tends to have larger variations both inter subject (higher SD value) and intra subject (higher

mean values) than the higher flow rate. The Poiseuille number distribution in the anterior
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cavity shows more variation and larger values compared to that of the posterior cavity due to

the developing flow profile.
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Figure 3.28: Effects of decongestion and change of flowrate on frictional coefficient and Poiseuille

number distribution.

Figure 3.28a and 3.28b are the frictional coefficient distribution and

figure 3.28¢c and 3.28d are the Poiseuille number distribution under two flowrates as labelled.

The Wilcoxon signed-rank test compares the mean Poiseuille number over the whole cavity

before and after decongestion as well as multiple flowrates.
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Figure 3.29: Decongestion effect on bilateral cavity mean Fanning drag coefficient and Poiseuille
number.
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Figure 3.30: Flow rate effect on bilateral cavity mean Fanning drag coefficient and Poiseuille
number.

From figure 3.29 we can see that the decongestion only shows significant statistic difference on
the cavity mean Poiseuille number at lower flowrate 15 L.min~!. On the contrary, the change
of flowrate does have a statistically significant effect on both frictional coefficient and Poiseuille

number of both congested and decongested cavities.
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Figure 3.31: Decongestion and flow rate effects on the anterior and posterior part of the cavity
for Fanning drag coefficient. ‘Nos-1V’ means the cavity region defined by nostril plane and
1V plane and the corresponding plot shows the value that averaged with this region. ‘1V-
PS’ defined the same way but by plane 1V and PS. Figure 3.31a and 3.31b are the test of
decongestion effect, while the lower pair are the test of the effect of change of flowrate.

The plots in figure 3.31 show that the changes in friction coefficient due to decongestion are
generally not significant - most likely the changes are too small for the number of individuals
to be statistically significant at the 5% level - except for the anterior nose at high flow rates
(figure 3.31a). By contrast, the changes in frictional coefficient due to increased flowrate are
significant throughout the cavity for both the congested and decongested geometry (figure 3.31¢c
and 3.31d).
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Figure 3.32: Decongestion and flow rate effects on the anterior and posterior part of the cavity
for Fanning drag coefficient. ‘Nos-1V’ means the cavity region defined by nostril plane and
1V plane and the corresponding plot shows the value that averaged with this region. ‘1V-PS’

defined the same way but with plane 1V and PS.

Similar as figure 3.31, figure 3.32 shows the same comparison but with Poiseuille number. The

results show that the decongestion only has statistically significant effect on the anterior cavity

of the Poiseuille number for both lower and higher flowrates, however, the change of flowrate

does show significant difference both in the anterior and posterior cavity at the level of 5%

statistically for both congested and decongested cavities.

3.2.6 Correlation analysis

Linear regression is used to examine the correlations between geometric measures and physical

quantities. Within this study, the Pearson correlation coefficient (r) with an absolute value

over 0.8 is categorized as ‘strong’ and less than 0.8 but greater than 0.6 is treated as ‘moderate’

and less than 0.6 is considered ‘not evident’.
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Evaluating the correlations of the anterior minimum cross-sectional area (CSA) against with all
the other physical quantities: total pressure loss, static pressure loss, total WSS, none of them
show evident correlations (figure B.1). Furthermore, the conclusion is not going to change after
doubling the flowrate either. Those findings are expected because anterior minimum CSA is just
local geometric measures while the physical quantities such as total pressure loss are measured

over the whole cavity, thus it is reasonable that no strong (even moderate) correlations can be

found.
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Figure 3.33: Bilateral SAVR, TPL and TWSS.

The surface area volume ratio is a vital parameter that indicates the balance between volumetric
flow and the mucosal surface area available for exchange. Higher area volume ratios indicate a
relatively narrower cavity. The overall total pressure loss (TPL) has contributions from both

the jet dissipation loss and from the WSS. Figure 3.33a shows that the decongested cavities
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have a lower SAVR, lower TPL and a slightly stronger correlation between total pressure loss
and SAVR than that for the congested cavities. However the difference in correlation strength
becomes smaller by doubling the flowrate as shown in figure 3.33b. Likewise, strong correlations
can be found between SAVR and total surface WSS under two different flowrates (figure 3.33c

and figure 3.33d).

3.3 Unilateral nasal cavity geometric and flow analysis

3.3.1 Geometric comparison

As is known, under quiet breathing, air reaching the nasopharynx will have undergone the bulk
of the air conditioning required to match alveolar conditions, but the relative contribution from
each side of the cavity varies depending on the different morphologies. This suggests grouping
all the half cavities into two categories, either by left and right sides or by flow dominant and
non-dominant sides. The flow dominant, or simply dominant side of each subject is defined at
the congested condition as the cavity that carries over half of the total mass flowrate. Table 3.3
lists each subject’s dominant side under congested condition (normal condition) with value one

and this labelling will be kept after applying topical decongestion.

Subject name | A | B|C | D|E|F|G|H|I|1

Left ojo0oj1y1j0{01011]1|1

Right 17170(0]1}1]1]0(0/0

Table 3.3: Dominant side of nasal cavity with value one and non-dominant side identified by
value zero.

As expected, from table 3.3 it can be seen that the dominant side of the cavity is not consistent

among different subjects: either left or right side can be the dominant side of the cavity.

Table B.4 in appendix B.3 lists all the area and volume values of each unilateral cavities, but

the box plot with the Wilcoxon signed-rank test results (figure 3.34) can give more direct



3.3. Unilateral nasal cavity geometric and flow analysis

133

comparison.
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Figure 3.34: Unilateral SAVR before and after decongestion comparison.

Plot 3.34a compares the SAVR of left and right cavity and of dominant and non-dominant side

of the cavity before and after the decongestion. It can be seen that the SAVR of left cavity

after decongestion is significantly reduced (h = 1, p value of 0.037). Same conclusion for right

cavities as well but with smaller p value (3.9e-4). Conducting the same analysis on dominant

and non-dominant side, it shows that the decongestion only has a statistically significant effect

on the SAVR of the non-dominant side of the cavity (h = 1, p = 0.002). The dominant side of

the cavity does not show significant difference before and after decongestion. This is because

the non-dominant half cavities are more expandable than the dominant side of the cavities. In

addition, if each of the half cavity is treated as an individual object, it also shows that the

decongestion effect is statistically significant on the SAVR of unilateral cavities.
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3.3.2 Flow partitioning: left and right

This section compares the mass flow split between different sides of the cavity. Firstly compar-
ing the changes of mass flow split between left and right cavity after decongestion. Figure 3.35a
shows that there are no significant changes after decongestion for both left and right cavities
of total flowrate at 15 L.min~! and this conclusion is not altered by simply doubling the total
mass flowrate (figure 3.35b). Secondly however, if the grouping rules are changed to dominant
and non-dominant sides, the results obtained are as shown in the following plots: figure 3.35¢
and figure 3.35d. From these plots, decongestion is found to significantly change the mass flow
split ratio of dominant and non-dominant sides for both lower and higher flowrates, rendering

the flow split between the two halves more equal.

Summing up, these findings indicate that the decongestion can shift the dominance of the half
cavities. In other words, firstly there is no bias of the flow split over left and right side after
decongestion, and secondly decongestion reduces dominant/non-dominant asymmetry. This

suggests treating each single half cavity as an individual entity for flow analysis.
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Figure 3.35: Decongestion effect on mass flow split ratio between left and right cavity, or
dominant and non-dominant side.

3.3.3 Resistance

Due to the asymmetric mass split ratio of the cavity for different subjects, the resistance might
be a better metric rather than pressure loss for investigating the decongestion effect on unilateral
cavities. Figure 3.36, it shows that decongestion not only reduces the mean unilateral total
resistance (about half), but also reduces the dispersion level of the resistance (smaller SD) from

nostril to posterior septum.
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Figure 3.36: This figure shows the unilateral resistance distribution across the cavity for both
congested and decongested cavities of two flowrates. Red line represents the congested cavity
and blue line represents decongested cavity.

In quantitative terms, box plots of resistance values show that for both lower and higher
flowrates, the geometry change by decongestion reduces the median resistance (at 15 L.min™1)
by approximately half with high statistical significance (now given a dataset twice as large as
for the bilateral comparisons). Results for the higher flowrate (figure 3.37b) likewise shows
significant reduction due to decongestion, although the median reduction is less than that at
lower flowrate. The decreased effect at higher flowrate is because the nasal valve contributes

proportionately more to flow loss in the decongested cavity at higher flowrate.
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Figure 3.37: Unilateral total resistance before and after decongestion at two flowrates. Median
values and significance test results for comparisons are overlaid.

3.3.4 Friction coefficient and Poiseuille number

Plots in figure 3.38 show the Fanning drag coefficient values along the cavity centerline from

nostril to PS under two different flowrates. It shows that increase the flowrate proportionally

will not change the Fanning drag coefficient distribution but could reduce its value. However,

it is not the same for Poiseuille number. Double the flowrate can only increase the Poiseuille

number slightly, except in the anterior part of the cavity. This is attributed to the disturbance

of turbinates of the cavity, which will make the flow constantly developing and never will get a

fully developed profile.
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Figure 3.38: Fanning drag coefficient distribution along the cavity centerline from anterior to
posterior at two flowrates of congested and decongested cavities.
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The decongestion effect seems to have an even smaller effect on both the frictional coefficient

and Poiseuille number, as can be seen the small offset between the red and blue lines of each

plot.
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Figure 3.39: Poiseuille number distribution across the cavity for both congested and decongested
cavities at two flowrates.

Frictional coefficient and Poiseuille number of each unilateral cavity are averaged over the
whole cavity and the significance test of these mean values is conducted between congested
and decongested cavities, as well as between lower and higher flowrates. The results are shown
in figure 3.40. Figure 3.40a shows that at both lower and higher flowrates, the difference of
Fanning drag coefficient between congested and decongested cavities are statistically significant,
although the difference of its median is not very different. However, for Poiseuille number, the
difference are significant both statistically and the change of its value (figure 3.40b). Similarly,
the comparison between groups of lower and higher flowrate, shows statistically significant
difference on frictional coefficient of both congested and decongested cavities as well as the
Poiseuille number of decongested cavities. However, there is an exception of the Poiseuille

number of congested cavities (figure 3.40d).
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Figure 3.40: Effects of decongestion and of flowrate on the cavity mean value of both Fanning
drag coefficient and Poiseuille number. In the top pair figure 3.40a and 3.40b, results are
compared between congested and decongested cavities at the same flowrate for Fanning drag
coefficient and Poiseuille number separately, while the lower pair figure 3.40c and 3.40d, the
results are paired to aid comparison of the flowrate effect for the same state (congested or
decongested) on same quantities.

Instead of averaging the Fanning drag coefficient and Poiseuille number over the whole cavity,
there are two different subregions are defined by plane Nos and 1V and by plane 1V and PS.
Conducting the same analysis as described above, figure 3.41a and 3.41c¢ show that both the
geometry change by decongestion and the increased flowrate will reduce the frictional coefficient
of the anterior part of the cavity and the difference are statistically significant. However, in the
posterior part of the cavity, except the decongestion effect at higher flowrate shows no statistic

difference, the others comparison all shows the same conclusion as the anterior cavity.
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Figure 3.41: This figure computed friction coefficient results arranged to facilitate comparisons
of effect size. Top pair (a and b): comparing effect of decongestion on friction coefficient for
anterior nose (Nos-1V) and for posterior nose (1V-PS) at the same flowrate. Lower pair (c
and d): comparing effect of flowrate on friction coefficient for anterior nose (Nos-1V) and for
posterior nose (1V-PS) under the same geometric states (congestion or decongestion). This is
a breakdown of the results from figure 3.40.

Results for the Poiseuille number are shown below. Considering first the top pair, although
decongestion increases the median Poiseuille number more than twice that for the congested
cavities, the difference is nearly but not quite significant at the 5% level in the anterior nose.
For the posterior nose, the increase in Poiseuille number associated with decongestion is like-

wise more than twice and is significant.

Flowrate is found to have much less effect on the Poiseuille number, particularly for the posterior
nose, where the median value only increases by about a quarter. This suggests the posterior
part of the nose shares some of the characteristic of a fully developed duct flow, where one
would expect no change in Poiseuille number with flowrate. There are of course differences in
that the posterior nose is not a duct of constant cross-sectional form, but this suggests the flow

may be approximated rather crudely as such.
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Figure 3.42: Figure 3.42a is the comparison of decongestion effect size n mean Poiseuille number
at same flowrate. Unilateral cavity results are partitioned into anterior region (between nostril
and 1V) and posterior cavity (between 1V and PS). Figure 3.42¢ and 3.42d compare the effect
of flowrate on Poiseuille number for the same geometry.

3.3.5 Correlation analysis

The unilateral correlations of anterior minimum CSA with other flow measures (TPL, TWSS)
do not show evident correlations (r < 0.6 ) as shown in append ix B.4, same as the bilateral
cavities. However, the SAVR shows moderate correlations with total pressure loss, whilst
total wall shear stress shows a degree of association but weak correlation. Figure 3.43 shows
that under both lower and higher flowrates, the congested cavities generally have stronger

correlations than that of the decongested cavities.
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Chapter 4

Heat and water transport in congested

and decongested nasal cavities.

For most subjects at rest, the nasal airways process all inspired air, providing a large propor-
tion of the total heat and moisture required to match conditions in the tissues of the lung.
Habitual oral breathing bypass the filtration, humidification and heating provided by the nose.
It leads to undesirable reduction of physiological function, including increased water loss (42%

greater [145]) and increased rates of upper respiratory tract infections [146].

In this chapter, we apply computational modelling to investigate the process of heat and mois-
ture exchange during inhalation. The same 10 individual subjects for which airflow analyses
were performed in chapter 3 are again considered, to compare the effects of flowrate and decon-
gestion on the heat and water transport performance. As in chapter 3, detailed patterns are

first presented for a single individual geometry before presenting the results for the entire cohort.

A major source of uncertainty in modelling heat and water transport in the nose is the appro-
priate boundary condition, particularly the spatial extent of the water exchange surface and
the capacity of the mucosal surface to supply adequate water. This aspect has been discussed

in chapter 2, and it is important to bear in mind that the results presented here are associated
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with the boundary condition described in that chapter.

For the cohort analyses, results are presented where possible in terms of the relevant dimen-
sionless parameters as defined in chapter 2, namely the Nusselt number for heat transfer and
Sherwood number for mass transfer. In reporting the whole cohort results the bilateral data

are presented first before considering the unilateral data.

4.1 Subject specific analysis of heat and water transport

within nasal cavity

As for the flow analysis, results are first shown for the subject specific (subject D) geometry

and these results are presented in the following order:

1. First, both heat flux and water flux maps on the cavity inner surface are displayed to

review the characteristic patterns;

2. Secondly, at the anatomical similar locations within the cavity, the present computational

results for this subject are compared with previous experimental work by others;

3. Next, the effect of different inflow conditions, including both the change of flowrate and

the change of ambient condition, on the air conditioning performance are considered.

4.1.1 Surface maps of dry heat exchange

Two heat flux exchange processes occur during the conditioning process of inhaled air: warm-
ing the air requires heat input firstly to raise the air temperature and secondly to supply the
heat required to evaporate water from the mucosal surface. We can consider the heat required
purely to increase the air temperature as the dry heat flux. The dry heat flux is driven by the

surface temperature gradient at the mucosal surface. The latent heat flux (is an evaporative
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heat flux during inspiration and condensative heat flux during expiration) that is associated

with water vapor exchange.

