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Abstract: Flow through human airways is characterized by unsteady flows, with flow
separations at airway bifurcations. The oscillatory nature of airflow, unequal durations
of inhalation time (IT), and exhalation time (ET) can facilitate gas exchange in higher
generations of the human airway. Normal respiratory rate (RR) in adults ranges between
10-15 breaths per minute (bpm). RR varies in exercise conditions, mechanical ventilation
strategies such as high-frequency oscillatory ventilation (HFOV), metabolic activities and
pathological state to facilitate alveolar gas exchange. Previous studies characterized flows
at steady inhalation and exhalation through airways. The individual effects of varying in-
halation duration and breathing flow rate on flow through airways remains unknown. Our
study focus on various unsteady breathing patterns inside idealized airway models. The
goal of this study is to characterize the effects of unsteady internal airflow through ideal-
ized airway geometries. Various scenarios of unsteady breathing patterns were simulated in
ANSYS 2020 R2 to characterize the fluid dynamics involved in such an unsteady airflow
mechanism. The first study includes unsteady breathing patterns such as normal, moderate,
and high-frequency ventilation with variation in inhalation time (IT) to breathing time (BT)
ratio. The second study includes abnormal breathing patterns such as tachypnea (=~ 1.5x
increase in RR), bradypnea (=~ 1.5x decrease in RR), hyperpnea (deep breathing with ab-
normally large peak flow rate), and hypopnea (shallow breathing with abnormally low peak
flow rate); and final study includes single nostril inhalation as in yoga pranayama breathing
techniques. Simulations were performed for each breathing pattern as in internal airflow
studies. Our results showed that secondary flow was effective transport mechanism for flow
inside idealized human airways. Airway local geometry plays a key role in flow distribu-
tion in higher generations. Discrepancy in the oscillatory flow relation Re/Wo? = 2L/D (L
= stroke length; D = trachea diameter) was observed for IT/BT # 50%, as L changed with
IT/BT. We developed a modified dimensionless stroke length term including I'T/BT. While
viscous forces and convective acceleration were dominant for lower Wo, unsteady accel-
eration was dominant for higher Wo. Time to peak jet length during inhalation increased
with increase in breathing time. Single nostril and double nostril inhalation showed equal
ventilation at higher generations in an idealized airway geometry.
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CHAPTER1

INTRODUCTION

Respiration is a combination of inhalation of oxygen rich air and exhalation of carbon
dioxide rich air. Respiratory rate (RR) in humans ranges between 10-15 breaths per minute
(bpm), and RR changes in conditions such as exercise, mechanical ventilation strategies
such as high-frequency oscillatory ventilation (HFOV), and in diseases. In normal breath-
ing, unequal durations of inhalation time (IT), exhalation time (ET), and the oscillatory
nature of airflow facilitate the gas exchange in higher generations. Jan et al. (1989) devel-
oped a flow regime chart by relating the Womersley number (Wo) with the product of the
ratio of stroke length (L) to hydraulic diameter (D) of the trachea. They have conducted ex-
periments with oscillating breathing for various Reynolds numbers (Re with an equal ratio
of inhalation and exhalation durations. Three sub-flow regimes were determined based on
the regional effects of viscosity, unsteadiness, and convective acceleration. But, the fluid
dynamic implications of altering inhalation time relative to the total breathing time (BT)
remained fundamentally unclear.

Respiratory rate (RR) and depth (peak airflow rates) of breaths are controlled to fa-
cilitate gas exchange by chemical interactions within the neural system and malfunctions
between them leads to disorders in breathing (Cherniack and Fishman, 1975). Dysfunc-
tional or abnormal breathing patterns are used to describe such breathing disorders (Bould-
ing et al., 2016). RR is an indication of human disease through involuntary nasal breath-
ing (Cherniack and Fishman, 1975; Ott, 1912). However, humans can breathe through
the nose or mouth, and a combination of both during illness and facilitate gas exchange

at higher airway generations (Gilbert, 2014). Previous investigations showed an instance



of quick and less effort mouth breathing (Gilbert, 2014), or altered manipulated breath-
ing (Tiller et al., 1987) as a response to these triggered breathing patterns. There are several
breathing patterns, including eupnea (normal breathing (NC), RRnc = 10-15 breaths per
minute (bpm), tidal volume (TVyc) = 350-650 mL and inhalation to breathing time (IT/BT)
= 33.3%), tachypnea (TC, RRtc ~ 1.5 to 2x RRyn(), bradypnea (BC, RRpc ~ 1/(1.5 to
2)x RRnc), hyperpnea (HC, RRyc = RRyxc, TVhae > TVne), hypopnea (SC, RRgc =
RRyc, TVge < TVne)), and many other (refer to (Whited and Graham, 2019) for defini-
tions and physiological details). Early evaluation of such abnormal breathing patterns aids
clinicians in disease detection and failure to detect abnormal breathing patterns can even
cause death (Whited and Graham, 2019). Studies investigating fluid dynamics of abnormal
breathing patterns are essential to characterize lung ventilation.

Understanding the flow inside airways during the entire breathing cycle is important in
particle deposition studies such as drug administration through inhalation in lung diseases
(Patton and Byron, 2007; Kleinstreuer et al., 2014). Most particle deposition as in drug
inhalation involves a breath-hold after inhalation (Haghnegahdar et al., 2018; Feng et al.,
2015; Kleinstreuer and Feng, 2013b). Breathing patterns as in yoga also include breath-
hold between inhalation and exhalation assuming to increase the chances of gas exchange.
To what extend such breath-hold time affects the fluid dynamics inside the airways was
never studied.

The goal of this study is to characterize the effects of unsteady airflow through
airway. Unsteady-internal airflow exists during normal, abnormal, and diseased situations
due to involuntary contraction and expansion of respiratory muscles. Besides, an individual
can voluntarily alter the internal airflow by alternate nasal breathing like in yoga breathing
techniques. The following dissertation was segregated based on the above scenarios and
studied further.

Due to the complex geometry of the human airway, an idealized airway geometry was

proposed by Weibel et al. (1963). In the current study, idealized human airway models



were designed based on the testing conditions, and simulations were performed. Compu-
tations were performed in ANSYS 2020 R2 to characterize the flow inside the airways
in all unsteady internal flows. The results of this study provide a detailed fluid dynamic
understanding of the effects of unsteady breathing during (a) normal, moderate, and high
frequency oscillating ventilation, (b) abnormal breathing patterns, and (c) single-double

nostril breathing with breath hold.