Maps of the dry heat flux on the cavity, showing the expected turbinates are displayed and
compared before and after decongestion in figure 4.1. The cavity exposed by removal of the
septum is shown by views a, b, ¢, d; whilst views e to h map the heat transfer from the side
of the maxillary sinus (which is excluded from the simulation). Comparing with the flow com-
putations, in particular with the wall shear stress predictions of figures 3.6 and 3.7, there is
clearly a strong association between regions of high wall shear stress and high heat transfer,
particularly in the anterior nose nasal valve and head of the turbinates. This applies whether

or not the cavity is under congested and decongested conditions.

The superimposed surface streamlines on the heat flux maps show the recirculation region in
the anterior superior part of the cavity, most evident on the left side. Although decongestion
lowers mean flow speed in the nose, it also affects the left /right balance of flow split. For this
subject, the expansion of the right cavity is largely offset by the greatly enhanced flow there, so
the net effect of decongestion on right cavity dry heat flux is negligible; by contrast the effects
on the left cavity of volume expansion are magnified by the reduction in flow due to rebalancing

of the left /right flow split (figure 4.1c).
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Figure 4.1: Comparison of dry heat flux for left and right noses of subject D, with superimposed
surface streamlines indicating the near wall flow direction. Figure 4.1a-4.1d are organized so
that left and right column views correspond respectively to the left and right cavities; the top
pair compare left and right for the congested cavities and the lower pair are for the decongested
cavities; in these four views (a to d), the septum has been removed to expose the turbinates.
Similarly, figure 4.1e-4.1h also show the dry heat flux on the cavity surface, but viewed from
the opposite (maxillary sinus side, but with the sinus removed).
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Figure 4.2 shows similar distributions as describe above (figure 4.1), but now viewing the septal
surfaces on each side. As expected, the higher dry heat flux exchange also occurs around the
nasal valve. In general, we can see that although the decongestion effect does not change
the region around nasal valve as the greatest heat exchange surface per unit area, there is a
marked reduction due to decongestion on the left and little change on the right (due to the
flow rebalancing as mentioned). In addition, there is marked similarity with the corresponding

WSS (figure 3.7) maps as well.
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Figure 4.2: This figure shows the dry heat flux map on the cavity septum surface between
congested and decongested cavities. Again, sub-figure 4.2a on the left side represents the
congested left cavity surface with the view of septum. Similarly, the top right corner (sub-
figure 4.2b) represents the congested right cavity septum view. Furthermore, sub-figures 4.2¢
and 4.2d show the same quantity with the same view but for decongested cavities.

4.1.2 Surface maps of water exchange

The water flux on the surface is governed by equation 2.18 and 2.19, from which it is evident

that the surface water flux depends not only on the gradient of water concentration in the
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flow near the surface but also on the surface temperature of the cavity and of the air. This is
because the warmer the air, the greater is its water carrying capacity. Referring back to the
water exchange boundary condition discussed in chapter 2 (figure2.8d), there is no water flux
in the nostrils. The water flux map on the cavity surface shown in figure 4.3 and 4.4 indicate
that the regions of highest burden of water exchange are around the nasal valve, but are also
distributed over the surface of the turbinates, and again with high values at the anterior and
inferior portions of the turbinates, corresponding to regions of elevated shear stress. As noted
above, for the left cavity decongestion greatly reduces flow speeds (figure 3.4), lowering water
transport, however, the reduction in flow to the superior part of the left cavity renders its
ineffective for this task. The rebalancing of flow for the right cavity compensates for volume

changes, and so the effects are reduced on that side.
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Figure 4.3: Comparison of surface water flux values between congested and decongested cavities
of subject D. Sub-figures a and ¢ compare the left cavity with the septum removed to expose
the turbinates. Correspondingly, sub-figures b and d compare congested and decongested right
cavities. Sub-figures e to h display the surface water flux on the cavity turbinate, but with the
view from the outside of the turbinates.
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Figure 4.4: The surface water flux distribution on the cavity septum are shown here. The
patterns of water flux seen on the turbinated wall in the previous views are broadly similar to
those on the septal surfaces.

4.1.3 Comparison with previous studies.

Both Ingelstedt et al. [147] and Rouadi et al. [77] measured the air temperature and relative hu-
midity within nasal cavity during inspiration that shows 31-34°C and 90-95% separately. More
recently, Keck et al. measured the temperature and humidity profile at multiple positions within

nasal cavity at room temperature 25°C, 35% relative humidity at quiet breathing [1, 69, 70].

We refer to the three positions used for measurements of Keck et al [70] namely the nasal valve
(1.5 cm), anterior turbinate (2.5 cm) and nasopharynx (6.0 cm) separately. At the anatomically
similar locations for the subject D congested simulation, the temperature and relative humidity

are listed in table 4.1 and compared with the data of Keck et al.. Note that the experimental
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values from Keck et al. are measured by a single probe point at the specific location which
can not be precisely defined; in order to effect a reasonable comparison, the values computed
from the present simulation results are taken from the anatomically similar locations but using

a cross-sectional plane averaged value rather than from a single point.

Subject D Nasal valve | Anterior turbinate | Nasopharynx
congested

Temperature(°C) 29 31 32
Relative humidity (%) 60 75 90
Keck et al. Nasal valve | Anterior turbinate | Nasopharynx
experiment

Temperature(°C) 28.9+2.3 30.3+1.6 32.6+1.5
Relative humidity(%) | 69.04+6.5 78.7£7.2 90.3+5.3

Table 4.1: Simulation results at anatomic similar locations as Keck et al. [1].

Table 4.1 shows that the present simulation results are consistent with those of Keck et al.
measurements. In the absence of measurements for the precise geometry of the selected subject,
this provides at least a measure of confidence in the heat and water modelling proposed for this

study.

4.1.4 Effect of different flowrates

After validating the reliability of the simulation methodology, in this section we study the effect
on heat and water exchange for different flowrates at the same ambient condition (same tem-
perature and relative humidity). The effect of flowrates on temperature, moisture content, heat
film and mass film coefficients for the bilateral cavity are shown in figure 4.5. Four flowrates
are considered, from 15 L.min~! to 30 L.min~! with a constant incremental of 5 L.min~'. The
first sub figure (a) shows how the cross-sectionally averaged mean temperature plotted along
the cavity centerline increases from anterior to posterior. The effect of increasing flowrates is to

reduce the mean temperature, such that flow reaching the posterior septum (plane PS) reduces
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in temperature from nearly 32°C to 30.3°C (figure 4.5a). Similar trends can also be found in

the plots of moisture content level (figure 4.5b).
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Figure 4.5: Effect of flowrate on the distribution of temperature, water content level, heat film

coefficient and mass film coefficient, plotted along the cavity centerline of subject D congested
cavity.

The reduction in temperature rise of air passing through the nasal cavity shows that the effi-
ciency of exchange cannot match the increased need for heating and humidifying that due to the
increase of volume flow. Figures 4.5¢ and 4.5d, show that increasing the flowrate significantly
increases the film coefficients, signifying an increase in efficiency of the exchange process. The
increased heat and mass film coefficients induce a higher gradient between the core flow and the
cavity surface that will lead to the higher demand of heat and water exchange during the nasal
conditioning process. Consequently, the total amount of heat and water exchange does increase
markedly with the increase of flowrate. It is the case though, however this is not enough to

fully cope with the added volume flow.
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Figure 4.6: This figure shows the distributions for the same quantities as figure 4.5, but plotted
in the left and right cavity individually of congested cavity of subject D. Figures on the left are
representing the left cavity and figures on the right side represent those for the right cavity.

Mass film coefficient (w/(m2
Mass film coefficient (w/(m2




154 Chapter 4. Heat and water transport in congested and decongested nasal cavities.

The distribution of the same heat transfer quantities considered above, but now within the left
and right cavities individually are shown in figure 4.6. Overall the distributions are similar
to those that for the bilateral cavity. However, the bilateral data obscures the differences in
flowrate and geometry in the separate cavities, so it is of interest to study these individually
and to gauge the differences in performance of the two sides, figure 4.6a and 4.6b. Note particu-
larly that the flowrate legend for these unilateral cavity plots indicate the bilateral cavity mass
flowrate, whereas the actual flowrate through each cavity must be deduced from the left /right

flow split ratio given in table 3.1, and are not to be taken as half of the bilateral flowrate.

It can be seen that, for this particular case (congested subject D cavity), there is a marked
difference in performance, with the right cavity achieving much higher temperature as well as
moisture content level at plane PS for a given total mass flowrate than that for the left cavity.
However it is also the case that the right cavity processes less air than that processed by the

left cavity (31% VS 69%), refer to figure 3.2a also.

Comparison of the unilateral intranasal heat and mass film coefficient distribution along the
cavity centerline, figure 4.6e-4.6h, indicates higher performance for the right cavity, particularly
for water in the posterior part. The higher airflow in the left cavity however manifests in higher
mass film coefficient in the anterior part. These trends agree with the slightly higher Fanning
drag coefficient found for the right cavity compared with that for the left (figure 3.12a and
figure 3.12b) which is particularly marked at the lower flowrate, and the same difference in

levels can be seen on the WSS surface maps for the congested state.

4.1.5 Effect of different ambient conditions

In addition to considering the effects of increasing flowrate, it is of interest to examine the
effect of changing flow conditions (temperature and relative humidity) under the same flowrate.
Results are shown in figure 4.7. Following the same convention, the bilateral cavity distribution

of temperature, moisture content level and film coefficients will be described first. As the
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relative humidity is not the true reflection of the air humidity, the conversion from RH to

absolute humidity is listed in table 4.2:

Temperature (°C)

Relative humidity (%)

Absolute humidity (g.m™3)

25 50 11.5
25 35 8.1
15 50 6.4
Y 10 0.68

Alveolar: Temperature

(°C)

Relative humidify (%)

Absolute humidity (g.m™3)

37

100

44

Table 4.2: Convertin of relative humidity to absolute humidity.
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Figure 4.7: This figure shows the intranasal distributions of multiple measurements of the
bilateral subject D cavity. Following the reading orders are: temperature, moisture content
level, heat film coefficient and mass film coefficient respectively.
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Unsurprisingly, the results indicate that the nose achieves higher values for water content with
reduction in the demand posed by the external environment, with cold, dry air requiring greatest
net added water. Overall, despite the broad range of ambient conditions, the nasal cavity
conditions the inhaled air to a remarkable degree by the time it reaches plane PS. Interestingly,
while the heat film coefficient shows considerably large variations (as was observed previously
for varying flowrate), in this comparison where flowrate is constant, the mass film coefficient

barely changes for the different ambient conditions.
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Figure 4.8: Unilateral temperature, moisture content level, heat and mass film coefficient dis-
tribution along the cavity centerline. Figures on the left column (a,c,e,g) represent the left
cavity while figures on the right column (b,d,f,h) represent the right cavity.
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Considering the results in more detail, most of the features have seen at varying flowrates are
reappearing. The temperature of the inspired air as it reaches the posterior septum for the
left cavity (figure 4.8a) is again markedly lower at all ambient conditions than that for the
right cavities (figure 4.8b). This is expected given that carrying double the flowrate effectively
doubles the exchange requirements. Now for varying ambient conditions, we observe that the
difference in performance is most marked for the conditions that most heat and water demand-

ing, i.e., cold dry air (5°C, 10% RH).

Similar to the results for varying flowrates, it appears that both the heat film coefficient and
the mass film coefficient in the posterior part of the cavity is slightly higher for the right side
(figure 4.8f) than that for the left side (figure 4.8¢). Again, it is worth comparing with the flow
results, where we can observe the slightly higher Fanning drag coefficient that was found for
the right cavity compared with that for the left, figure 3.12b and figure 3.12a, also compare

with the WSS surface maps for the congested state.

Likewise for the anterior nose for this subject, especially between nasal valve and anterior sep-
tum, WSS, Fanning factor and both heat and mass film coefficients all are somewhat larger for

the high flow side, i.e., values of left cavity higher than the right cavity.

In summary, these results for the unilateral cavities reveal significant differences that corre-
spond with the differences in flowrate and passage width of the left and right cavities. Note
particularly the difference in the anterior versus posterior mass film coefficient distributions
between the left and right cavities. The mass transfer may be regarded as more important than
the heat transfer because the latent heat of water evaporation (or condensation) has strong

effect on the nasal cavity membrane surface.



4.1. Subject specific analysis of heat and water transport within nasal cavity 159

4.1.6 How similarly do results scale with flowrate for other subjects?
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Figure 4.9: Figure a shows the log of flowrate versus log of mean heat film coefficient of the
bilateral cavity for subject D, whilst figure b shows the same but for mass film coefficient.
Figure ¢ and d apply the mean gradient calculated from the curves shown in figures a and b to
predict the corresponding values for the other subject geometries.

Before considering the cohort results in detail, it is of interest to compare the effect of increasing
the flowrate on heat and water exchange for the cohort, using results from subject D as a scaling
factor. First by plotting the log relationship between flowrate and film coefficients, figure 4.9a
and figure 4.9b, a power law exponent may be deduced, with values as shown on the plots.
Then the scaling deduced from subject D was applied to the results for each of the cohort (in
the congested state) at the lower flowrate to predict the corresponding value at higher (double)
flowrate. Figure 4.9 shows the predicated results of other subjects by using this log mean

gradient overall predictions are quite good, with the mean of 170 and standard deviation of
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33 for heat film coefficient and mean of 0.078 and standard deviation of 0.016 for mass film

coeflicient, particularly for the mass film coefficient.

4.2 Bilateral heat and water analysis

4.2.1 Temperature and moisture

In this section we compare the results for the whole cohort, beginning with the temperature
distribution along the cavity centerline from nostril to nasopharynx. The average temperature
profile, plotted along the centreline from anterior to posterior and the limits for one standard
deviation are shown in figure 4.10. Reading from left to right, the upper pair shows the effect
of decongestion for lower flowrate, whilst the lower pair performs the same comparison at the
higher flowrate. The results show the mean temperature at nasopharynx for the congested
cavities to be roughly 1°C higher than that for the decongested noses with the specified ex-
ternal temperature and humidity. Both congested and decongested noses show a higher rate
of temperature increase in the anterior cavity (up to plane 2V), tailing off slightly at 3V and

more rapidly further towards the nasopharynx.

Between the region of plane PS and the plane Naso, the temperature increase is minor, showing
reduced efficiency of heating in the posterior part (after plane PS) of the cavity. Similar trends
are also observed for the higher flowrate. However, the driving temperature difference is also
reduced, so that a fairer measure of effectiveness would be the heat transfer coefficient, to be
discussed later. Naturally, the higher flowrate leads to slightly lower conditioned temperature
of both congested and decongested cavities at the nasopharynx, showing that the increase in

heat flux is unable to compensate for the increase in volumetric flow.
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Figure 4.10: Mean temperature and one standard deviation bilateral temperature distribution
for all 10 subjects from anterior to posterior of the cavity. Left are for subjects in congested
state and right for decongested conditions. Upper pair are for the lower flowrate and lower pair
for higher flowrate. For reference, inhaled air is at 25°C and 50% relative humidity.

Significance testing applied to the hypothesis that decongestion does not alter the temperature

at the nasopharynx shows rejection to very high level of certainty, (figure 4.11), whether under

lower or higher flowrates. Thus although the decrease of median value is only of an order of

1°C, decongestion significantly alters nasal heat transfer and thus the conditioning performance.
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Figure 4.11: This figure compares the temperature at the nasopharynx plane between congested
and decongested cavities. Appling the Wilcoxon singed-rank test shows the significant changes
due to decongestion. Figure on the left is for a flowrate of 15 L.min~! and on the right for a
higher flowrate at 30 L.min™!.

Table 4.3 calculates the ratio between increased inflow temperature at the nasopharynx plane
and the difference between inflow and alveolar temperature (37 °C) for both lower and higher
flowrates. The results in the table can be used to indicate how much the air can be conditioned
when the air reaches the nasopharynx proportionally to the alveoli condition. It shows that on
average the decongestion can affect the air conditioning efficiency of the cavity more than 11%
at lower flowrate and slightly lower (7%) for higher flowrate. This is might due to the higher
temperature gradient at high flowrate will enforce the conditioning process which makes the

difference between congested cavity and decongested cavity less distinguishable.

Flowrate (L.min™!) | Congested (%) | Decongested (%)

15 57 46

30 44 37

Table 4.3: This table lists the ratio between inflow temperature at the nasopharynx plane of
the cavity over the difference between inflow temperature and alveoli temperature.

Figure 4.12 shows the moisture content for congested and decongested noses separately. On
average the congested cavities humidify the inspired air 10% more than that achieved by the

decongested noses. In addition, similar to the heating profile when the air flow through the
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cavity, over 90% of the humidifying process will be finished within the anterior 60% of the cavity.

Comparing the same geometry under different flowrates, increasing the flowrate also drops the

moisture content level at the nasopharynx plane. Decongestion is found to significantly reduce

the nasal cavity’s capability to perform humidification of air reaching the nasopharynx for both

lower and higher flowrates, as shown in figure 4.13.
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Figure 4.12: Mean moisture content level of all the subjects distribution from anterior to
posterior part of the cavity. Figure a to b are comparing the decongestion effect of flowrate at
15 L.min~!, while figure ¢ to d are the same but with the flowrate doubled.
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Figure 4.13: Nasopharynx plane moisture content level between congested and decongested
cavities are tested by Wilcoxon singed-rank test at two flowrates. The results for both flowrates
show that there is significant decrease statistically of moisture content level at nasopharynx
plane after decongestion.

In summary, for all the healthy subjects considered here, either congested or decongested, on
average, the anterior section of the cavities show a high conditioning efficiency for both heating
and moistening. Moreover, the decongestion effect will reduce the nasal cavity conditioning

efficiency about 10% and has a statistic significant effect.

4.2.2 Heat and moisture transfer coefficients analysis

As shown above, both the temperature and moisture content level are nearly unchanged after
plane PS; thus in this section, we only conduct the non-dimensional parameter until plane
PS. Firstly, the heat film coefficient as well as its non-dimensional version are calculated and
discussed. Secondly, the mass film coefficient and Sherwood number are addressed in a similar

manner.

Heat film coefficient and Nusselt number

By comparing the mean heat transfer film coefficient (figure 4.14a-4.14b) of all the subjects
between congested and decongested noses as well as different flowrates, the results show that

the congested cavities have larger values intranasally for both higher and lower flowrates. But
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the decongested cavities tend to have relative less variations under two flowrates by viewing the
range of one SD errorbar. The relatively even distributed heat film coefficient across the main
cavity (between plane AS and PS) indicates the effectiveness of heat exchange of the cavity
is fairly consistent. The heat film coefficient starts to drop gradually after plane 2V which is
due to the lower temperature gradient. Figure 4.14b shows that doubling the flowrate does
not change the pattern of the intranasal heat film coeflicient distribution, although the actual
values are being increased due to high heat exchange demanding. Nusselt number as the so
called non-dimensional heat transfer coefficient, the mean distribution for all the subjects are
plotted in figure 4.14c and 4.14d for lower and higher flowrate separately. The values of Nusselt

number across the cavity always less than 50 even for the higher flowrate.
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Figure 4.14: Bilateral heat film coefficient and Nusselt number distribution between congested
and decongested cavities as well as different flowrate.

As for the flow results in chapter 3, we now consider separately the mean heat film and Nusselt
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number values for the anterior nose (plane Nos-1V) and for the posterior nose (plane 1V-PS),
figure 4.15 and figure 4.16. From Figure 4.15a, it shows that the decongestion considerably
lowers the mean value of heat film coefficient in the anterior cavity for both higher and lower
flowrates, resulting in a decrease of about one third of the median that from 122 to 82 for
low flowrate and 177 to 111 for higher flowrate and also with the high values for significance.
Similar results can be get as well in the posterior part of the cavity (figure 4.15b). By contrast,
figure 4.15¢ to 4.15d show that increasing flowrate significantly increases heat film coefficient,

roughly about one third for the anterior cavity while a little less in the posterior cavity.
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Figure 4.16: Decongestion and flowrate effect on mean Nusselt number within anterior (between
plane Nos and 1V) and posterior (between plane 1V and PS) separately. Figure a and b are
the test of decongestion, whilst ¢ and d are for the flowrate change test.

Figure 4.16 shows the results of conducting the same test on Nussult number.

The same

conclusion applies that both decongestion and flowrate alter the mean Nusselt number of both

the anterior and posterior cavity to a statistically significant degree, with decongestion lowering

the Nusselt number, whereas increasing flowrate increases Nusselt number.
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Flowrate | Congested Nos-PS | Decongested Nos-PS | Congested | Decongested
(Lomin™") | h (W.m2.K™) h (Wm 2K™1) Nos-PS Nu | Nos-PS Nu

15 1254 78.0 24.6 19.2

30 174.0 112.1 34.6 27.4
Flowrate | Congested Nos-1V | Decongested Nos-1V | Congested | Decongested
(Lmin™') | h (Wm2K™) h (Wm2.K™1) Nos-1V Nu | Nos-1V Nu

15 130.6 87.8 28.7 22.1

30 179.3 119.8 40.6 30.3
Flowrate | Congested 1V-PS | Decongested 1V-PS | Congested | Decongested
(Lomin™") | h (W.m™2.K™) h (Wm™2K™1) 1V-PS Nu | 1V-PS Nu

15 121.2 70.2 21.3 16.8

30 169.8 106 30 25.1

Table 4.4: This table lists the mean heat film coefficient and Nusselt number for the cohort
subjects of different geometry regions, e.g., the whole nasal cavity (between plane Nos and PS),
anterior cavity (between plane Nos and plane 1V), posterior cavity that defined by plane 1V
and PS.

Nos-PS | Nos-1V | 1V-PS
Congested
1.4 1.4 1.4
hso/hys
Decongested
1.4 1.4 1.5
h3o/hys
Congested
1.4 1.4 1.4
Nusg / Nuys
Decongested
1.4 1.4 1.5
NU30/NU15

Table 4.5: This table shows the mean heat film coefficient ratios of different geometric partitions
between the higher and lower flowrates.
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As has been used in chapter 3, the local partition of the whole nasal cavity can be divided
into anterior and posterior cavities that separated by plane 1V. Table 4.4 lists the mean heat
film coefficient and Nusselt number of all the subjects within different geometric regions of
the cavity. And table 4.5 shows the associated ratios of the results between high and lower
flowrates. The results from table 4.4 indicate that no matter within which partition of the
cavities, the decongestion would reduce the corresponding heat film coefficient and Nu number.
Furthermore, it also shows that increasing flowrate can lead to the increase of mean heat film
coefficient and Nu number for all three geometric partitions. In addition, as expected from
the intranasal distribution results of heat film coefficient across the cavity, the anterior part
of the cavity has a slightly higher value than that of the posterior cavity. The ratio of the
cavity mean heat film coefficient within different partitions (whole cavity, anterior cavity and
posterior cavity) of the cavity between higher flowrate and lower flowrate shows are the same
with value 1.4, except for decongested posterior cavity of value 1.5. Similar ratio also also being

calculated for Nu number and it shows the same results as heat film coeflicient.
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Subject Con-15 | Decon-15 | Con-15 | Decon-15 | Con-15 | Decon-15 | Con-15 | Decon-15

f f f f f f f f

Nu Nu Sh Sh Sty Sty, Stm Stm

A 0.0039 | 0.0044 | 0.0092 | 0.0096 0.99 1.18 1.98 1.09

B 0.0032 | 0.0035 | 0.0085 | 0.0087 0.98 1.02 2.08 0.95

C 0.0036 | 0.0035 | 0.0086 | 0.0080 0.94 0.90 1.96 0.84

D 0.0038 | 0.0040 | 0.0084 | 0.0087 1.01 1.06 2.03 0.99

E 0.0039 | 0.0055 | 0.0088 | 0.0103 0.95 1.01 1.83 0.94

F 0.0027 | 0.0037 | 0.0066 | 0.0085 0.70 0.98 1.53 0.91

G 0.0041 | 0.0036 | 0.0098 | 0.0085 1.00 0.90 1.97 0.84

H 0.0036 | 0.0040 | 0.0094 | 0.0089 1.08 1.09 2.36 1.02

I 0.0048 | 0.0077 0.01 0.0159 1.06 1.40 2.01 1.30

1 0.0031 | 0.0033 | 0.0083 | 0.0088 0.97 1.11 2.12 1.03

Mean (15) | 0.0037 | 0.0043 | 0.0088 | 0.0096 0.97 1.07 1.98 0.99

Mean (30) | 0.0016 | 0.0018 | 0.0042 | 0.0044 0.83 0.90 1.96 0.84

Table 4.6: The ratios of friction coefficient over multiple quantities, i.e, Nusselt number, Sher-
wood number, both heat and mass Stanton number. All the ratios are using the mean values of
the whole cavity of each quantity. The last row gives the mean ratio of flowrate at 30 L.min~!
directly, without showing each value of every subjects. Ideally, the ratio between frictional
coefficient and Stanton number is 2 for laminar flow.

Table 4.6 lists the ratios between frictional coefficient and others, i.e., NU, Sh, St for heat and
mass. It shows that after doubling the flowrate the mean cavity ratio between f and Nu (or
Sh) nearly reduced half (45%) of that at 15 L.min™!, while the ratio between f and St is not

varying much. Very roughly, this indicates that the heat or mass transfer of the whole cavity

behaves in a similar manner as the fully developed duct flow, which the Niu and % are only

a function of Reynolds number and % is constant. This measurements of great interest to be

further applied in the analysis with larger sample size, i.e., far larger than 10 subjects.
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Mass film coefficient and Sherwood number
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Figure 4.17: Mass film coefficient and Sherwood number between congested and decongested
cavities under both higher and lower flowrates. The upper pair (a,b) are the intranasal mass
film coefficient distribution along the cavity centerline, while the lower pair are the same but
for Sherwood number.

Mass film coefficient is an appropriate quantity to evaluate the transfer efficiency of the mois-
ture from the surface to the cavity volume. Figure 4.17a shows the distribution of mass film
coefficient across the cavity. From the figure, one can observe that the expansion of cavity
CSA by decongestion will reduce the mass film coefficient. Doubling the flowrate (figure4.17b),
shows similar distributions with slightly higher value. The two maxima points of the mass
film coefficient in the plot are located at around the nasal valve and plane 2V separately. The
higher value at the nasal valve is because of the high moisture gradient caused by temperature

gradient, which drives the moisture vapor transport. The second maxima point is weaker and
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may reflect the narrower passages in this area for the congested noses.
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Figure 4.18: Bilateral mean mass film coefficient, within anterior part (between plane Nos and
1V) and within posterior part (between plane 1V and PS), Wilcoxon singed-rank test, before
and after decongestion as well as before and after increase of flowrate, are distributed by this
figure.

The corresponding intranasal Sherwood number distribution across the cavity appears fairly
consistent after plane AS for both congested and decongested cavities of two different flowrates.
Referring back to the definition of Sherwood number, this implies that the increase in charac-
teristic length due to decongestion, compensates for the reduction in mass film coefficient in

much of the cavity.

Again, the significance test is applied to the mass film coefficient and Sherwood number as well
as shown in figure 4.18 and figure 4.19. It shows that no matter in the anterior or posterior
cavity, the decongestion will reduce the mass film coefficient and to a statistically significant
effect. In other words, the decongestion can reduce the efficiency of moistening of the cavity both
in the anterior and posterior part. Figure 4.18c and 4.18d compare the increase of flowrate effect

on the mass film coefficient of the nasal cavity under same state (congested or decongested). The
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results show that increase of flowrate will lead to a higher cavity moisture exchange efficiency,

although the eventual moistening conditions are not being improved, refer to figure 4.12.
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Figure 4.19: This figure distributes the same test results as figure 4.18, but for quantity Sher-
wood number instead.

As can be seen from figure 4.18 and figure 4.19, it shows that statistically both the geometry
change (by decongestion) and flowrate change (doubled) will have the significant effect on the
mean value of both mass film coefficient and Sherwood number within the anterior and posterior
part of the cavities. From table 4.7 we can see that the decongestion will also reduce the mass
film coefficient just like the effect on heat film coefficient described above and increase of flowrate
will also increase the moistening efficiency. The ratio of increase on mass film coefficient by
doubling the flowrate is around 1.3 (table 4.8) for all the three geometric divisions (whole
cavity, anterior and posterior cavity). The Sherwood number also behaves in the same manner
as the Nusselt number. This means double the flowrate only increase the mass transfer efficient
a third, which is slightly lower than that for the heat transfer efficiency (nearly half) from

table 4.5.
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Flowrate | Congested Nos-PS | Decongested Nos-PS | Congested | Decongested

(L.min™1) h, (m.s™1) h, (m.s™1) Nos-PS Sh | Nos-PS Sh
15 0.061 0.039 10.2 8.5
30 0.073 0.052 12.6 11.3

Flowrate | Congested Nos-1V | Decongested Nos-1V | Congested | Decongested

(L.min™1) h, (m.s™1) h. (m.s™1) Nos-1V Sh | Nos-1V Sh
15 0.056 0.042 11.4 9.8
30 0.070 0.056 14.9 13.3

Flowrate | Congested 1V-PS | Decongested 1V-PS | Congested | Decongested

(L.min™) h. (m.s™!) h. (m.s™!) 1V-PS Sh | 1V-PS Sh
15 0.065 0.036 9.3 74
30 0.077 0.048 10.8 9.7

Table 4.7: This table lists the mean mass film coefficient at different flowrates of the same
geometric partitions as described in table 4.4.

Nos-PS | Nos-1V | 1V-PS
Congested
1.2 1.3 1.2
hc30/hcl5
Decongested
1.3 1.3 1.3
hc30/h015
Congested
1.2 1.3 1.2
Sh030/8h515
Decongested
1.3 1.4 1.3
Shc30/Shcl5

Table 4.8: This table shows the mass film coefficient ratio between higher and lower flowrates
within three geometric partitions: whole cavity (Nos-PS), anterior cavity (Nos-1V) and poste-
rior cavity (1V-PS).
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4.2.3 Correlation analysis

In the section, the correlations are tested between not only previous defined geometric measures,
but also with air conditioning related quantities such as the nasopharynx temperature (T) and
moisture content level (MC), total amount heat flux transferred (THF) and total amount water

flux transferred (TH20F).
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Figure 4.20: Figure a shows the correlations between bilateral SAVR and temperature at na-
sopharynx plane. Figure b shows the correlations between bilateral SAVR, and moisture content
level at nasopharynx plane.

Firstly, the correlations of geometric measures to physical quantities are tested. The results
shows that for congested cavities, there is a moderate correlation (r = 0.61) between SAVR

and nasopharynx temperature at 15 L.min~!, but not for decongested cavities (r = 0.26).
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This correlation will get weaker after increases the flowrate twice that gives r of value 0.45
(figure 4.20b). Secondly, the correlations of bilateral moisture content level at the nasopharynx
plane to the SAVR for different flowrates are shown in figure 4.20c. Similarly as the temperature,
the SAVR and moisture content level correlation will also get slightly weaker after doubling the
flowrate (figure 4.20d). As shown in appendix C.1, there was a lack of appreciable correlation
between the cavity SAVR and the total amount of heat flux or total amount of water flux
transferred. Additionally, as known from the previous analysis, both the dry heat flux and
water flux maps show good association with the WSS maps. Investigating the correlations

between total surface frictional force and total heat flux or water flux gives the following plots:
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Figure 4.21: The correlation plots between surface total wall shear stress (TWSS) and both
the total heat flux transferred and total amount of water transferred.