1.1 Specific Aims

The geometry of human airways varies with age, sex, and between individuals. Many stud-
ies considered simplified geometries (Weibel et al., 1963; Horsfield et al., 1971; Feng et al.,
2016) with steady flows for both experiments and simulations. Flow inside the airways is
complex, and such investigations through realistic geometries were few. The unsteady in-
ternal airflow through the airway decides the amount of ventilation to higher airway gener-
ations. The following specific aims (SAs) characterize the effect of unsteady flow through

idealized airways.

e SA 1: Effects of varying inhalation duration and respiratory rate on human
airway flow. Simple oscillating breathing velocity profiles were developed using
known peak velocities, variable inhalation to breathing ratios (IT/BT) to generate
normal, moderate, and HFOV breathing patterns. These velocity profiles were used
to characterize the effect of I'T/BT and breathing frequencies on airflow. All the
conditions were simulated in ANSYS Fluent 2020 R2 using velocity profiles, with
peak inhalation and exhalation at Re=4200, with breathing frequencies 10 bpm, 100
bpm and 1000 bpm. The current study showed secondary flow strength to be higher
compared to axial flow strength in a breathing cycle. Variation of I'T/BT ratio and its

effect on regime map was discussed.

e SA 2: Fluid dynamics of abnormal breathing patterns. Normal breathing is a

combination of effortless relaxation and contraction of chest and diaphragm mus-



cle moments. The airflow is relatively unsteady and constitutes a normal rhythmic
pattern at 10-20 breaths per minute. However, physiological and pathological con-
ditions can lead to abnormal breathing patterns. To investigate the lung ventilation
in the disorders a parametric study was conducted varying the peak inhalation flow
rates, peak exhalation flow rates, and breathing time in the idealized airway model.
Jet length and jet streaming in various breathing patterns were measured. Our study
showed that time to peak jet length during inhalation increased in inhalation phase

with increase in breathing time.

SA 3: Unsteady oscillating breathing with breath-hold and alternate nostril-
breathing techniques. Breath-hold is common in most of the yoga techniques, in-
take of aerosol drugs, smoking, and many other applications. The current study aims
to obtain the importance of such a breath-holding process during the inhalation at 6
s with 2 s breath-hold through single and double nostrils to replicate the yoga tech-
niques. Three dimensional transient simulations were conducted in ANSY'S Fluent
2020 R2 in idealized airway geometry with the standard nasal cavity. Single nostril
breathing simulations showed lower oxygen deposition compared to double nostril
breathing during breath hold. Velocity contours in upper trachea showed increased
velocity at center of the sectional plane while the single left sided nostril breathing
has peak velocity at right side. Future prospective studies on yoga breathing patterns

were discussed.



CHAPTER 11

LITERATURE

2.1 Airways

2.1.1 Geometry

Human airway is complex in geometry and varies from person to person (Kleinstreuer
and Zhang, 2010). Either CT/ MRI images or specific geometric information was used to
construct airway branches (Ma and Lutchen, 2009). Most commonly used geometry mod-
els are Weibel symmetry model (WSM) (Weibel et al., 1963), Weibel asymmetric model
(WAM), Horsfield asymmetric model (HSM) (Horsfield et al., 1971) and subject specific
airway configuration. Selection of geometry was mainly based on computational limita-
tions, and also based on the study region of interest.

The most commonly used Weibel symmetry model consists of symmetric daughter
branches with equal branch angles along sagittal plane (shown in Fig.2.1 A). Although
it is an idealized airway model, it is easy to construct and use. While in the asymmetry
model, the branching angle is asymmetric along sagittal plane. Patient specific airway con-
figurations were mostly used to accurately predict the toxic and particle depositions aiming
for the subject-specific treatments.

Lung models (Fig. 2.2) with various generations were developed by Lizal et al. (2010)
for particle deposition, and flow analysis. In addition, these developed models permits com-
parison between numerical and experimental results. Lizal et al. (2010), suggested need
for development of realistic lung models for measurement capabilities and for more accu-

rate analysis. With the current technologies and manufacturing techniques, airways models
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Figure 2.1: Symmetry airway model up to 4" generation (lengths in right side picture are
in inches) (Augusto et al., 2016).

Figure 2.2: (a) Geometry of the realistic physical cast of the human airways. (b) Compu-
tational model of the respiratory tract with trachea (T), and left (L) and right (R) tracheo-
bronchial trees and airway terminations al—al0 (Elcner et al., 2016).

were 3D printed with nearly see through materials such as watershed material (Banko et al.,
2015), machined acrylics, cast silicone for experimental studies. However each techniques

for manufacturing has its own limitations.

2.2 Steady Flows and Particle Deposition

People breathe at low flow rates through nose that precludes from turbulence in the airway
passage. However, air velocity changes on individuals inhalation/ exhalation pattern which

changes due to temporary changes such as talking, eating and many more. Doorly et al.



(2008), found majority of inhaled air enters into middle and inferior regions of nasal cavity
due to less obstacles. Secondary flows was observed in the middle part of nasal cavity.
They found that flow through nasal cavity was influenced with parameters such as inflow
conditions, airway geometry, size and orientation of internal nasal valve.

Lin et al. (2007), Zhang and Kleinstreuer (2002) found skewed velocity profiles at
the curved portion from oral airway to pharynx due to the centrifugal force. Secondary
flows are developed in oral airways because of abrupt geometry change. These secondary
flows are more dominated during its passage through pharynx and larynx due to the uneven
expansion and contraction of geometries. Turbulence can be felt due to oral inhalation but
the intensity increases due to soft palate, decreases till the glottis and increases with glottis
geometry. Finally, complex flows are developed in the oral airways and these propagate
to bronchial airway. Turbulence formed at the throat disappears as it flow through trachea
but instabilities are added again at the bifurcation due to change in geometries from parent
to daughter airways (Kleinstreuer et al., 2008). As the airflow splits in the each daughter
airway, boundary layers can be observed on the inner walls. Also velocity profiles are
skewed in daughter tubes and flow in same generation daughter tubes can be different.
Secondary flows were observed in daughter tubes and onset of them can be calculated
using Dean number which depends on geometry of tube and the length of tube curvature.
Womersely number determines the secondary flow fields and importance of unsteadiness
in laminar oscillatory flows.

Studies with Weibel symmetric model showed (Zhang and Finlay, 2005) deposition of
micro particles in direction of gravitational force and nano particles all over the airway
model. Micro particle deposition was non-uniform on the airway model and nano particles
deposited uniformly on the symmetric lung airway model. Nowak et al. (2003) simulated
air-flow through generalized Weibel model and subject specific model for steady state in-
halation, steady state exhalation and time-dependent breathing cycles. They concluded that

Weibel model is insufficient in predicting aerosol deposition. So Weibel model is unrealis-
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Figure 2.3: Nanoparticle and microparticle deposition in Weibel model Zhang and Finlay
(2005).
tic and suggested Weibel asymmetric model for particle deposition studies.