Figure 4.21 describes both congested and decongested cavities have better correlations with
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total surface frictional force (represents by TWSS) to total heat flux transferred or total water
flux transferred compared to that under lower flowrate (15 L.min™!), except the congested
cavities which show better correlations at higher flowrate. However, all the correlations shown
by figure 4.21 are significant with ‘p’ values less than 5%, except those congested cavities under
lower flowrate. In summary, there are no strong correlations between the cavity total wall
shear stress with the total heat transferred or total moisture transferred. As have been exposed
from the detailed maps analysis, it shows the heat and water transfer are associated with the
distribution of WSS, but they are mostly concentrated on the anterior and inferior sections of
the cavity. Thus the total amount of these measures (WSS, total heat and moisture flux) are

not well correlated.
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Figure 4.22: Correlation between total heat flux and total water flux transferred under two
flowrates.

Unsurprisingly, the correlation between total heat flux and total water flux of the cavity from
figure 4.22 shows that there is strong and significant correlation between the total heat and
water flux of the cavity (p > 0.9). This is because the heat and moistening processes are

happening at the same time and are coupled by the latent heat effect.
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4.3 Unilateral heat and water analysis

After analyzing the results over the bilateral cavities, this section proceed the same analysis

but over the unilateral cavities which extends the sample size from 10 to 20 of each state.

4.3.1 Temperature and moisture

Comparing the results from figure 4.23 to the bilateral plots (figure 4.10), we can see that the
unilateral plot shows very similar distribution as well as the final conditioned state. Increasing

flow or decongestion again leads to decreasing performance, to a significant level (figure 4.24).
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Figure 4.23: Mean temperature distribution of all the unilateral cavities from nostril to posterior
septum. The upper pair represents the results for lower flowrate (15 L.min™!) simulations before
and after decongestion, while the lower pair is the results for higher flowrate (30 L.min™'). Note
particularly the flowrate labelled represents the bilateral flowrate and the unilateral values need
to deduce from the mass flow split ratio.
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Figure 4.24: Unilateral Wilcoxon signed-rank test for temperature at posterior septum plane

before and after decongestion.
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Figure 4.25: This figure, again, shows the same distributions but for quantity moisture content

level for unilateral cavities.

Accordingly, the unilateral mean moisture content distribution also closely matches the bilat-
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eral cavity results, confirming that decongestion will reduce the final (at posterior septum)
conditioned value. Applying significance testing to the reduction in moisture content MC level,
due to the decongestion effect for the unilateral cavity has the same conclusion as for that
bilateral cavity. In summary, this shows again that there is no difference if we treat each half

cavity as an individual object in a cohort study like this.
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Figure 4.26: Wilcoxon singed-rank test for the moisture content level at plane PS of unilateral
cavitites.

4.3.2 Heat and moisture transfer coefficients analysis

For clarification, we should keep in mind that the mass flowrate number of unilateral legend
indicates the value of bilateral cavity, and the actual values of each half noses need to be

deduced based on the mass split ratio.

Heat film coefficient and Nusselt number

Figure 4.27 shows the heat film coefficient distribution from anterior nostril to PS plane at
two different flowrates. Refer back to the same plot but for bilateral cavities, figure 4.14, we
can observe that the mean unilateral distribution of heat film coefficient and Nusselt number
are nearly identical to that of the bilateral results, except figure 4.27d shows obvious higher

standard deviation for unilateral Nusselt number at higher flowrate (30 L.min™").
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Figure 4.27: This figure shows the same distribution as figure 4.14, but this is for unilateral
cavities instead. The upper pair (a,b) represent the heat film coefficient result, whilst the lower
pair (c,d) are for the intranasal Nusselt number.

If we calculate the mean heat film coefficient between nostril and plane 1V and between plane
1V and plane PS, the effect of decongestion on unilateral cavities are shown in the first row of
figure 4.28. Similarly, the change of flowrate effect on the mean heat film coefficient are shown
in the second row of the same figure. The results compared to that of the bilateral cavity do
not only share the same conclusion but also with very similar median values as well. Thus, we
can conclude that no matter bilaterally or unilaterally evaluate the decongestion or flowrate
change effect on the anterior or posterior part of the cavity of the heat film coefficient, it all
have statistically significant difference, i.e., the decongestion will reduce the heating efficiency,

while the increase of flowrate will increase the heating efficiency.
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Figure 4.28: This figure shows the significance test results for the heat film coefficient for both
the effect of decongestion and the effect of double the total mass flowrate. The upper pair (a,b)
represent the effect of decongestion on heat film coefficient within both the anterior (between
plane Nos to 1V) and posterior (between plane 1V and PS) cavity, while the lower pair (¢,d)
are the same but for the effect of doubling the total mass flowrate.

Figure 4.29 shows the significance test result for unilateral cavity of Nusselt number. Same

as the bilateral results (figure 4.16), the decongestion will reduce the Nusselt number with

statistic significance, whilst the increase of flowrate will increase the Nusselt number but also

with statistic significance of both the anterior and posterior cavities.
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Figure 4.29: Decongestion and flowrate effect on the mean Nusselt number within anterior
(plane Nos to 1V) and posterior (plane 1V to PS) cavity separately. The upper pair are for the
effect of decongestion, while the lower pair are for the effect of change of flowrate.

Mass film coefficient and Sherwood number

Conducting the same analysis for mass film coefficient and Sherwood number as that for the

bilateral cavity. Firstly, we can see the nearly identical mean intranasal distribution of both

mass film coefficient and Sherwood number between unilateral cavities and bilateral cavities by

comparing figure 4.17 and figure 4.30. Considering the statistic analysis for the unilateral cavity,

we observed the same conclusion, although the values details are slightly different, comparing

the results from figure 4.18 to 4.19 and figure 4.31 to 4.32.
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Figure 4.31: Unilateral mean mass film coefficient, within anterior part (between plane Nos and
1V) and within posterior part (between plane 1V and PS), Wilcoxon signed-rank test, before
and after decongestion as well as before and after increase of bilateral flowrate, are distributed
by this figure.
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Figure 4.32: This figure shows the same results as figure 4.31, but for quantity Sherwood
number instead.

4.3.3 Correlation analysis

As have been found that the bilateral correlation between SAVR and nasopharynx temperature
does not show strong correlations. However, although it is also only moderate correlations be-
tween SAVR and conditioned temperature at posterior septum as well as the moisture content
level, the unilateral cavity results in general have slightly higher correlations compared to that
of the bilateral results. This might due to the unilateral results avoid the effect of asymmetric
mass flow split ratio among left and right side cavities. With the doubled flowrate, the corre-

lation factors get slightly weaker (figure C.2).

The unilateral cavity results about the correlations between total WSS and total heat and
moisture transferred in figure C.3, it shows even weaker correlations compared with the results

of bilateral cavity (figure 4.21).
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Figure 4.33: Unilateral correlations between SAVR and the conditioned temperature and mois-
ture content level at posterior septum of both lower and higher flowrate.



Chapter 5

Laryngo-tracheal flow analysis

This chapter describes an investigation of inspiratory airflow through the larynx and into the
trachea. The study considers how the flow behaviour and associated energy dissipation and

pressure loss are affected by flowrate and by the reduction in glottis aperture respectively.

Even for complete normal anatomy, inspiratory flow in the larynx is complicated by the varia-
tions in upstream airway cross section (due to complex and soft tissues surrounding the tongue
base and epiglottis) and by the changes in flow direction. The dominant flow feature is the
laryngeal jet, which can significantly affect airway flow patterns as well as tracheal wall shear

stress [16].

Before we get into the detailed analysis of the results, the geometry features and a set of pre-
defined cross-sectional planes are introduced as shown in figure 5.1. From the figure we can
see two different glottis shapes at the same location in the complete airway (distributed in
figure 5.1a and shown by the cross-sectional plane). The geometry with small angle of glottis
aperture (partly abducted) was achieved by manual modification from the full abducted com-
plete airway (53 degrees glottis) by Dr. Lulu Ritchie, a trainee ENT surgeon, as described in
her thesis [124]. Since the modification of the glottis geometry was performed directly on the

original image segmentation, the process of translation to a surface mesh treated the modified
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geometry as an entirely different object. Consequently, the necessary smoothing applied after
exporting the STL surface mesh after the glottis modification introduced further minor differ-
ences beyond the modification region. These inadvertent geometry changes are not evident in
the cross-sectional are plot, figure 5.1b. However, when considering the distribution of total
pressure (figure 5.6) it should be remembered that these are the source of small differences

between the two geometries in the pharynx region.

Considering the CSA variation in detail, figure 5.1b, the variation of the area distribution
within the pharynx region (x = 15 mm and 80 mm) is caused by the redundant area after the

truncation at the posterior of the oral cavity and at the esophageal opening.

Having introduced the geometries used for this study, the following sections present firstly, the
validation of high resolution computational predictions by comparison with experimental re-
sults obtained by Dr. Lulu Ritchie. In her experiment, the measurements were taken in replica
models of the same geometries, which were produced by rapid prototype manufacture [124].
Following validation of the high resolution computations, comparison is made for flow features
resolved by different lower fidelity computational models and the predicted pressure losses.
Flow features around the laryngeal jet are then displayed in detail and the associated effect on
the surrounding tissues reflected by static pressure is analyzed. Next, the effect of a change
of glottis aperture from fully abducted to partly abducted is considered. Finally the computa-
tional predictions of pressure loss obtained for both glottis apertures for different flowrates are

discussed.
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Figure 5.1: Figure a shows the complete upper airway geometry with detailed images that show
the glottis cross-sectional plane of both 53 (fully abducted) and 10 (partly abducted) degrees.
The predefined cross-sectional planes, each oriented normal to the geometric centerline are
shown by the grey lines that above the surface rendering. Figure b shows the corresponding
CSA distribution along the airway centerline from slightly below nasopharynx to just above
the carina as marked by a solid black line on the surface rendering.

5.1 CFD and Experiment results

To perform a fair comparison with the experimental data, a configuration expected to yield
a strong jet with associated large pressure loss was selected. The choice of a strong jet flow
(partly abducted glottis aperture (10 degrees) at 50 L.min~1), reflects the added complexity of
higher Reynolds number where the range of turbulent length scales are greater and the com-

putational demands correspondingly larger.
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Figure 5.2: Mean static pressure of 10 degrees glottis between laminar simulation results and

experimental results at flowrate of 50 L.min™".

The blue dots with the margin bar of £+ 3.5

Pa are the experimental results and the red dots are the simulation results. The scale of the
vertical axis of each plot is the same as probe locations, as represented by the small dots, on
each side of the airway. Value of 0 means the first probe location of each side separately.

Figure 5.2 shows the comparison of mean static pressure between experiment results and the

qDNS results (refer to chapter 2 for gDNS description). In total 37 probes attached during
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the experiment and these locations are identified by the small dots on the model rendering as
shown in the figure 5.2. As can be seen clearly in the figure, the ¢DNS simulation results lies

perfectly within the experimental error, marked for each data point by a + 3.5 Pa margin bar.

Vorticity: Magnitude (/s)
3200. 4800.

Figure 5.3: Comparison of different CFD models applied for flowrate of 50 L.min~! to partly
abducted glottis. Maps of vorticity magnitude are shown on the same sagittal plane for different
turbulence models. Reading from left to right, the first two models feature highly resolved
meshes: gDNS (15 million) and LES (11 million); the remaining three simulations use the same
mesh which contains only 2.9 million elements.

It is recognized that qDNS needs extensive computational resources and is presently not prac-
tical if an answer is desired within a reasonable time span. Thus it is useful to find a balanced
solution that can achieve certain accuracy but needs much less time compared to the qDNS.
Figure 5.3 shows the CFD simulation results for various flow models applied to the partly
abducted glottis airway, where vorticity magnitude is plotted, since this is a simple means to
indicate distinct features in the flow. It can be seen that as the computational model is reduced
both in the mesh density and temporal resolution, the flow details represented by vorticity are
correspondingly extensively simplified. However the main jet structure is still evident even for
the lowest resolution and least accurate flow model (namely the steady RANS model). From
gDNS to laminar simulations, the mesh elements reduced from nearly 15 million to 3 million

(the RANS simulations share the same order of mesh elements as laminar simulation), and the
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temporal resolution reduces from 1x107° to 1x10~2 second.

The choice of flow model affects the overall total pressure loss between inlet and outlet. The

results for the various turbulence models are listed in table 5.1:

Simulation name | Total pressure loss (Pa) | Relative error (%)
qDNS 118.5 0
LES 118.3 0.2
Laminar 108.7 8.3
Usteady k-w 108.3 8.6
Steady k-w 106.3 10.3

Table 5.1: Flowrate at 50 L.min~! for partly abducted glottis (10 degrees). This table compares
the overall total pressure loss of different flow models. The relative errors compared to gDNS
simulation are shown in the right column.

Except the steady RANS simulation, all the rest have relative errors within 10%. The laminar
simulation is picked, and used for further analysis rather than the unsteady RANS, since the

laminar calculation is both faster and offers slightly better prediction, figure 5.3.
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Figure 5.4: Cumulative losses in energy flux among qDNS, LES and laminar simulations.

Figure 5.3 shows both the gDNS and LES simulation capture much more flow structures (re-
vealed by vorticity) compared to the laminar simulation results. All of flow models show the
laryngeal jet after the constriction of glottis, but qDNS shows the finest details, whilst LES
though similarly rich in features is slightly less detailed. Accordingly, figure 5.4 compares the
cumulative energy flux losses along the airway centerline. From the plot we can see that the re-
sults of gDNS and LES are extremely similar, however, the laminar simulation has two obvious
underestimations of energy loss before and after the glottis restriction. The overall underesti-

mate of the energy flux losses is roughly 7% compared to the gDNS result.

In summary, it shows that LES is an alternative method to qDNS since it can effectively
capture most of the flow features. However, for this study the unsteady laminar simulation
was deemed to deliver results of acceptable accuracy. The much more coarser resolution of the
unsteady laminar solver (100 times larger time step and one fifth mesh density compared to
qDNS simulation) enabled a broad range of flowrates to be considered, with adequate accuracy

(around 8%) to reveal the trends.
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5.2 Effect of glottis aperture and flowrates

To study the effect of glottis aperture on the laryngeal jet, two different configurations are
studied. Each of them is characterised by the angle of glottis aperture at its apex: in this
study a 53 degree (fully abducted) and 10 degree (partly abducted) glottis is simulated, with
aperture areas of 1.98 cm? to 1.16 cm? respectively, for a tracheal airway area of 2.64 cm? at

the level of the first tracheal ring.

IR

10 degrees 53 degrees

Mean of Velocity: Magnitude (m/s)
0.0 1.2 2.4 3.6 4.8 6.0

1

Static pressure
-140. -112. -84. -56.

Figure 5.5: Left two views (above and below the velocity bar) show sagittal plane images of
the 10 degrees glottis model.Right: same but for 53 glottis geometry. Both of them are viewed
from the same sagittal planes with the mean velocity (top) and static pressure (bottom) are
shown on the planes with the inlet static pressure preset as 0.

As shown in figure 5.5, the partly abducted glottis (10 degrees) geometry has a much stronger
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jet compare to that of the fully abducted glottis (53 degrees) geometry. Accordingly, the nor-
malized static pressure scalar scene indicates that the stronger jet will induce a larger static
pressure drop (cause by local high velocity). This potentially can increase the risk of unex-

pected airway collapse,e.g., EILO [21].

Comparing the total pressure loss along the predefined cross-sectional planes, figure 5.6 first
note that the rapid pressure drop at the beginning of the pharynx region is caused by the cross-
sectional area increase. Secondly, the apparent fluctuations in total pressure in the pharynx
are partly an artefact of the averaging procedure. Likewise the total pressure recovery after
the glottis is again an averaging artefact, whereas static pressure partly recovers, the flow total
pressure must decrease. The preceding energy flux plot (figure 5.4) is thus a more reliable

indication of loss.

Further downstream of the glottis, the jet is dispersed and the flow reattaches, so that area
averaging reflects the true flow total pressure. Thus comparing the difference in total pressure
from the pharynx to the carina, it is evident that the reduction of glottis aperture can highly

increase the total pressure drop across the restriction (nearly doubled with 40% area reduction.)
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Figure 5.6: Total pressure loss distribution along the tracheal centerline of fully and partly
abducted glottis at flowrate of 50 L.min~!.

Figure 5.7 shows the comparison of resistance (defined in terms of total pressure loss) between

two configurations of the glottis at 50 L.min~!. By adopting a flowrate average of total pressure

for each cross-section (see equation in chapter 2), the anomalies in total pressure can be removed

leading to a sensible distribution of airway resistance. Note that for a fully abducted glottis,

there is no abrupt transition in resistance from pharynx to the glottis. Further downstream,

tracheal resistance is likewise negligible. By contrast, with reduced glottis area, a stronger and

more persistent jet enters the trachea with associated energy dissipation extending over much of

the tracheal length. Only towards the carina the rate of increase in resistance fall to negligible

levels.
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Figure 5.8 compares the total pressure losses along the centerline of the geometry of 10 degrees

glottis with various flow rate from 20 to 80 Lmin~!. With the increasing of flowrate, although

the overall total pressure loss is significantly larger, the pattern of pressure drop is remarkably

similar.
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Figure 5.8: 10 degrees glottis total pressure loss variations with multiple flowrates.

From the plot (figure 5.8) it can be seen that the partly abducted glottis airway shows only
about 10 Pa pressure loss at moderate breathing rate (30 L.min~!) which is minor. However the
pressure loss can increase dramatically while doing moderate exercise (flowrate at 80 L.min™?).
This level of pressure drop can potentially lead to exercise-induced partial closure of the vocal
fold which can be mistaken as asthma. Thus the glottis aperture opening level need to pay
attention during the clinical check cause the high possibility of airway collapse for patients who

have a narrow glottis aperture.

From a fluid mechanics perspective, the glottis functions similarly to an orifice and the orifice
loss of a constant cross-sectional ducts can be predicted approximately using the quadratic
relationship between pressure loss and flowrate [148]. By plotting the log relationship of the
total pressure loss against flowrate (figure 5.9). It shows at higher flowrates, a simple quadratic

scaling of pressure loss with flow occurs, with exponent nearly 1.9.
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Chapter 6

Tracheal stenosis flow analysis

Current objective methods assessing tracheal compression include: Computed Tomography
(CT), Magnetic Resonance Imaging (MRI) and Lung Function Tests [149]. As high-resolution
tomographic techniques develop, there are corresponding improvements in speed, accuracy, and
ease with which tracheal compression can be imaged. Consequently, patients with these condi-

tions sometimes undergo serial imaging to monitor disease progression.

Although routine interrogation of axial slices from a tomographic dataset may suffice for eval-
uating some airway abnormalities, several limitations are associated with single plane images,
especially when displaying complex 3D relationships. The limitations of axial image evaluation
can, however, be overcome with the aid of 3D reconstructed images from the original datasets.
These provide not only a more anatomically meaningful display of complex structures but also
allow more exact geometric quantification and the possibility for predictive analysis using com-

putational fluid dynamics (CFD).

CFD has been applied for some time to predict airflow in the large airways, with computing
power now sufficient to resolve the detailed flow dynamics [42, 150]. Processing the flow pre-
dictions provides measures such as pressure loss, resistance and wall shear stress which relate

directly to patient symptoms [16, 45, 110, 151, 152, 153, 154]. Studies [155, 156, 157, 158] have

201
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applied computational predictions to virtually model the effects of geometry modification on
surgical intervention, with Chen et al pointing out the use of CFD to evaluate the effectiveness
of tracheal surgery [114]. The potential scope for such applications is large, but our present,
imperfect knowledge of the healing process, among other factors, means actual post-operative
geometries may differ considerably from those intended; as yet relatively few studies have in-

cluded models based on actual post-operative geometries.

This study describes the application of imaged geometries and computational methods to mon-
itor disease progression from serial scans and the effect of surgical intervention. Image seg-
mentation is used to produce a virtual 3D model, followed by computational simulation to
estimate the associated tracheal airway resistance. However clinical imaging studies may ex-
clude a portion of the airway; this can lead to inflow domain truncation affecting predictions;

the mechanisms and functional consequences of this are discussed.

6.1 Material and Methods

6.1.1 Image Data

The pathological trachea used for this study was from a patient with a retrosternal goitre
amongst other co-morbidities, particularly chronic obstructive pulmonary disease (COPD) [18].
The subject underwent several CT scans, due to complex medical history. Patient permission
was obtained to analyze a series of clinical chest CT scans. Research and Ethics compliance
was obtained from the local Joint Research Compliance Office reference 155M2566. The data
was analyzed using current American Thyroid Association (ATA) imaging test guidelines [159]

for surgical intervention.

CT scans were obtained at quiet breathing before and after surgical intervention as follows,
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where the prefix T denotes the intervening time in months between scans and the equipment

used is given in parentheses:

e TO, (Phillips ICT 256), reconstructed as 1 mm thick slices;

e T4, (4 months after TO, Phillips Brilliance 64), reconstructed as 3 mm thick slices;

T15, (15 months after TO, Phillips Brilliance 64), reconstructed as 2 mm thick slices;

T23, (23 months after T0, Phillips Brilliance 16), reconstructed as 3 mm thick slices.

The in-plane resolution was 0.6 mm per voxel in all cases. The patient became symptomatic
at T13, i.e., two months before the last pre-operative scan at T15. All three pre-operative
scans were compared with a further CT scan (T23), two months following total thyroidectomy.
Figure 6.1 shows a sagittal view of one slice for all the CT scans with the yellow marker at the

minimum cross-sectional position, except T23.

January 2012 May 2012 April 2013 Post Op

T0 T4 T15 T23

Figure 6.1: Sagittal view comparison corresponding to the point of maximal constriction in all
scans. The yellow line in the picture indicates the location of minimum cross-sectional area
(except T23).

Symptomatically, the patient had extreme difficulty taking every breath at T15, but reported

total relief post thyroidectomy.
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6.1.2 Airway Geometry Definition

Reconstruction of the tracheal lumen was performed using automated airway segmentations
(Mimics Innovation Suite: Materialise, Technologielaan 15-3001 Leuven, Belgium), as illus-

trated in figure 6.2 for the T15 geometry.

Figure 6.2: Volume rendering of the subject’s anatomy at T15 showing the skeleton with a
surface rendering of the segmented airway.

The overall length of the imaged portion of the airway varied depending on the scan protocol:
TO includes part of the trachea (below first trachea ring and above carina) whereas the other
studies included a greater portion of the airway, either to the nasopharynx or to just below the

carina, but not simultaneously both.

A trachea centerline was generated from the reconstructed airway volume using the Vascu-
lar Modelling Toolkit (VMTK) previously described [160]. An in-house MATLAB (R2016b,
The MathWorks, Inc., Natick, MA, USA) code generated planes normal to the local centerline
direction along the airway. The plane boundary was found where it intersected the surface

geometry, allowing the cross-sectional area to be calculated, as described by Bates et al [150].
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Tracheal airflow was calculated by CFD, using Star-CCM+ 11.04.012-r8 (Siemens Product
Lifecycle Management Software Inc, Plano, TX, USA 75024) for both mesh generation and to
solve the Navier—Stokes equations. Quasi-steady simulations were performed predominantly
for a flow rate of 392 ml.s™ (23.5 Lmin™!), corresponding to the peak flow rate for a half
sinusoidal inhalation of duration 2 s at a tidal volume of 500 ml, using Large Eddy Simulation
(LES) with the WALE sub-grid scale model in STAR-CCM+. Other flow rates (30, 40 and
50 L. min™!) were also simulated for T15 to examine the feasibility of a power law fit for flow
resistance. From previous studies [16, 110, 153, 161], LES as opposed to Reynolds-averaged
Navier—Stokes (RANS) is the preferred CFD model to capture the jet structures emanating from
the tracheal lumenal constriction [162]. It has been found that airway simulations may closely
match experimental results for an airway, with observed differences attributed to limitations
of mesh resolution [116, 163, 164]. The present computations were primarily performed on
meshes of 3.8 million polyhedral elements, including wall prism layers with an averaged first
layer height of 0.013 mm to 0.023 mm and time step 10~* s. For all the simulations, both inlet
and outlet section have been extended outwards by extrusion to avoid reverse flow effect at
both ends. Simulations ran for 0.2 s physical time with the first 0.05 s discarded to allow any
start-up transient to dissipate and results were averaged over the remaining period. A mesh

independent study was also carried out and is shown in D.1.

6.2 Results and Discussion

6.2.1 Geometry

The area distribution curves show three pronounced minima, highlighted by larger markers
(figure 6.3). From left to right these correspond to: (i) base of the tongue (associated with
partial airway collapse as the subject was imaged in the supine position), (ii) glottis, (iii) the
point of maximal tracheal compression. The scan data at TO captures a relatively short region,
approximately between the first tracheal ring and just above the carina. The T15 geometry

also ends 9 mm above the carina, though includes the supra-glottic airway. Although scan
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T4 includes the main bronchi, the area distribution does not extend to the origin since the

definition of the tracheal centreline terminates before the carina.

Additional geometries were created as follows: (i) T15-S, where the airway section of T15
above the first tracheal ring is substituted by an extruded pipe; (ii) T4-L is an extension of the
actual imaged airway T4, which did not include the larynx. To enable comparison of inflow
disturbances, the missing supra-glottic airway was substituted for by that at T15, adjusted to
ensure a smooth transition. To investigate the effect of inflow domain truncation associated with
reduced field of view of the image data, additional studies were also performed on geometries
denoted T4 and T15-S. Since the carina was not imaged in every one of the original data
sets, anatomical landmarks in the image data were used to translate all area distributions to
a common carina origin, with increasing negative distances corresponding to more superior

locations. Figure 6.4 shows a rendering of the geometries used for CFD analysis.

| T T starting point of truncated geometry,

0 1 1 1 1 1
-220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0
Centerline distance to carina plane (mm)

Figure 6.3: The cross-sectional area distribution for all the tracheal geometries within this
research.
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Figure 6.4: Geometries in sagittal orientation with centerline

The length of the constricted portion was defined as a contiguous segment with lumen cross-

sectional area (CSA) reduced by 35% [165] or more compared to the first tracheal ring area,

Table 6.1. The table shows that in the 15 months between the scans labelled TO and T15, the

minimum area reduced from 70.3 mm? to 20.5 mm? while the constriction length is not changing

too much. The T15 constituting a constriction of 82.5% relative to first ring lumen and the

minimum CSA for the pathological cases is displaced from its normal location at the glottis,

but reverts to there post-operatively, table 6.1. The progressive change of compression that

occurred after T4 corresponded with significant breathing difficulty reported by the patient.

CT scans | Constriction | Cross-sectional Area | Glottis Area | First Trachea Ring
Length (mm) | Minimum (mm?) (mm?) Area (mm?)
TO 17.0 70.3 Not Available Not Available
T4-L 32.0 35.2 84.1 148
T15 32.7 20.5 66.9 117
T23 0 80.8 80.8 146

Table 6.1: Geometric data of tracheal lumens. The percentage constriction is defined as the
CSA ratio: (CSAFirstRing — CSAmin)/CSAFirstRing and is 825% for T15.
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6.2.2 Flow Analysis

Air flowing through the airways loses energy due to viscous dissipation; this energy loss trans-
lates to the airway resistance component of the work of breathing. As outlined in D.2, the rate

of energy loss can be described using an energy flux integral, defined as

1 2
Bri = [ (w [P + 5oluflas (61)

where u is the velocity vector, p is the flow density, P; is the static pressure and n is the unit
normal vector of the cross-sectional planes that is perpendicular to the centerline; the slope
at a point on a plot of Er against distance from inflow indicates the local rate of dissipation.
Energy dissipation can be considered to comprise two parts [17]: that required to overcome wall
friction, and an excess due to flow non-uniformity. At first, a localized constriction increases
the dissipation rate by raising wall friction; downstream where the geometry typically expands,
a strongly non-uniform jet flow is produced that dissipates through internal shear layers, in-
creasing losses. Likewise, where the trachea is significantly deviated, the turning required of the
flow introduces bias, augmenting losses. Flow losses are commonly estimated from a combined
application of pipe friction correlations and loss factors; an attempt to characterize idealized
tracheal stenosis in terms of an appropriate loss factor has been applied previously [19]. Here
the geometry is more complex and it is thus of interest to compare estimates based on simple

loss factors with the results of computations, as discussed below.

Effect of Progressive Constriction on Inhalation Resistance and Energy Loss

Comparing T4-L and T15, the geometry of T15 is both highly compressed and deviated, which
leads a shrinkage in axial length. Moreover, the progressive compression is associated with
changes in the position of C'SA,,;,. After thyroidectomy, case T23, the position of C'SA, .,
reverts to its normal location at the glottis. The overall airway resistance at the prescribed

flowrate of 23 lL.min™! for T15-Long, (0.68 Pa.ml'.s), scales (using an exponent of 1.96 as
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described further) to 1.14 Pa.ml™!.s (11.7 em.H20.171.s), which is much in excess of the normal

total airway resistance (let alone tracheal resistance), ~ 1 cm H20.171.s [18].
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Figure 6.5: Resistance and cumulative energy flux of two pre-operative cases and the post-
operative case. The extra maker of each line corresponds to the latter two locations of area
minima as described above, namely the glottis and the most constricted region in the trachea.

For both T4-L and T15, resistance rises abruptly at two locations: the first due to the ex-
pansion of the area below the base of the tongue, and the second by the goitre compression
below the glottis. Figure 6.5 shows there is also a small resistance increase within the range of
x = [—140 — 100], associated with the moderate increase in CSA after the glottis, figure 6.3.
In both T4 and T15, the largest component of resistance occurs at the most restricted section
of the trachea (r = [—100 — 80]), especially for T15. Overall, geometry T15 has a resistance

about 2.4 times that of T4-L (details shown below and D.4).

However in T15 the contribution of tracheal compression is greater: downstream of the com-
pression (figure 6.5, beyond position -100 mm), resistance increases by a factor of 3 between

T4-L and T15, or almost matching the quadratic power: (C'SAin14/CSAminT15)?. The sud-
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den drop in resistance where the lumen expands downstream of the compression is associated
with the averaging of pressure across a larger area, whereas the actual energy dissipation occurs
gradually as the jet breaks down and mixes. This can be seen by comparing the flow power
loss curves, equation 6.1, right axes in figure 6.5. Localized reductions in flow resistance merely
reflect averaging effects as the jet mixes, whereas flow power continuously reduces, providing
a better means of assessing the energy cost of the constriction. In contrast, the resistance of
the post-operative geometry is almost entirely attributable to the glottis, with the value of 0.05
Pa.ml™!s closely matching normal and idealized tracheas [45, 116] adjusted for comparable
flow rate. This indicates a clear objective surgical benefit from the perspective of fluid dynamic

efficiency.