Weibel asymmetric model approximates the real time airway geometry conditions and
has a asymmetry in lung airway with lobes on either sides. Computations were performed
to study the flow with range of Re 200-1600 corresponding to breathing rates of 0.27 -2.16
L/s of air. Liu et al. (2003) found that ratio of airflow rates through medial branches to
that of parent branch remained constant and partially supported explanation of no change
in human breathing due to different airway sizes.

Baldshazy and Hofmann (1995) studied influence of asymmetry in bronchial branching
such as asymmetric daughter branches diameter and asymmetry in branching angle. Asym-
metric branch diameters showed no general trend in total deposition and the asymmetry in
branching angle has greater influence in total deposition (Hofmann et al., 1995). However,
these asymmetric models does not meet the requirements of human airway and investi-
gations were started in patient specific models. In addition, advancements in the current
computation technology patient specific models were been used to investigate drug particle

inhalation and design an effective ventilator for a subject.



Kolanjiyil and Kleinstreuer (2017) found particle deposition to be more in alveoli com-
pared to the upper thoracic cavity. In this study, a patient specific human airway was used
up to 3 generations, it was modified future with triple bifurcation and alveoli sags were
added to branches to obtain a whole lung model. Computations were performed on whole
lung airway model with square wave breathing conditions mimicking inhale and exhale
conditions at 15 L/min flow rate. 50,000 particles with 3 micron were injected at the oral
inlet. This study was on spherical particles and real-time particle exposure includes non-
spherical particles such as fibers, ellipsoidal, etc.

In Nicolaou and Zaki (2016), glass fiber deposition was experimented in a realistic hu-
man respiratory up to G7. Glass fibers of constant diameter, 1.03 + 0.45 microns, were
introduced in the model and deposition efficiency (ratio of number of deposited fibers in a
specific region to number of fibers entering this region) was calculated. It was found that
deposition efficiency increased with increasing particle stokes number due to impaction.
Particles in the airway experience different flow time scales, motivates instantaneous stokes
number as parameter to calculate deposition fraction instead of global stoke number. Com-
putations on 90-degree mouth-throat simulations showed effective stokes number to be
function of deposition efficiency (Belka et al., 2018)).

Pulmonary aerosol transport and its deposition was investigated by Islam et al. (2017)
in deeper lung airways (up to 17 th generation) using Lagrange based Discrete Phase Model
(DPM). Three flowrates (15, 30 and 60 L/min) with three spherical particle sizes (1, 5 and
10 micron) were used in computations and found that deposition percentage was more in
the upper airways due to inertial impaction compared to deeper airways. Frederix et al.
(2018), investigated size dependent poly-disperse aerosol (10 nm to 20 micron) deposition
in a realistic cast of human upper airways and presented distribution on each generation
for each aerosol size. Effective capturing of droplets was found in throat compared to
other generations or airway structure. Feng et al. (2016), investigated multi-component

droplet vapor mixtures in Weibel symmetry model with different puff topographies. They



saw secondary flows and dean type vortices in the model up to 3 generations. In addition at
steady inhalation, stronger drawing lead to lower vapor and liquid deposition for all species
of multicomponent vapor droplet aerosol mixture.

Aerosol transport studies were conduct by Lizal et al. (2012), using fluorometry and
gravimetry. Fluorometry experiments were performed with di (2-ethylhexyl) sebacate(DEHS)
vapours on fluorescein nuceli to compare results from other research. Results showed the
limitations of DEHS particles for fluorometry due to fluorescence of impurities present in
it.

Russo et al. (2008), simulated particle deposition in trachea and main bronchi with carti-
laginous rings. Airway model was designed based on anatomical structures and D’ shaped
cross-section along the trachea.Computations were performed for 15, 30, 60 lpm’s,at ran-
dom and uniform particle distribution in ANSYS 2020 R2. All these studies are steady
simulations and experiments, and studies with unsteady transient flow through airways ef-

fecting airflow fluid dynamics were limited.

2.3 Unsteady Pulmonary Flows

All the breathing patterns are realistically unsteady in nature, with higher peak exhalation
compared to peak inhalation. The duration of inhalation/exhalation is about 2/3. Breathing
is involuntary exapansion and contraction of lung muscles causing inhalation and exhala-
tion. The normal breathing is about 10-20 bpm and this changes as per metabolic activity.
We have characterized the unsteady internal pulmonary flows based on breathing frequency,

breathing pattern and breath-hold parameters.

2.3.1 Breathing Frequencies

Based on breathing frequencies, three types of breathing patterns can be observed namely
normal, moderate and high frequency ventilation condition. Grofe et al. (2007) analized

steady and unsteady flow field in a realistic silicone model with first bifurcation. At steady
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Figure 2.4: Flow in the trachea showing streamwise velocity contours with in-plane ve-
locity vectors, normalized by the mean speed in the trachea. The view is looking down-
stream during inhalation with the posterior side of the model at the top of the figure and
the anterior side of the model at the bottom of the figure. Selected phases are at 45 (a), 99°
(b), 135° (c), 225° (d), 279° (e), and 315° (f). These correspond to the phases highlighted
by the red squares . (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article) (Banko et al., 2015).

inspiration, flow was independent of Reynolds number while for unsteady inspiration, the
critical Reynolds number (describes the onset of vortices in first bifurcation) decreased at
higher Reynolds number. Numerical simulations were conducted on Horsfield asymmetric
airway model for two breathing conditions, namely normal and maximal exercise condition
were conducted by Calay et al. (2002). They found secondary motions to be stronger in
the normal breathing conditions. In addition, they found separation regions near the carinal
ridges for maximum exercise condition but not in the normal breathing condition.

Velocities in the airway network are low and decrease as the flow go deep into higher
generations. Calay et al. (2002) stated that the maximum velocity found in any case would
yield Mach number to be less than 0.1, ensuring incompressibility of air through airways
making it viscous flow.

Banko et al. (2015), studied regime relevant to deep inspiration at steady inspiratory
flow through anatomically accurate model of human airways. Mean velocity field was ob-
tained using magnetic resonance velocimetry. It was found that, both stream-wise disper-
sion and secondary flows were effective transport mechanisms (Fig. 2.4) for flow in human

airways.

To study the effect of unsteadiness, Soni and Aliabadi (2013) investigated particle de-
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position using CFD simulations and released particles at different inhalation times. Results
showed different particle deposition patterns for different particle release times. In addition,
they found particle deposition increased with particles released in later phase of inhalation
and geometry played a major role in the particle deposition.

Micro particle deposition during inhalation and the breath holding were simulated by
Imai et al. (2012) in a airway model with sixth generation. They found increased deposition
ratio for 5-micron particles and deposition further increased with increase in the breath
holding time. Also, Darquenne et al. (2000) found that deposition of 1 micron particles
was greater with longer breath holding in normal gravity compared with micro gravity.

Ramuzat and Riethmuller (2002), performed PIV investigations of Oscillating flows
in 3D lung model to provide dynamic and temporal information on flow patterns. Effect
of both Reynolds number and Womersley numbers on flow structure and boundary layer
development in function of time was highlighted. Steady streaming displacement for a
complete cycle showed that, particles, which are close to wall in trachea, have tendency to
fall down and particle at the center of the tube at same height has the tendency to move up
during a breathing cycle. In addition, particle in center of daughter tube has a tendency to
move towards the wall whereas particle at same height near the bifurcation tend to stay at
same place.

Flow through the human airway is characterized by regions of flow separation and the
formation of secondary flow structures (Chen et al., 2014; Stylianou et al., 2016). The os-
cillatory nature of airflow can facilitate gas exchange in higher generations of the human
airway (Chen et al., 2014; Jan et al., 1989). Normal respiratory rate (RR) in humans ranges
between 10-15 breaths per minute (bpm). This RR increases during exercise and also
in mechanical ventilation strategies such as high frequency oscillatory ventilation (HFOV)
(Zhang and Kleinstreuer, 2002; Choi et al., 2010; Han et al., 2016). Further, inhalation time
(IT) 1s about 45% of the total breathing time under normal breathing conditions (Zhang and

Kleinstreuer, 2002). Characterizing the airflow inside the airways during the entire breath-
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ing cycle is important in particle deposition studies such as for inhaled drug administration,
and in lung diseases. Patton and Byron mentioned targeted drug delivery as a new method
of treatment for diabetes, lung cancer, and many others. Training on inhaler holding, and
inhalation techniques are common in clinical practice (Patton and Byron, 2007). Klein-
streuer et al. reviewed on target drug delivery and applications (Kleinstreuer et al., 2014).
Preliminary studies conducted on subjects with COPD and asthma on proper inhalation of
the prescribed drug showed improved health (Gregoriano et al., 2018) and increased aerosol
deposition with increased inhalation time (Holsbeke et al., 2014). Kleinstreuer and Feng,
reviewed on aerosol particle depositions (Kleinstreuer and Feng, 2013b,a). Many studies
also have been conducted on e-cigarette depositions and can be found elsewhere (Haghne-
gahdar et al., 2018; Feng et al., 2015; Kleinstreuer and Feng, 2013b). Most of these particle
deposition studies used steady flow rates for simulations and studies on unsteady flow rates
are limited.

Regime relevant to deep inspiration was studied at steady inhalation flow through an
idealized and anatomically accurate model of human airways and found that both stream-
wise dispersion and secondary flows were effective transport mechanisms for flow in hu-
man airways Banko et al. (2015, 2016). Unsteady physiological flow through subject-
specific airways were investigated to measure the axial and lateral dispersion (defined by
integral parameters) and compared against the idealized double bifurcation geometry (Jalal
et al., 2020). Jalal et al. (2020) found asymmetric time dependent flow structures that were
sensitive to local airway anatomy. Grof3e et al. (2007) analyzed steady and unsteady flow
field in a realistic silicone model with the first bifurcation using time-resolved particle im-
age velocimetry; and found that at steady inspiration the flow was independent of Reynolds
number and asymmetrical geometric bifurcation played a major role in flow streaming in-
side airways (GroBe et al., 2007). However, all these studies used simple oscillatory flow
through airways with I'T/BT = 50% and how do varying I'T/BT ratios affect streamwise

dispersion, and secondary flows were never investigated.

13



Jan et al. mapped flow regimes based on order-magnitude analysis onto a log-log graph
to include various terms in axial flow and secondary momentum equations. They identified
three flow regimes based on the regional domination of viscosity, unsteadiness, and con-
vective acceleration Jan et al. (1989). Their flow regime map was developed by relating
the Womersley number (Wo) with the product of the ratio of stroke length (L) to hydraulic
diameter (D) of the trachea when using a sinusoidal breathing profile with IT/BT= 50%
only. This map was developed to provide a) reference for what approach/solver might be
used in modeling flow in airways b)investigate the fluid dynamic phenomena that affect
the gas exchange at high frequency ventilation. To characterize the realistic fluid dynamics
inside airways there is a need for a modified regime chart to include various I'T/BT ratios.

HFOV was proposed by Lunkenheimer et al. (1972), to generate both active inspira-
tion and expiration for eliminating entrained gas and decompress the gas in airway models.
High-frequency oscillatory ventilation technique emerged to overcome the injuries caused
due to conventional ventilation for patients with acute lung injury and acute respiratory dis-
tress syndrome (ARDS) (Chen et al., 2014). HFOV studies on airways showed changes in
local air distribution and pressure variations at resonant frequency (Fredberg et al., 1984).
They speculated to control lung ventilation by varying frequencies. Clinical studies on
ARDS showed improved gas exchange with HFOV without compromise in oxygen de-
livery (Fort et al., 1997). Zhang et al. performed computations using realistic breathing
pattern (Wo = 2.4) with IT/BT =46% and HFOV flow with IT/BT =50% and characterized
fluid flow in fourth-generation airway (Zhang and Kleinstreuer, 2002). To what extent does
active inspiration and expiration affect the air distribution in upper airways due to various
breathing frequencies and the fluid dynamic implications of altering IT relative to total

breathing time (BT), remains fundamentally unclear.
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2.3.2 Abnormal Breathing

Breathing is controlled by neural system and the way we breathe changes with disease, and
abnormalities. Jafari et al. (2010), aimed to design a system helping physicians in detection
of abnormalities based on flow volume curves. They segregated unsteady breathing patterns
into normal, obstructive, restrictive and mixed flow patterns with 97.6 % accuracy using
neural network.