Insight into the fluid dynamic response to the airway lumen reduction between T4-L and T15
can be gained by comparing velocity distributions at selected planes, figure 6.6, in conjunction
with volume renderings of vorticity, (indicating shear intensity, associated with energy loss).
Plane G is defined at the glottis position, with three further planes at, after and further down-
stream of the CSA,,;, point. The vorticity rendering of figure 6.6 indicates energy dissipation
upstream of Plane G (glottis) in both cases, corresponding to area expansion downstream of the
tongue base. This is also shown in figure 6.5 and approximately mirrors the initial increase in
resistance. Although not as significant as the losses associated with the compression, it shows
the potential of postural airway collapse to augment resistance. (Note differences in the supra-
glottic resistances of T4-L and T15 merely reflect the scaling required to fit the supra-glottic

geometry of T15 onto T4).

At the respective CSA,,;,, locations (plane labelled Min), both lumens are elliptical rather than
circular, with the smaller lumen of T15 producing a stronger jet than in T4-L. Planes P1 and
P2 of both T4 and T15 show highly asymmetric flow downstream of the constriction, caused
by the complex geometric shape of the trachea; consequences of such flow non-uniformity have
been discussed by Bates at al [150]. The considerably higher downstream vorticity in case T15

is also evident, signifying greater energy dissipation, figure 6.5.
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Figure 6.6: Jet structure: Top is T4-L and bottom is T15. Plane labelled as G and Min

represent the planes located at glottis and minimum area position. Plane P1 means the first
posterior plane after the jet and P2 is the second posterior plane further downstream.

Effect of Inflow Truncation: Upstream Boundary Moved Below Glottis.

Clinically acquired scan data may not encompass the whole airway. Consequently we have also
computed flows for T4 and T15-S which are truncated below the glottis. Figure 6.7 compares
the flow structure in the full and truncated T4 geometries (respectively labelled T4-L, T4), like-
wise in figure 6.8 for T15 geometries. Both truncated geometries are extended by several mean
diameters at inlet using simple extrusion, to which a steady uniform inflow is applied. The lo-
cations of the cross-sectional planes are as in figure 6.6, except for the replacement of the glottis

plane (G) by a sub-glottic inflow plane (SGI); the solution methodology is otherwise unchanged.

Truncating the geometry results in a more uniform inflow at plane SGI in both T4 and T15-S.
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Truncation also removes the flow disturbances present in the full geometry, which result from
upstream jet breakdown following constrictions at the tongue base and glottis, as shown by
the vorticity volume renderings. In both cases, vorticity rendering shows jet breakdown to
occur earlier in the full geometries; whilst greater persistence of the jet flow in the truncated
geometries is shown by comparing the cross-sectional velocity distributions at planes P1 and
P2. These results accord with findings regarding the influence of upstream disturbances in

other studies[110, 166, 167].

SGI Min P1 P2

Vorticity: Magnitude (/s)
Velocity:Magnitude (m/s) 5000 6000. 7000. 8000.  9000. 10000.

0. 2 -
[ | |
Figure 6.7: Jet structure of T4-L compared with T4-Short. Plane SGI means supraglottic inlet
plane, the other three planes are as described above.
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Figure 6.8: Jet structure of T15 compared with T15-S. Plane SGI means subglottic inlet plane
while the other three planes as described above.

Truncation of the superior geometry has a significant effect on the pattern of inhalation energy
loss, as seen in figure 6.9, which includes plots of cumulative changes in total pressure times
volume flux integrated over the lumen, relative to a common origin at the site of truncation.
Although the eventual accumulated losses within the same geometry range are similar, for the
truncated geometry the rise in energy loss is delayed by approximately 10 mm compared to the
full geometry. This mirrors the delay in the jet breakdown, observed in the vorticity renderings.
Further downstream of the constriction, losses in the truncated geometry eventually surpass

those in the full geometry (at around 20 mm upstream of the carina).

Corresponding plots for airway resistance are also shown in figure 6.9. Differences in airway re-
sistance first become evident in the resistance curve overshoot approximately 70 mm upstream
of the carina; after a further 10 mm downstream, the magnitude of the difference settles to an
approximately constant offset. Despite the evident difference in the jet flow behaviour caused

by upstream geometry truncation, the resistance associated with the constriction is only 7%
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greater for the truncated case.
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Figure 6.9: Resistance and energy flux plot for T15 and T15-S. The extra square marker
represents the glottis and minimum point position.

To take this investigation one step further, another two extra geometries are generated based on
the T15-S: T15-SG1 and T15-SG2. Both of them are made by adding an extra smaller extruder
on top of the current extrusion used by T15-S and this structure will introduce more turbulence.
Figure 6.10 shows the geometries and with the turbulence intensity scalar. As noted within the
figure, the label ‘TI-ref’ which indicates that the way of calculating the turbulence intensity
here is using a reference velocity rather than the conventional definition (details can be found
in D.3). Table 6.2 lists the inflow constriction ratio referring to T15. As can be seen from the
table, a natural glottis blockage ratio is 43% of the geometry within this study and T15-SG1

has almost the same blockage ratio while T15-SG2 is a bit over blocked.
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Figure 6.10: Turbulence intensity average on the T15 first tracheal ring mean velocity

Glottis Area (mm?) | First Trachea Ring | Inflow Constriction Ratio (%)

Area (mm?)

T15 66.9 117 43

T15-S Not Available Not Available 0

Inlet Area (mm?) | Inflow Cross-sectional

Area (mm?)

T15-SG1 68.3 121 44

T15-SG2 38.2 121 68

Table 6.2: Geometric data for T15 and short cases

Table6.3 lists the turbulence intensity referred to the fist trachea ring mean velocity which gives

an direct image of the relative turbulence intensity level compared to the natural glottis.
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TI-ref (%) | Fist Trachea Ring (Inflow) | Minimum Section | Outflow
T15 15 21 16
T15-S 4e-6 3e-d 30

T15-SG1 10 12 24

T15-SG2 95 o7 18

Table 6.3: Turbulence intensity value for all T15 geometries

As described above, the existence of inflow disturbance will cause the jet early breakdown down-
stream and slightly less energy loss that can attribute to the relatively weak jet. Figure 6.11
compares all the T15 short geometries with the T15 complete geometry. The black plot rep-
resents the same constriction ratio as the natural glottis shows close match with T15 plot.
This indicates that although the way of generating inflow disturbance is different, the effect
of pre-dissipated inflow on the behaviour of downstream energy loss is identical. Furthermore,
by focusing on the T15-SG2 plot which has 25% more constriction than the natural glottis
constriction shows that the rate of energy dissipation is larger than all the other geometries.
In summary, we can closing story of the truncation effect on the overall tracheal resistance is
minor by figure 6.12 and it is possible to get a fairly accurate energy loss prediction by simply

adding the same constriction above the inflow to achieve the same inflow disturbance.
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Figure 6.11: Energy flux comparison with various inflow conditions
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Figure 6.12: Resistance comparison with various inflow conditions
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Inspiration Versus Expiration
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Figure 6.13: Resistance and energy flux plot for T15-Long at both inhalation and exhalation
condition. The extra square marker represent the glottis and minimum point position.
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Figure 6.14: Jet structure of T15-Long exhalation.

Previous studies on tracheal airflow have placed greater emphasis on inspiratory rather than
expiratory flow, but either can cause difficulties. Expiratory airway resistance and energy loss
are compared with that during inspiration in figures 6.13. Losses associated with mixing of

the expiratory flow entering the trachea from the bronchi (present in the T4 geometry) were
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found to be minimal (of order 3%, D.4) suggesting that truncation above the carina (neglect of
bronchi) minimally affects loss, although this is not expected to hold if bronchial stenosis were

present.

During expiration, the flow traverses the airway area variation (figure 6.3) in reverse. For this
subject area variations (from contraction to expansion) are approximately symmetric about
respective minima. Reading the energy loss and resistance curves in figure 6.13 from right to
left, following the expiratory flow direction, confirms the correspondence between area variation
and loss. The rapid expansion inferior to the constriction, which resulted in the jet losses for
inspiration, now presents simply a constriction to the returning flow, with minimal associated
loss. On the other hand, the expansion in area superior to the constriction now creates a
jetting of the expiratory flow directed through the glottis, evident in the vorticity and velocity
plots of figure 6.14. The contribution of the constriction to airway resistance and to energy
loss is similar for both inspiration and expiration. The supra-glottic area variation (from -200
mm to -130 mm), due to partial airway narrowing, contributes significantly to the inspiratory
loss; expansion of the expiratory flow into the nasopharyngeal space would likely produce an

additional loss if it were included.

Power Law Fit of Pressure Flow Relation

Both truncated and full geometries of the most constricted geometry T15 (82.5% constriction,

see table 6.1) were tested for a range of inspiratory flow rates (table 6.4):
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Flow rate (1/min) 235 | 30 | 40 50

T15 Pressure loss between
A 276.8 | 446.5 | 774.5 | 1223.9

inlet and outlet (Pa)

T15 Pressure loss between
B 206.8 | 331.9 | 582.3 | 911.3

SGI and outlet (Pa)

T15-S Pressure loss between
C 223.6 | 357.6 | 616.3 | 950.9

SGI and outlet (Pa)

Table 6.4: Data for power law fit for flow rate vs pressure loss of the most constricted geometry
T15-Long.

Row B of table 6.4 shows the total pressure loss of T15 within the common geometry section
(between plane SGI and outlet) shared with T15-S. As described previously, the truncated
geometry shows slightly larger pressure loss than the full geometry measured over a common
section, due to the different inflow conditions. Assuming a power law relationship between resis-
tance and flowrate, table 6.4 indicates an exponent of 1.96 for the full geometry (T15), and 1.91
for T15-S. Both are closely comparable with the power law exponent of 2 suggested by Brouns et
al [19] for an approximately equivalent constriction of 85% in an idealized model. Using the sug-
gested K factor of 1.2 [19] as an effective orifice loss parameter, their proposed model (see D.5)
predicts a loss of approximately 276 Pa and 90 Pa for the T15 and T4 geometries respectively
at 23.5 Lmin~!. This is in good agreement with the overall tracheal loss for T15, (276.8 Pa),
and T4, (109 Pa), at the same flowrate. However the present geometries show proportionately
much higher losses in the supraglottic airway; discounting these, the comparison is not as good,

with the computed subglottic loss for T15 (206.8 Pa) considerably lower (column 3 of table 6.4).

Figure 6.15 compares the computed pressure loss distributions for different flow rates up to 50
L. min™!, and those derived by simply scaling the curve calculated for the lowest flow rate (23.5
l.min™') according to the square of the flow rate. The close agreement between calculated and
scaled losses throughout the varying geometries of both the supraglottic and subglottic portions

appears remarkable.
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Figure 6.15: Power law predictions of T15 geometry with four different flow rates.



Chapter 7

Discussion, conclusions and suggestions

for further work

In this work, computational modelling was applied to study the airflow in the airways from
the nose to the carina, divided into separate investigations: (1) nasal air flow and conditioning

performance; (2) flow in the larynx; (3) flow in the pathologically compressed trachea.

The study of airflow in the nasal airways set out to investigate the influence of geometry on
the behaviour of the flow and how this affected its performance in terms of heat and water
exchange. In total 10 healthy subjects were selected and the geometries were segmented by
an ENT surgeon Dr. Cetto using Mimics, as described further in his thesis [123]. The scan
data for each subject comprised two separate acquisitions, the first in the normal state (refer
to as congested) and the second approximately 10 mins after application of a topical alpha
adrenergic agent xylometazoline hydrochloride 0.1% drop, administered by a clinical assistant.

All the subjects placed their heads in a coil and remained immobilized between scans [123].

The investigation of flow in the larynx compared the inspiratory flow behaviour and associated
pressure losses for flow in a whole normal subject specific airway with the vocal folds fully

abducted (maximal glottis aperture) with corresponding results for the case where the vocal

222
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folds are partly abducted (small glottis aperture). The effect of different apertures of glottis

was studied with multiple flowrates that ranging from 20 to 80 L.min~! with 10 L.min~! interval.

The retrospective pathological tracheal flow studies include four geometries that were obtained
from three pre- and one post-surgical scans. The flowrate used for this study corresponds to
the peak flow rate for a half sinusoidal inhalation of duration 2 s at a tidal volume of 500 ml

(23.5 L.min™1).

7.1 Nasal airway flow: discussion and conclusions

In the first section of nasal cavity analysis, pure flow mechanics is analyzed which provides the
foundation for latter heat and mass transfer analysis as the air-conditioning of nasal cavity is

highly correlated with the flow patterns.

From the geometric analysis of subject D, it shows the CSA distribution along the cavity center-
line from nostril and nasopharynx plane increases initially and then encounters the first decrease
at nasal valve constriction. After the anterior septum, the extruded turbinates lead to the vari-
ations of the CSA. Further posteriorly, after the posterior septum, two sides of the cavity join
as one and shows a sudden increase of the CSA. This CSA distribution pattern is particularly
evident for congested cavity due to the consistency narrower cavity until the posterior septum.
Comparing the congested and decongested cavities CSA, we can see that the decongestion can
dramatically increase the CSA after nasal valve. However, it is evident to notice that the con-
gested cavity CSA distribution along the pre-defined CSA planes does not indicate the nasal
valve as the minimum area, but for decongested cavities it dose. There are potentially two pos-
sible reasons, one of them can attribute to the narrow cavity at congested state, while the other
reason might due to the definition of cross-sectional planes, e.g. the magenta line in figure 3.2
which is quoted from Zhao et al. paper and the way they define those cross-sectional plane are

different from that of this study. Thus the plot does not show an indication of nasal valve at all.
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Applying the definition of cross-sectional planes, as illustrated for a given subject, to all the co-
hort subjects provided a means to calculate the averaged CSA variation as shown in plot 3.17.
Firstly, we can see the mean CSA distribution across the cavity volume are comparable to
the results from Zhao et al. [2] which is also a mean intranasal distribution from 22 healthy
subjects. Secondly, the change in CSA distribution with decongestion for the single subject D

was found to be similar to that for the cohort mean CSA distribution for the decongested cavity.

In order to quantify the geometry change caused by decongestion, metrics including cavity sur-
face area, cavity volume, SAVR are defined and calculated. We can conclude that decongestion
can enlarge the cavity CSA roughly one and half times comparing to that of congested state.
For the cohort results, it also shows that the surface area before and after decongestion does
not change much (even with the same median value), and it also does not show statistical
significance within the level of 5% from Wilcoxon signed-rank test. On the contrary, the rest of
the geometric measures show statistically significant changes. Although the cavity surface and
cavity volume change by different amounts, the cavity SAVR shows a statistically significant
decrease after decongestion. By evaluating the geometry in more detail, we compared the SAVR
changes after decongestion of top, middle and lower cavities separately. Not surprisingly, the
results show that only the change of SAVR of top cavities is not statistically significant after
application of a topical decongestant. Interestingly, the anterior min CSA was not found to
be significantly altered by decongestion. However, this does not imply the absence of change,
given the greater relative uncertainty in lumen segmentation at an area minimum. Moreover,
reprocessing the data in terms of a plane (likewise defined by maximum anterior mean flow

speed, but free to move up to the anterior septum) may produce a different result.

The distribution of Reynolds number of the cavity indicates that both the anterior and pos-
terior part of the cavity have relatively higher values. In the anterior part of the cavity, the

maxima Reynolds number is located around the nasal valve, while for the posterior cavity it
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is located around the nasopharynx where the geometry cross-sectional area get narrowed down
caused by the presence of the base of the tongue. Although the redistribution of mass flow split
between left and right cavities can alter the dominance of cavity’s Reynolds number as shown
in figure 3.3, the bilateral Reynolds number of the decongested cavity might keep nearly the
same as that of the congested cavity. This is can be seen through the mean Reynolds number
of the cohort simulations. On the other hand, the change of flowrate can effectively increase
the corresponding Reynolds number, i.e., double the flowrate can nearly double the Reynolds
number intranasally, as shown in figure 3.18. In general, the Reynolds number in the turbinate
region (after plane 1V and before PS) has an order of 1000 at the higher flowrate of 30 L.min".