According to Whited and Graham (2019), breathing is controlled by neural system and
regular breathing cycle originates in medulla. Different types of normal and abnormal
breathing patterns (Fig. 2.5) include Eupnea (normal breathing), Sighing (an involuntary
inspiration with 1.5-2 times higher tidal volume), Dyspnea (Subjective sensation of diffi-
culty breathing), Apnea (Absence of breathing), Orthopnea (Patients incapable of breathing
comfortably lying flat), Cheyne-Stokes (Cresendo- decrescendo respiration with period of
apnea), Bradypnea (Respiration rate is lower than normal respiration of that age), Tachyp-
nea (Respiration is higher than normal respiration of that age), Hyperpnea (increased vol-
ume without increased breathing rate), Agonal breathing (Slow and shallow irregular res-
pirations because of anoxic brain), Hyperventilation (Over ventilation above needed for
body expiration), Hypoventilation (under ventilation below needed for body expiration),
Kussmaul respiration (Deep sighing respiratory pattern at a normal or slower rate), Biot
respiratory pattern (Regular deep respiration interspersed with apnea), Apneustic breathing
(this pattern is result of injury to the upper pons by stroke or trauma), and central neuro-
genic hyperventilation (breathing pattern caused by head trauma, severe brain hypoxia).
All the above literature shows that flows in lungs are expected to be complex and does have
a basic terminology of measurements.

Breathing in pathological conditions were studied by Grimby and Stiksa (1970) in ob-
structive lung disease patients. Twelve patients with obstructive lung disease were investi-
gated to understand the flow volume curves and breathing patterns during exercise. They

found higher flow volumes in higher exercise rate compare to at rest, or maximal expiration
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Figure 2.5: Important normal and abnormal breathing patterns (Med Care Tip©).
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Figure 2.6: Flow-Volume loop (output of the spirometry) showing flow volume curve
(FVC) manoeuvre for healthy and diseased lungs (Lizal et al., 2018).

flow volume curve. Lizal et al. (2018), observed variations of flow in human airways due to
diseased conditions. Lung disease change shape of airways, influencing breathing pattern
and so the particle deposition. A lung simulator was designed to investigate particle depo-
sition under conditions such as asthma, emphysema and healthy lungs but no information
is available on flow patterns and particle deposition. Lung flow volumes (Fig. 2.6) were
obtained using the above studies of Choi et al. (2009), and Neves et al. (2015).

Patton and Byron (2007) mentioned targeted drug delivery as a new method of treatment
for diabetes, Lung cancer etc., while information available on flow characterization of such
realistic complex breathing patterns on particle deposition is limited. Realistic breathing
patterns of abnormal breathing pattern plays crucial role in early detection of disease, need

to be investigated on factors of gas exchange.

2.3.3 Breath Hold and Nasal Breathing

Studies suggested yogic exercises can support to withstand stress stimuli. Yoga is an an-
cestral philosophy from India, to integrate mind, soul and body. It is combination of both

physical postures, breathing, and meditation (Barnes-Holmes et al., 2004). Yogic exer-
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Figure 2.7: Representation of pranayama breathing performed with nasika mudra (hand
posture) (Hakked et al., 2017).

cise such as pranayama, breathing exercise, is good to maintain proper health effecting the
pulmonary function (Muktibodhananda, 2002), Taimni (1961), Saoji et al. (2019)).

Effects of pranayama were investigated in large number of individuals (Reddy et al.,
2015; Panwar et al., 2012); to compare effects, between different yoga techniques of Suryana-
makara and pranayama (Kondam et al., 2017, 2020), slow and fast pranayama (Dinesh
et al., 2015), and benefits on lactate kinetics (Benavides-Pinzon and Torres, 2017). Effect
of pranayama in COPD was investigated by Meenakshi (2017); Kaminsky et al. (2017).
All these studies found better lung functioning with use of pranayama techniques. Hakked
et al. (2017), found increased lung function with use of pranayama techniques in young
swimmers.

Pranayama means control of prana, a vital life force or breath. Pranayama is combina-
tion of voluntarily controlled inhalation (puraka), breath hold (anthar kumbhaka) and exha-
lation (rechaka) (Reddy et al., 2015). Puraka helps to stimulate the system, anthar kumb-
haka helps to distribute the air, and rechaka releases the vitiated air from the body (Sonne
and Davis, 1982). Various number of Pranayama techniques are known, of which the cur-
rent study investigates on Surya bhedan Pranayama (continuous breathing with inhalation

through left nostril, followed by exhalation through left nostril), Nadi Shuddi Pranayama
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(alternate left nostril breathing cycle and right nostril breathing cycles), Ujjayini Pranayama
(inhalation through left nostril and followed by exhalation through right nostril in each cy-
cle), and Anulom vilam Pranayama (inhalation through left nostril, followed by exhalation
through right nostril, inhalation through right nostril followed by exhalation through left
nostril and so on). All these studies were studied spirometry based, and how does the

airflow inside such scenarios were never investigated.

2.4 Current Work

Current dissertation aims to address the effect of breathing frequencies with variations in
inhalation to exhalation ratio in unsteady flows such as normal, moderate and high fre-
quency oscillating ventilation strategies. In addition, unsteady parametric flow study was
conducted at variable peak flow rates of inhalation, exhalation and breathing cycle duration
to study the effects of abnormal breathing patterns and its implications on gas-exchange.
Most of the clinical scanning techniques, yoga breathing techniques requests for a breath
hold during the process. How do this breath hold effect the fluid flow, and oxygen deposi-

tion in the airways was investigated?
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CHAPTER 111

SA 1: EFFECTS OF VARYING INHALATION DURATION AND RESPIRATORY
RATE ON HUMAN AIRWAY FLOW

3.1 Abstract

Studies of flow through the human airway have shown that inhalation time (IT) and sec-
ondary flow structures can play important roles in particle deposition. However, the effects
of varying IT in conjunction with the respiratory rate (RR) on airway flow remain unknown.
Using three-dimensional numerical simulations of oscillatory flow through an idealized air-
way model (consisting of a mouth, glottis, trachea, and symmetric double bifurcation) at
a trachea Reynolds number (Re) of 4200, we investigated how varying the ratio of IT to
breathing time (BT) from 25% to 50% and RR from 10 breaths per minute (bpm) corre-
sponding to a Womersley number (Wo) of 2.41 to 1000 bpm (Wo = 24.1) impacts airway
flow characteristics. Irrespective of IT/BT, axial flow during inhalation at tracheal cross-
sections was non-uniform for Wo = 2.41, as compared to centrally concentrated distribution
for Wo = 24.1. For a given Wo and IT/BT, both axial and secondary (lateral) flow compo-
nents unevenly split between left and right branches of a bifurcation. Irrespective of Wo,
IT/BT and airway generation, lateral dispersion was a stronger transport mechanism than
axial flow streaming. Discrepancy in the oscillatory flow relation Re/Wo? = 2L/D (L =
stroke length; D = trachea diameter) was observed for IT/BT # 50%, as L changed with
IT/BT. We developed a modified dimensionless stroke length term including I'T/BT. While
viscous forces and convective acceleration were dominant for lower Wo, unsteady acceler-

ation was dominant for higher Wo.
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3.2 Introduction

Flow through the human airway is characterized by regions of flow separation and the
formation of secondary flow structures (Chen et al., 2014; Stylianou et al., 2016). The os-
cillatory nature of airflow can facilitate gas exchange in higher generations of the human
airway (Chen et al., 2014; Jan et al., 1989). Normal respiratory rate (RR) in humans ranges
between 10-15 breaths per minute (bpm), corresponding to a Womersley number (Wo)

range of 2.41-2.95 based on the following relation:

Wo="2,/2, (3.1)

where @ = 27 /BT is the angular frequency based on breathing time (BT, where BT =
60/RR seconds), D is the tracheal diameter, and v is the kinematic viscosity of air. RR
can be altered from the resting range of 10—15 bpm during exercise (such as walking RR
= 20-60 bpm (Loring et al., 1990) and yoga RR = 3—7 bpm (Stancak Jr et al., 1991)),
and also in mechanical ventilation strategies, such as high-frequency oscillatory ventila-
tion (HFOV) (Zhang and Kleinstreuer, 2002; Choi et al., 2010; Han et al., 2016). Further,
inhalation time (IT) is about 45% of BT under normal breathing conditions (Zhang and
Kleinstreuer, 2002). Characterizing the airflow inside the human airway during the en-
tire breathing cycle is important for understanding particle deposition characteristics in
lung diseases (e.g., chronic obstructive pulmonary disease or COPD), during the use of e-
cigarettes, and in inhaled drug therapy (Patton and Byron, 2007; Kleinstreuer et al., 2014).
Previous studies of inhaled drug delivery in human subjects with COPD and asthma have
shown improved respiratory outcomes (Gregoriano et al., 2018) and increased aerosol de-
position with increased inhalation time (Holsbeke et al., 2014). However, computational
fluid dynamics (CFD) studies examining particle deposition relevant to aerosols (Klein-
streuer and Feng, 2013a,b) and e-cigarettes (Haghnegahdar et al., 2018; Feng et al., 2015;

Kleinstreuer and Feng, 2013b) typically consider either steady flow rates or only the inhala-
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tion phase for simulations. Studies examining unsteady breathing patterns over an entire
breathing cycle are limited.

The respiratory system consists of airways with complex geometrical cross-sections,
including the nasal cavity (Lin et al., 2007; Borojeni et al., 2020), mouth, pharynx, larynx,
glottis (Cheng et al., 1999), and the trachea that further bifurcates up to 16-23 Generations
(G) (Choi et al., 2009) in addition to inter-subject geometry variability (Borojeni et al.,
2020; Kleinstreuer and Zhang, 2010). Due to the geometrical complexity, idealized ge-
ometries of the nasal cavity (Liu et al., 2009), mouth-to-glottis section (Feng et al., 2016),
and airway generations (Weibel et al., 1963; Horsfield et al., 1971) have been used in sev-
eral studies. Weibel proposed an idealized airway geometry consisting of circular tubes at
each generation (Weibel et al., 1963). This geometry bifurcated symmetrically along the
sagittal plane and was able to capture key aspects of airflow and its features (Pedley et al.,
1971; Grotberg, 2001). A review on using idealized airway models can be found else-
where (Kleinstreuer and Zhang, 2010). In addition to airway geometry, head rotation and
posture can also influence airway fluid dynamics. Idealized airway model studies have in-
cluded mouth-to-glottis geometry in the sagittal plane that incorporate head rotation (Feng
et al., 2016), and clinical studies of HFOV have reported prone positions to improve gas
exchange, as compared to the supine position (Papazian et al., 2005). Finally, voluntary ex-
ercises, such as freestyle swimming and some yoga breathing techniques, can be conducted
with head rotation (Walsh et al., 2008).

Previous studies examining the fluid dynamics of deep inspiration were conducted by
prescribing steady inhalation flow through idealized (Jalal et al., 2016) and anatomically
accurate physical models (Banko et al., 2015; Borojeni et al., 2020). Borojeni et al. (2020)
recently used computational fluid dynamics simulations to establish physiological ranges of
nasal airflow variables, and documented inter-subject variability. Steady inhalation studies
with varying airflow parameters (such as Re, Wo) identified both axial (streamwise) and

secondary (transverse) flow dispersion to be effective transport mechanisms (Jalal et al.,
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2016; Banko et al., 2015). Unsteady physiological flow through subject-specific airways
has also been experimentally investigated (Adler and Briicker, 2007; GroB3e et al., 2007,
Banko et al., 2016; Jalal et al., 2020). Jalal et al. (2020) found that with respect to idealized
airway models (Jalal et al., 2016), realistic airway geometry produced stronger secondary
flows, as well as increased axial and secondary flow dispersion. Secondary flows in real-
istic airways propagated deeper in the bronchial tree, and were stronger during exhalation
as compared to inhalation (Jalal et al., 2020). Jalal et al. (2018) conducted magnetic res-
onance velocimetry (MRV) experiments on an idealized double bifurcation airway model
across a range of Re and Wo in the convective region of the flow regime diagram of Jan
et al. (1989). Strong secondary flows were observed for Wo > 6 during crossover from the
inhalation to exhalation phase (Jalal et al., 2020). GroBe et al. (2007) conducted particle
image velocimetry (PIV) measurements of steady and oscillating flows at the first bifurca-
tion of an anatomical silicone model of the human airway. At steady inhalation, they found
that the asymmetrical bifurcation promoted the formation of flow structures that were re-
sponsible for continuous axial transport to the lung (GroBe et al., 2007). Oscillating flow
studies showed that the size of secondary flow structures strongly depended on the instan-
taneous values of Re and Wo (GroBe et al., 2007). Two-dimensional PIV measurements
of oscillating flow through an asymmetric idealized model (based on (Weibel et al., 1963)
and Horsfield et al. (1971)) at normal and HFOV conditions showed mass exchange at
higher frequencies (Adler and Briicker, 2007). Experimental studies of HFOV flow through
a subject-specific airway model (Soodt et al., 2011, 2013) reported homogeneous ventila-
tion at higher generations with increasing RR (and hence Wo). However, the above studies
of oscillatory flow through the human airway only considered I'T/BT = 50%. While IT/BT
varies in normal conditions and is not strictly equal to 50% (e.g., IT/BT = 46% (Zhang
and Kleinstreuer, 2002)), IT/BT as low as 20% has been used in mechanical ventilation
of patients with chronic obstructive pulmonary disease (COPD) and asthma (Ahmed and

Athar, 2015; Boros et al., 1977; Loring et al., 1990). Further, breathing exercises that in-

23



volve voluntary manipulation of the normal rhythm (e.g., hatha yoga) also result in changes
to I'T/BT. The effects of varying IT/BT on axial dispersion and secondary flows currently
remains unknown.