This is consistent with the results reported by other researchers.

Although each side of the cavity has different flowrates due to the different anatomical shapes,
it shows the same flow characteristic that nasal valve in the anterior cavity experience the peak
velocity of the cavity and the velocity reduces gradually with the increase of CSA. After the
flow passes the nasal valve, it can lead to some recirculation region that caused by the high
flow speed at the nasal valve. In addition, recirculation also can be found after the posterior
septum where the cavities joined as one and the immediate sharp turn of the pharynx (fig-
ure 3.4 and 3.5). This flow pattern gets amplified by the decongestion effect. Apart from
that, it also can be seen that the flow velocity of the lower and middle cavity are generally
higher than that of the top section of the cavity due to higher mass flow portion accordingly.
The walls shear stress distribution on the cavity surface shows that the vestibule, as well as
the head of the turbinates, have the local highest WSS for both congested and decongested
cavities. However, for the head of superior turbinate, it might not always have a high WSS

value because of the flow redistribution that caused by decongestion, e.g., as shown in figure 3.6.

When the flow goes through the cavity from nostril to nasopharynx, the total pressure decreases,
or equivalently, the resistance, increases from anterior to posterior of the cavity. Averaged over
the whole cohort, statistical testing shows that decongestion significantly reduces pressure loss

or resistance. In fact, decongestion is found to reduce the total pressure loss (and likewise
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reduce resistance) by nearly half, for either higher or lower flowrates.

Furthermore, as reported in previous study that the anterior cavity is the most resistive region
of the cavity [118] due to nasal valve and the flow impact on turbinates head, thus the signifi-
cance test also performed both in the anterior and posterior part of the cavity separately. The
insignificant testing results indicate that the anterior part of the cavity is the most resistive
region either before or after the decongestion. However, the posterior cavity resistance does
show a statistically significant decrease after the decongestion, a two-thirds reduction of the

median value.

A scaling and modelling approach has been applied while analyzing the hydrodynamic charac-
teristics of the cavity flow. It has been well studied for both circular and non-circular ducts
but with constant CSA, i.e., Shah [168] and Yilmaz [169]. The asymptotic analysis reported
by Muzychka et al. [141] shows the flow Poiseuille number has a constant value and it is in
the range between 12 and 24 for developed laminar flow in a duct with constant CSA. Conse-
quently, the calculated mean Poiseuille number of the bilateral nasal cavity for all the subjects
shown in figure 3.28 and the same distribution for unilateral cavities is also being plotted in
figure 3.39. The overall Poiseuille number of each subject’s cavity all seems below about 50,
which is slightly high compared with the value get from laminar developed duct flow. This is
expected due to non-constant as well as the arbitrary shape of the nasal cavity CSA. However,
after splitting the nasal cavity into two sections by plane 1V, namely anterior and posterior
nasal cavity, we can see that the Poiseuille number in the anterior part of the cavity is rel-
atively higher than the mean values of 50 because the flow is still developing after it passes
the nasal valve. As proposed by Muzychka et al. [141] the developing flow in the short duct
would have a Poiseuille number roughly 2.6 times larger. The CSA distribution of cavity be-
fore plane 1V looks like a converging-diverging nozzle, might not quite for congested cavities
but it is evident for decongested cavities. Considering the Poiseuille number in the posterior
half cavities (between 1V and PS), the distribution is quite even along the cavity and with

the value around 30. The slightly higher Poiseuille number of the nasal cavity is acceptable
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because the flow through the cavity is way more complex than that of an ideal pipe. Although
the nasal cavity CSA is also not constant and has an arbitrary shape, however, it is surpris-
ing that the even distribution of Poiseuille number in the turbinate only region that shows the

hydrodynamics of the flow filed behaves like laminar flow under both higher and lower flowrates.

The heat and water exchange of the nasal cavity is first introduced by the surface dry heat
flux and water flux. The results show that both sides of the vestibule surface are suffering the
highest heat and moisture loading, although similar order of loading also being found on the
turbinates head. This distribution pattern is associated with the wall shear stress distributions

as well and consistent with the previous researches.

The air-conditioning performance of the nasal cavities is also quantified by multiple measure-
ments, e.g., intranasal temperature and moisture content level distribution, film coefficients
as well as non-dimensional film coefficients. The increase of total inhaled air can accordingly
reduce the state of conditioned air, which is indicated by the dropping of air temperature
and moisture content level at posterior septum. By contrast, the increase of heat and film
coeflicients with the increase of flowrate indicates that the higher heat and moisture transfer
efficiency, although this is not enough to compensate for the effect of increasing volumetric
flow. The investigation also varies the ambient conditions at the same flowrate and reveals that
the nose can achieve higher conditioned air temperature and humidity with the reduction in
the demand posed by the external environment. It is surprising to notice that the mass film
coefficient of the nasal cavity will not change under different ambient conditions, while the heat

film coefficient shows large variations.

The cohort simulation results show that doubling the flowrate can roughly reduce the air tem-
perature at the posterior septum about 5% and the moisture content level 10% under both
congested and decongested states, although the efficiency of cavity heat and water transfer

are increased (reflected by the higher heat and mass film coefficient). Similarly, the geometry
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change caused by decongestion also shows a negative effect on air-conditioning, which is in
a similar order as the effect of doubling the flowrate. It can roughly reduce the conditioned
air temperature at the posterior septum about 1°C and 10% for moisture content level. Fur-
thermore, the statistical analysis (Wilcoxon signed-rank test) shows both the change of the
geometry (by decongestion) and the change of flowrate (doubled) have a significant reduction
in the conditioned air temperature and humidity level at the significant level of 5%. Thus the
decongestion not only reduces the air-conditioning performance but also it shows this reduction
is statistically significant. By contrast, the heat and moisture transfer efficiency are increased
significantly by doubling the flowrate. Statistical testing showed there to be no bias in the
dominance of one side of the nasal cavity over the other; furthermore similar relations between
metrics and parameters were found to hold for both the unilateral and bilateral cavities. This

suggests that we can treat each half cavity as an individual geometry.

Within the limited sample size of this study, the ratio between cavity mean frictional coefficient
and film coefficient, as well as Stanton number, indicates that the heat and mass transfer of the
cavity behaves similar to the fully developed pipe flow, as shown in table 4.6. This is consistent
with the preceding findings about the flow hydrodynamic characteristics as reflected by the

Poiseuille number.

In summary, the decongestion, as well as the change of flowrate, has a statistically significant
effect on reducing the nasal cavity overall resistance and the final state of conditioned air.
Furthermore, the hydrodynamics of the flow in nasal airway behaves more or less like a fully
developed duct flow, especially in the posterior part of the cavity. The approach to a fully
developed thermal and mass transport boundary layer in the posterior nasal cavity also applies

to the heat and mass transfer.
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7.2 Laryngeal airway flow: discussion and conclusions

During inspiration, for the purpose of delivering flow efficiently onwards to the lungs, the lar-
ynx ideally should minimize flow disturbances and pressure losses. In this limited study, we
wish to determine how pressure losses are affected by flowrate and by geometry. The effect of
reduced glottis aperture was shown to dramatically increase the strength of the laryngeal jet,
as shown in figure C.2b, and the associated pressure loss, shown by figure C.2b. Damage to the
larynx can significantly reduce glottal aperture and during strenuous exercise, the increased
flow velocity can lower the static pressure and cause conditions such as EILO (exercise-nduced

laryngeal obstruction).

As the laryngeal jet increases in strength, the associated flow Reynolds number increases e.g.,
from 1547 to 6189 as flow increases from 20 to 80 L.min" for fully open glottis (53 degrees) and
from 1668 to 6675 for a partly open glottis (10 degrees model), with corresponding reductions
in static pressure. Fully resolved computations of the flow become excessively demanding at
higher Reynolds number so that some form of turbulence modelling is required. Comparison
with experiment for a demanding flow (50 L.min™!), showed excellent agreement (within the
experimental accuracy) for highly resolved (qDNS) calculations (approximately 15 million mesh
elements, and le-5 second time step), figure C.2b. Excellent agreement was obtained for LES
modelling at slightly reduced mesh density and coarser time step (11 million mesh elements,
le-4 second time step), gave 0.2% relative error refer to qDNS simulation. Unsteady laminar
computations at one-fifth of the mesh density showed an error of approximately 8%, whilst
steady RANS modelling showed slightly higher error (10%) compared to ¢DNS with the same

mesh density as laminar model.

For both fully abducted and partly abducted glottis, pressure loss is found to scale nearly
quadratically at higher flowrates (exponents respectively 1.8 and 1.9 for fully abducted vs
partly abducted). This scaling is similar to that found in previous investigations (e.g. Brouns

et al. [19]).
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7.3 Tracheal airway flow: discussion and conclusions

During inspiration, flow in the normal trachea is dominated by the dissipation of the laryngeal
jet, as described in the preceding section. However in the pathological trachea, the presence of
tracheal stenosis or external compression may alter tracheal geometry to such extent that the

trachea becomes a significant or even dominant in airway resistance to flow.

This study describes the first use of energy flux analysis to investigate the mechanics of flow
losses associated with reduction in tracheal lumen in a progressive retrosternal goitre, both pre-
and post-operatively. The effects of inflow domain truncation are systematically incorporated.
Analysis reveals differences in the location of jet breakdown with truncation and the effective-

ness of simple quadratic scaling of loss despite geometric complexity.

Typically, to diagnose respiratory pathology, a spirometry test is undertaken. The traditional
flow volume loop (FVL), provides good insight into a wide variety of respiratory disorders [170].
However, although FVLs are extremely useful they have various limitations, mainly the inspi-
ratory limb is effort dependent and they cannot give localized quantities as CFD does. The
approach proposed in the present study complements spirometry by providing mechanistic in-
sight into the effects of an extrinsic compression on breathing mechanics. Firstly, the airway
morphology can be quantified by volumetric reconstruction. Secondly, using computational
fluid dynamics, the distribution of resistance and energy loss throughout the length of the
trachea can be derived, providing an objective measure of the effect of a progressive extrinsic

compression.

A common issue in applying CFD to patient image data is that of inflow domain truncation.
Capturing the supra-glottic airway allows its contribution to airway resistance to be included,
but it may not be imaged due to other clinical priorities. The necessity of including the complete

or partial airway above the larynx to fully model tracheal flow has been addressed previously,
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including [16, 110, 171, 172]. In this work, inflow truncation was shown both to remove flow
disturbances due to shear layer breakdown in the supra-glottic airway and to delay the break-
down of the jet issuing from the tracheal contraction. The effect of inflow disturbances is of
broad interest [167]. Although the present results point to differences in flow behaviour that
may prove significant for applications such as aerosol delivery, inflow truncation was found to
have relatively minor (less than 10%) effect on predicted flow loss due to tracheal compression.
Computation of the expiratory flow was found to produce similar values of airway resistance

to that during inspiration.

The major contribution to energy dissipation and airway resistance was found to be associated
with the region of minimum area. Since predictions of subglottic losses differ significantly from
idealised model, factors other than supra-glottic losses, such as the degree of lumen and axis
distortion, may be significant. Nevertheless, it was found that losses scaled with constriction
area and with flow rate nearly as a simple quadratic power law, similar to the scaling observed

in the idealized model of Brouns et al [19].

Finally, an important simplification of the present model is the assumption of a rigid airway.
The effect of the different pressure loadings on the tracheal wall during inspiration versus expi-
ration may produce very different cross-sectional shapes and thus values for tracheal resistance,
analogous to those seen in upper airway collapse [173]. The CT studies were acquired in quiet
respiration, to minimize the effect of dynamic airway collapse. Dynamic airway CT imag-
ing is available but requires specialized equipment, is technically challenging, particularly in
breathless patients, and increases the radiation dose to the patient. It also would require pro-
cedures to merge typically low frame rate CT or MRI images with the high-temporal-resolution

discretisation required by CFD (as described in Bates et al. [135]).

Apart from considering the dynamic imaging, it is also necessary to investigate the particle
deposition through the trachea geometry with stenosis; the effectiveness of inhaled aerosolized

medications have been studied extensively in recent decades [174], but not for such geometries.
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7.4 Further work

There are several aspects that can be improved for further studies.

Firstly, as mentioned above, it would be worthwhile to incorporate dynamical imaging while
performing subject specific analysis if possible. Some work in this direction has been introduced
by Bates et al. study [135]. Future work on laryngotracheal flow limitation could make use
of data from dynamic airway imaging when these data sets become more readily available in

order to incorporate the effect of airway geometry changes on pressure and energy losses.

Next, from the modelling perspective, currently the mucosal membrane is assumed to be shar-
ing the same property as water and it also assumes an unlimited water and heat supply. Ideally,
a separate model study coupled with experimental validation could address the present short-
comings and lead to a more physiological membrane model. However it would be technically
challenging to perform the measurements needed to assess the water resupply rate and other

parameters required for a more realistic model.

Thirdly, the lack of expiratory or breathing cycle is another limitation of this study that can
be improved by performing extra studies. In addition, this study only includes the healthy
subject’s nose, thus in the future work including the pathological cohort study could bring

more direct clinical benefits.

Last but not least, from the statistical perspective, due to the limitation of subject specific
study, a larger cohort study should be investigated. The non-dimensional analysis is also

encouraged in all future work.
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Appendix A

For chapter 2

A.1 Mesh quality check guidelines

e Face validity: face validity > 0.9 is recommended while a couple of cells with 0.8 < face
validity < 0.9 are acceptable, but should avoid as much as possible having face validity

< 0.8.

e Volume change: volume change > le-3 is recommended while a couple of cells with le-4
< volume change < le-3 are acceptable, but should avoid as much as possible having

volume change < le-4.

A.2 Temporal mean range

The total pressure values that used for convergence check and also the analysis within this study
is calculated between 0.1s and 0.3 s. The decision is based on the calculation of cumulative
average of total pressure loss between inlet and outlet of subject D. Figure below shows the

cumulative averaged total pressure loss along with the simulation physical time. The x-axis is

252
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start from 0.01 s in order to get ride of the initial transient effect. The plot shows that after

0.1 s, the variation of total pressure loss is less than 1%.

24.6
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Figure A.1: Cumulative averaging of total pressure loss with simulation physical time.

A.3 Nasal cavity mesh statistics

The mesh setting statistics of Subject-D (congested case) are listed in the following table A.1:
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Mesh elements (million) 25 | 35 ] 40| 5 | 6.3
Face validity<0.95 0% | 0% | 0% | 0% | 0%
Volume change<1le-3 0% | 0% | 0% | 0% | 0%
Mesh base size (mm) 5 4.5 4 | 3.5 3
Surface growth rate .1 1.1 ) 1.1 | 1.1 ] 1.1
Number of prism layer 7 7 7 7 7
Prism layer thickness (mm) 03] 03] 03] 03]03
First prism layer thickness (mm) | 0.01 | 0.01 | 0.01 | 0.01 | 0.01

Table A.1: Nasal cavity mesh statistics with multiple mesh settings.
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Figure A.2: The mesh structure difference between 4 million cells and 6 million cells simulations.
There are one sagittal and 3 cross-sectional planes (nasal valve, plane 1V and plane 3V) are
used for distribution and with one zoomed in view of plane 1V. For three cross-sectional views,

the left pair corresponds to the 4 million cells mesh while the right side is the 6 million cells
mesh.



256 Appendix A. For chapter 2

A.4 Subject D cavity mesh independent check

Table A.2 shows the convergence of mean total pressure lost between the simulation domain
inlet and outlet. There is clear trend that the relative error reduces while increasing the amount

of mesh elements.

Subject(mesh identifier) D(a) | D(b) | D(c) | D(d) | D(e) | D(f)

Mesh elements (million) 25 | 34 | 40 | 49 | 63 | 6.3

Time step (ms) 1 1 1 1 1 0.1

Mean total pressure loss
24.1 | 24.2 | 24.2 | 24.3 | 24.5 | 245

between inlet and outlet (Pa)

Relative error (%) 1.6 | 1.2 | 1.2 | 0.8 0 0

Total water transfer
112 | 112 | 1.12 | 1.12 | 1.12 | 1.12

across the cavity (e-5) (kg/s)

Table A.2: Subject D congested mesh independent check. The finest case D(f) have the same
amount mesh element of D(e) but with one tenth of its times step.

Rather that shows the single overall values above, figure A.3 also shows the mean total pressure
loss along the centerline of subject D left cavity. It can be see that the mismatch of each line

happens after the nasal valve where the jet is formed.
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SubjectD-Congested: Left cavity
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Figure A.3: Total pressure loss within left cavity of Subject-D congested case. The x-axis origin
from the nostril plane until the posterior septum plane.

Table A.3 also summarise the mesh independent check of subject D decongested cavity. It also

shows that with the increase of mesh elements the relative error keep reducing and simulation

with 4 million mesh elements only has a relatively error of 1.5 %.

Total mesh elements (million) | 2.5 3.4 4.0 4.9 6.3
Time step (ms) 1 1 1 1 1
Mean total pressure loss
13.43 | 13.41 | 13.49 | 13.55 | 13.60
between inlet and outlet (Pa)
Relative error (%) 4.6 1.6 1.5 0.8 0

Table A.3: Subject D decongested mesh independent check.
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A.5 Two-film theory

As shown by diagram 2.2, the water flux originate from membrane into the cavity volume

should be the same in theory which gives the relation below:

Winemp = Ws (A.1)

where wW,,.mp represents the water flux through the membrane and 1w, is the water flux into the
cavity volume. The water model of this study is calculating the w, using the mass fraction of

fully saturated wet air at the surface temperature, while BC5 is suing another relation:

Dmemb e T Dbl T (AQ)

where D,,cmp and Dy are the mass diffusion coefficient of the membrane and the boundary layer.
F,, F,, Fy are the mass fraction of water vapor on the cavity surface, organ and boundary layer
mass fraction of water vapor separately, By rearrange the equation we can get the mass fraction

of water vapor on the surface is:

(Bucst) F, + (B2) iy

FS — 5memb 1
(B + (22

6me.mb

(A.3)

A.6 Complete airway mesh statistics

The complete airway mesh statistics are summarised in table A.4, but only the laminar sim-
ulation and qDNS simulation are shown here. From the table we can see that for both mesh
setting it all have a good mesh quality, although the total amount of mesh elements have an

order of 5 difference.
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Turbulence model Laminar | ¢DNS

Mesh elements (million) 2.9 14.6
Face validity < 0.9 0% 0%
Volume change < 1e-3 0% 0%
Mesh base size (mm) 3.5 1.8
Surface growth rate 1.3 1.3

Prism layer thickness (mm) 0.2 0.27
Number of prism layer 7 7
Prism layer stretching 1.3 1.3

Table A.4: Simulation of complete airway mesh statistics.

Ideally, for conducting DNS simulation, the mesh scale should be comparable to Kolmogorov

scale which theoretically is the smallest scale in the turbulence. Table A.5 distributes the details

of the simulation scales compared with the Kolmogorov scales both in spacial and temporal

domain. In the table, 7 is the Kolmogorov length scale and 7, the is corresponding time scale.

The simulation length scale is represented by the mesh element length: /V (V' is the cell

volume) and time scale is represented directly by the simulation time step: At. For ideal DNS

requirements, the value of é/TV should less or equal than unit as well as the value of f—f. Thus the

simulation we conducted here is quasi DNS which has decent enough mesh density to capture

most of the turbulence scales in the flow field.

Complete airway qDNS | Simulation refinement statistics
Mean y+ 0.23
Maximum y+ 0.91
Mean &3¢ 0.36
Mean é/TV 3.44
Mean 2¢ 0.024

Table A.5: qDNS mesh refinement details of complete airway
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Laminar

Carina

Figure A.4: Mesh details comparison between laminar model and qDNS model for complete
airway simulation.
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A.7 'T15 mesh statistics

As one of the important for LES simulation mesh requirement is the y+ value which need to
less that unit to ensure the viscous sublayer can be accurately captured. Table A.6 shows that

the mean value y+ within the domain of the simulation is around 1.12.

Turbulence model LES | gDNS
Mesh elements (million) 22 | 102
Face validity < 0.9 0% 0%
Volume change < 1le-3 0% | 0%
Mesh base size (mm) 0.25 | 0.15
Surface growth rate 1.3 1.3
Prism layer thickness (mm) 0.45 | 0.39
Number of prism layer 5 10
Prism layer stretching 1.2 non
Thickness of near wall prism layer (mm) | non | 0.01
Average y+ 1.12 | 0.19

Table A.6: Simulation of T'15 mesh statistics.

Table A.7 shows the similar results as table A.5 which also indicates a valid mesh to conduct

gDNS simulation.

T15 qDNS Simulation refinement statistics
Mean y+ 0.19
Maximum y+ 0.91
Mean &3¢ 0.83
Mean 5/7‘7 2.46
Mean 2¢ 0.057

Table A.7: qDNS mesh refinement details of T15
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LES-Min zoom in qDNS-Min zoom in

Figure A.5: Mesh details comparison between LES model and qDNS model for pathological
tracheal simulations.
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For chapter 3

B.1 Bilateral geometric data

Nose A B C D B F G H I 1
Congest 198.17 | 159.07 | 195.76 | 238.52 | 199.51 | 208.23 | 240.32 | 183.75 | 213.36 | 199.76
Area(cm?)
Decongest 201.66 | 159.89 | 173.46 | 218.20 | 179.70 | 219.04 | 230.50 | 175.47 | 213.12 | 197.96
Area(cm?)
Congest 17.16 | 11.01 | 19.32 | 21.52 | 14.66 | 25.32 | 21.81 | 19.86 | 23.43 | 18.56
Volume(cm?)
Decongest 2727 | 1799 | 19.06 | 31.77 | 20.86 | 28.28 | 29.36 | 20.79 | 28.59 | 18.91
Volume(cm?)
Congest 11.54 | 14.45 | 10.13 | 11.08 | 13.61 8.23 11.02 9.25 9.10 10.76
A/V Ratio
Decongest 7.39 8.89 9.10 6.87 8.61 7.75 7.85 8.44 7.46 10.47
A/V Ratio

Table B.1: Nasal cavity surface area and volume data.
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Congested A B C D E F G H I 1
A/V Ratio(1/em)
Top 14.45 | 18.40 | 9.86 | 12.64 | 13.15 | 10.54 | 12.97 | 11.23 | 10.46 | 13.89
Mid 12.11 | 13.83 | 8.32 | 10.56 | 11.21 | 6.56 | 10.47 | 828 | 7.64 | 9.85
Bot 11.61 | 14.83 | 9.77 | 10.19 | 1341 | 7.29 | 11.53 | 7.95 | 9.78 | 9.25
Table B.2: Congested area volume ratio.
Decongested A B C D E F G H I 1
A/V Ratio(1/cm)
Top 11.05 | 14.94 | 10.97 | 9.59 | 10.66 | 11.24 | 13.93 | 12.82 | 9.66 | 18.42
Mid 6.19 | 749 | 6.49 | 515 | 545 | 6.63 | 7.37 | 6.42 | 522 | 8.99
Bot 6.18 | 743 | 7.07 | 533 | 5.81 | 6.16 | 5.98 | 6.36 | 7.58 | 7.90

Table B.3: Decongested area volume ratio.
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B.2 Bilateral Correlations
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Figure B.1: Bilateral NVArea, TPL and TWSS.
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B.3 Unilateral geometric data

Subject A B C D E F G H 1 1

Congested 93.12 | 66.89 | 81.75 | 102.57 | 79.72 | 92.10 | 108.13 | 83.56 | 103.06 | 84.67

Left area(cm?)

Decongested 97.21 | 69.48 | 73.03 | 96.01 | 71.97 | 97.90 | 100.73 | 80.24 | 104.93 | 84.32

Left area(cm?)

Congested 91.22 | 73.86 | 84.16 | 101.34 | 80.83 | 93.58 | 112.99 | 78.06 | 96.52 | 88.69

Right area(cm?)

Decongested 90.55 | 74.61 | 73.43 | 95.17 | 73.31 | 98.90 | 112.96 | 75.37 | 97.41 | 88.27

Right area(cm?)

Congested 896 | 5.18 | 9.56 | 12.20 | 7.19 | 1231 | 9.84 | 12.73 | 12.78 | 9.73

Left volume(cm?)

Decongested 15.28 | 882 | 812 | 1548 | 10.60 | 14.78 | 12.91 | 10.56 | 15.50 | 9.09

Left volume(cm?)

Congested 817 | 5.77 | 9.66 9.19 7.34 | 1292 | 11.90 | 7.07 | 10.61 | 8.73

Right volume(cm?)

Decongested 11.95 | 9.12 | 10.86 | 16.18 | 10.13 | 13.40 | 16.39 | 10.17 | 13.05 | 9.73

Right volume(cm?)

Table B.4: Unilateral nasal cavity surface area and cavity volume.
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Subject A B C D E F G H I 1
Congested 10.39 | 12.90 | 8.55 | 8.41 | 11.08 | 7.48 | 10.99 | 6.56 | 8.06 | 8.70
Left AV(1/cm)
Decongested 6.36 | 7.88 |19.00 | 6.20 | 6.79 | 6.62 | 7.80 | 7.60 | 6.77 | 9.27
Left AV(1/cm)
Congested 11.17 | 12.80 | 8.71 | 11.02 | 11.01 | 7.24 | 9.50 | 11.04 | 9.10 | 10.16
Right AV(1/cm)
Decongested 7.508 | 818 | 6.76 | 5.88 | 7.24 | 7.38 | 6.89 | 7.41 | 7.47 | 9.07
Right AV(1/cm)

Table B.5: Unilateral nasal cavity area volume ratio.
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B.4 Unilateral correlations
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Figure B.2: Correlations between NV area and other physical measures.
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Figure C.1: Bilateral cavity correlations between SAVR and THF and TH2OF.
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C.2 Unilateral SAVR correlations
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Figure C.2: Unilateral cavity correlations between SAVR and posterior septum temperature
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Figure C.3: Unilateral cavity correlations between total cavity WSS with THF and TH2OF.
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For chapter 6

D.1 Convergence Analysis

2.2million | 3.8million | 5.8million | 10million

Flow Model LES LES LES qDNS

Time Step (ms) 0.1 0.05 0.05 0.01

First Wall Layer Thickness (mm) 0.03 0.023 0.014 0.005
Number of Prism Layers D 5 8 10
Prism Layer Thickness (mm) 0.45 0.36 0.45 0.38

Overall Pressure Loss (Pa) 284.8 275.3 274.5 268.7
Relative Error 5.9% 2.4% 2.1% 0%

Table D.1: Mesh convergence check.

Results for a mesh independence check are shown in table D.1. A quasi-DNS simulation em-
ploying a 10 million element mesh and 107° s time step served as a benchmark. Table D.1
shows that when the mesh resolution increases from 3.8 million to 5.8 million, the reduction of
the relative error is modest and both are within 2.5% of the gDNS result, deemed acceptable

for loss estimation given other uncertainties associated with geometry definition. The cost of

272
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LES simulation is high: 3.8 million elements requiring 2272 core-hours on a HP workstation

with two Intel(R) Xeon(R) CPU E5-2630 v3@2.4GHz processors. .

D.2 Work-Energy Balance

The relation between the flow work-energy balance and pressure is described at some length
by Donati et al [175]. For the case of a rigid duct, and neglecting the contribution of boundary

shear work, the equation simplifies to

1 1
3/ -,oyu\%zv+/ (u-n)[Ps+-pyu|2}dsz/q>dv (D.1)
8t V2 S1USo 2 14

where V' is the volume of the duct between inflow and outflow planes S; and S respectively,
® represents the dissipation function, ® = 7 : Vu with 7 the viscous stress tensor. For steady

inflow conditions, time averaging removes the fluctuating (turbulent) kinetic energy represented

(192X

in the first term, and from the above, the difference in total energy flux at some station “i
1 2
Ep; | (u-n)[Ps+ §p|u\ 1S (D.2)
s

and that at inflow reveals the accumulated energy loss in the volume from inflow to the specified

station.

D.3 Turbulence Intensity and Wall Shear Stress

Conventionally, the formula of calculating turbulence intensity is defined by:

TI = (D.3)

I =

where v’ is the root mean square of the velocity fluctuations and U is the mean velocity. Within

this study, the mean velocity is defined by the mean velocity at the first trachea ring and used
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for all the other cases as a reference value (4.2 m/s).

Figure D.1 compares the wall shear stress on the back of the trachea of all the T15 geometries.
As shown, As shown, regions of elevated shear stress correspond both to the constriction and
to the impingement of the downstream jet on the trachea wall. There is a marked variation
across the various T15 geometries for the shear stress at impingement, with T15 and T15-SG1
corresponding most closely, reflecting the similar breakup of the jet flow in both cases. There
is however a pronounced difference in impingement wall shear stress for the simple, truncated

geometry (T15-S), compared to all cases incorporating a real or modelled glottis.

T15-5G2

T15-5G1

T15-S

Mean of Wall Shear Stress: Magnitude (Pa)

0.0 0.6 1.2 1.8 2.4

e 1

Figure D.1: Wall shear stress is shown on the back of trachea surface.

Figure D.2 shows the static pressure recovery within various inflow conditions of T15 case,
showing that prolonging the jet breakdown leads to significantly greater differences in the

immediate static pressure recovery than was found for total pressure.
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Figure D.2: Static pressure distribution of T15 related geometries.

D.4 Pressure Loss of T4-L

Flow rate (1/min) 23.5

T4-L. Overall pressure loss (Pa) | 109

T4-L. Bronchi pressure loss (Pa) | 4

Table D.2: Pressure loss over bronchi of T4-L.

D.5 Flow loss factors

Traditionally, losses due to restrictions or orifices are estimated using pressure loss factors of

the form
1 Q* 1
AP = pK—~— = ZpKV? D.4
K7 =3P Ve, (D.4)
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where () is the flow rate, A¢ is the contraction area and Vi is the jet velocity at the constriction.
For the overall resistance of a manufactured duct, various correlations exist, e.g. ESDU data
sheet [176] for localised loss factors, to which are added estimated losses due to pipe friction.
Anatomical geometries, being irregular are devoid of neatly defined geometries and are more
difficult to characterise. In their study of losses associated with tracheal stenosis Brouns et
al [19], found that applying an average value for K of 1.2 gave a good fit to predict losses
over the range of constrictions (50% to 90% reduction in tracheal lumen area) studied in their
idealised stenotic tracheal geometry. Similarly, for contraction ratios between 75% and 85%, ref
[176] suggests K values in the range 1 to 1.2 as appropriate for the longer constriction lengths
observed here (length /diameter of narrowest region ~ 3 - 4, fig 6.4, (derived by choosing ESDU

parameters A\,=0.9, and Kjg in the range 1.35 - 1.15).