In terms of the physical mechanisms driving flow and gas exchange in different por-
tions of the human airway, Jan et al. (1989) used order-of-magnitude analysis to examine
the relative importance of various terms in axial flow and secondary momentum equations.
Based on the regional domination of viscosity, unsteadiness, and convective acceleration,
they developed a flow regime map by relating Wo? with the product of the ratio of stroke
length (L) to hydraulic diameter (D) of the trachea when using a sinusoidal breathing pro-
file with IT/BT = 50%. This map was developed to: (a) identify what approximation can
be used in modeling flow in different regions of the airway; and (b) investigate the fluid dy-
namic phenomena that affect gas exchange in HFOV with equal inhalation and exhalation
durations. To extend the applicability of their map to realistic breathing patterns in normal
and HFOV conditions, this regime chart needs to be modified to account for variations in
IT/BT.

HFOV was proposed by Lunkenheimer et al. (1972) to generate both active inspiration
and expiration for eliminating entrained gas and gas decompression in airway models. The
HFOV technique has since been used to overcome the injuries caused due to the use of
conventional ventilation for patients with acute lung injury and acute respiratory distress
syndrome (ARDS) (Chen et al., 2014). Fredberg et al. (1984) observed changes in local air
distribution and pressure variations at resonant frequency with the use of HFOV, and spec-
ulated that lung ventilation can be controlled by varying frequencies. Clinical studies on
ARDS patients have shown improved gas exchange with HFOV without compromise in
oxygen delivery (Fort et al., 1997). Zhang and Kleinstreuer (2002) performed computa-
tions using realistic breathing patterns under normal conditions (Wo = 2.4) with IT/BT =
46% and HFOV (Wo = 23.3) with I'T/BT = 50%, and characterized fluid flow in the fourth-

generation airway. However, the extent to which active inspiration and expiration at larger
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Wo (characteristic to HFOV) affect the flow characteristics in upper airways remains fun-
damentally unclear.

In this study, we examine the effects of varying Wo and IT/BT on airway flow charac-
teristics. Three-dimensional (3D) computational fluid dynamics (CFD) simulations were
performed by prescribing an oscillatory inflow profile in an idealized double bifurcation
airway model (two generations) with a mouth-to-glottis section. The aims of this study
were to: elucidate the flow physics under varying inhalation to breathing time, and modify

the flow regime diagram of Jan et al. (1989) to incorporate effects of varying IT/BT.

3.3 Methods

An idealized airway model Weibel et al. (1963) with the addition of an idealized mouth-
to-glottis section (previously used in a particle deposition study (Feng et al., 2016)) was
designed in Solidworks (Dassault Systemes SolidWorks Corporation, Waltham, MA) ( Fig-
ure 3.1A). The airway includes the following: (i) a circular mouth-inlet of 20 mm diameter;
(ii) a circular glottis of 8 mm diameter; (iii) a smooth trachea with a uniform, circular cross-
section of 120 mm length and diameter (D) = 18 mm; and (iv) two generations (G) G1 and
G2 of diameters 12.2 and 8.3 mm, respectively. The lengths of G1 and G2 were equal to 47
mm and 19 mm, respectively. All the bifurcation angles of the airway geometry were iden-
tically equal to 70°. The airway geometry was symmetric with respect to the coronal plane
(defined along x-y Plane at z =0 m, Figure 3.1A). Meshing was performed in ANSYS 2020
R2 by importing an STL geometry file into ICEM-CFD. The surface was modified to cre-
ate parts such as an inlet, walls, and outlets using the angle method, and a material region
was created. Octree mesh was created using minimum and maximum element sizes, along
with curvature refinement. Walls were selected to generate prism layers with growth rate
= 1.1, and volume mesh was computed. A total of three different meshes, each consisting
of tetrahedral cells with five prism layers on walls, were generated for mesh independence

tests. y for all the meshes were <5, corresponding to peak velocity condition in the tra-
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Figure 3.1: (A) Symmetric Weibel airway model with idealized mouth-to-glottis attach-
ment. The coronal plane is defined along the x—y Plane at z = 0 m. Planes 1 and 2 comprise
Generation 0 (G0), Planes 3—-6 comprise Generation 1 (G1), and Planes 7-10 comprise
Generation 2 (G2). See Table 3.2 for plane locations. (B) A magnified view of the bifur-
cations in G1 and G2 from Planes 5-10 is shown below, along with the anatomical left
and right sides. +z-direction is into the page towards the dorsal (posterior) side; the —z-
direction is out of the page towards the ventral (anterior) side. (C) 3D velocity (u) was
extracted at the upper trachea (line 1-1’ at the coronal plane) and plotted as a function of
non-dimensional diameter y/D for mesh independence tests ( Table 3.1), where D = tracheal
diameter = 18 mm.
chea. Previous studies have reported that y; < 5 in the glottis region and y4 < 1 in the
trachea are sufficient for resolving flow in the near-wall region when using the k-@ SST
turbulence model (Zhang et al., 2009; Tu et al., 2012).

Three-dimensional CFD simulations of transient, incompressible flow through the above
airway geometry were performed in ANSYS Fluent. k-@ SST turbulence model, used in
previous studies of flow through the human airway (Cui and Gutheil, 2017; Zhang and

Kleinstreuer, 2011), was chosen for all simulations in this study. Sinusoidal profiles were

used as a simplified representation of realistic breathing waveforms (Choi et al., 2010). The
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Reynolds number at the trachea during peak inhalation (Ret) was defined as

Rer = (UTD), (3.2)

where Ut is the mean flow speed in the trachea, v is the kinematic viscosity of air (1.46
x 107> m? s7 1), and D is the tracheal diameter = 18 mm. Rer was maintained constant
in all breathing waveforms at Ret = 4200, which is in the physiological range (Banko
et al., 2015; Kleinstreuer and Feng, 2013a). The peak inhalation flow rate (Qiy peak) Was

determined using the relation:

Retr v At

D (3.3)

Qin,peak -

where V is the kinematic viscosity of air (1.46 X 10> m? s !)and At is the cross-sectional
area along the transverse cross-sectional Plane 2 with diameter D = 18 mm. Inhalation and
exhalation volumes were kept equal for a given RR and IT. The peak exhalation flow rate

(Qex,peak) Was defined based on IT, BT, and Qi peax using the equation below:

IT
Qex,peak = Qin,peak (ﬂ) ) (3.4

such that Qex peak = Qin,peak When IT = 0.5 BT, and Qex peak < Qin,peak When IT < 0.5 BT.
Instantaneous profiles of inhalation velocity (Vi,(#)) and exhalation velocity (Vex(t)) were

defined using the equations:

Qinpeak . (Tt
Vin(t) = % sin <ﬁ) L 0<1<IT (3.5)
IT—¢
Vex (£) = Qe:"_peak sin (71; (T IT>> ,IT <t < BT, (3.6)
in -

where Aj, is the area of the inlet. The above relations were used to develop nine oscil-

latory profiles of time-varying inflow velocity (u), prescribed perpendicular to the inlet,

27



and prescribed as initial conditions. The tests conducted here include three RRs (10 bpm,
100 bpm, and 1000 bpm (later being clinically impractical in adults)), each for IT/BT =
25%, 33%, and 50% (Loring et al., 1990; Shanholtz and Brower, 1994; Ahmed and Athar,
2015; Boros et al., 1977) to examine fluid dynamics across several orders of magnitude
variation in Wo. We expect that our findings can inform future studies of low Reynolds
number (Re) airway flows (such as in children), where HFOV is clinically used at higher
frequencies than in adults (e.g., RR = 960 bpm in neonates (Varnholt et al., 1992; Yang
et al., 2020)). All the oscillatory velocity profiles consisted of positive velocities for in-
halation phases (6 from 0° to 180°) and negative velocities for the exhalation phase (6
from 180° to 360°).

Boundary conditions included zero pressures at the outlets and no-slip walls. To charac-
terize the oscillatory flow relative to viscous effects, Wo was calculated for each condition

! was used as the kinematic viscosity

using Equation (3.1), where v = 1.46 x 107> m? s~
of air. Ut denotes mean flow speed in the trachea, and was calculated to be 3.4 m s~! by
equating flow rates at the inlet and the trachea via mass conservation for an incompressible

flow:

V:
Ur = ( “k) Ain, (3.7)

where Vi, peax 18 the peak inhalation velocity calculated from Equation (3.5).

After prescribing the velocity profile, each simulation was standard-initialized with ini-
tial x-velocity, y-velocity, and z-velocity to be equal to 0 m s~!. Simulations were con-
ducted at the High-Performance Computing Center at Oklahoma State University using 16
processor units. The solution method included a coupled scheme, and second-order spatial
discretization. A uniform time-step of 10> s was used for running simulations for one
breathing cycle. All the processing results were auto-saved at 12.5% inhalation time to
maintain uniformity across all breathing frequencies and I'T/BT ratios.

Mesh independence tests were performed on the airway model for different mesh sizes

(Table 3.1) at a time-step of 10> s for HFOV velocity profiles (Re = 4200, Wo = 24.1,
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Table 3.1: Mesh parameters used for mesh independence tests.

Element size [m] Number of cells Simulation time [min]

Meshl le-3 594,746 62
Mesh2 Se-4 2,550,857 118
Mesh3 3e-4 8,599,521 580

IT/BT = 50%) for one breathing cycle. This particular case was used in mesh independence
tests to decrease the solution time. Three-dimensional velocity (u) was extracted from each
converged simulation along a line 1-1’ at the upper trachea in the coronal plane (z = 0
m; see inset in Figure 3.1C). Figure 3.1C shows the extracted velocity magnitude along
the line 1-1° for Mesh 1 (dashed line), Mesh 2 (solid line), and Mesh 3 (dotted line with
circle markers) as a function of non-dimensional diameter y/D, where D = 18 mm is the
trachea diameter. The velocity of Mesh 2 was different compared to Mesh 1, as the smaller
element size increased the spatial resolution. However, the spatial resolution of Mesh 2
was nearly the same as that of Mesh 3, but the simulation time of Mesh 3 was four times
longer than Mesh 2, due to the larger number of cells. Since the velocity profiles at 1-1’
for Meshes 2 and 3 were nearly identical (Figure 3.1C), Mesh 2 was selected for use in this
study. In addition, the solution from each mesh study was analyzed further by measuring
bulk velocity at a lower trachea (Plane 2). Average velocities of 3.4256 m s~!, 3.4281
m s~! and 3.4298 m s~! was found, respectively, in mesh independence test simulations.
Since the error in average velocity from Mesh 3 to Mesh 2 (0.05%) was less than the error
between Mesh 3 and Mesh 1 (0.1%), Mesh 2 was selected for all simulations and time-step
independence studies.

Time-step validation for higher Wo was conducted on the finalized Mesh 2. For time-
step size validation, three different time-step sizes (0.0005 s, 0.001 s, and 0.00375 s) were
used with inlet velocity profile corresponding to Re = 4200 and Wo =24.1 at IT/BT = 50%
with the same computational setup as described earlier. Velocity profiles were extracted
from the completed simulations along the coronal plane in the upper trachea (Plane 1 in

Table 3.2). The three velocity profiles showed no major variation at the center of the airway,
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Table 3.2: Location of planes used for data analysis and corresponding sectional airway
diameters.

Plane Description (X,Y,Z) [mm] (0x,0y,0z)[°] Diameter [mm]
Plane 1  Upper trachea (GO) (-78,0,0) (90, 0, 0) 18
Plane 2 Lower trachea (GO) (-170, 0, 0) (90, 0, 0) 18
Plane 3  Generation 1 (G1) (-200, 65, 0) (55, 35,0) 12.2
Plane 4  Generation 1 (G1) (-200, 82, 0) (-55, 35,0) 12.2
Plane 5  Generation 1 (G1) (-238, 35, 0) (55,35,0) 12.2
Plane 6  Generation 1 (G1) (-238, 108, 0) (-55, 35,0) 12.2
Plane 7  Generation 2 (G2) (-244, 24, 0) (20, 70, 0) 8.3
Plane 8  Generation 2 (G2) (-244, 120, 0) (-20, 70, 0) 8.3
Plane 9  Generation 2 (G2) (-250, 32, 0) (90, 0, 0) 8.3

Plane 10  Generation 2 (G2) (-250, 110, 0) (90, 0, 0) 8.3

with minor differences in near-wall velocity (see Figure S1 in Supplementary Materials).
As the error in velocity prediction was better in 67 = 0.001 s when comparing 8¢ = 0.00375
s and simulation time for 6¢ = 0.001 s was lower compared to 8¢ = 0.0005 s, the time-step
of 6t =0.001 s was used for all the simulations reported in this study.

Steady inhalation with similar boundary conditions, as described for transient simula-
tions, were simulated at inlet flow rates of 10, 15, 30, 45, and 60 L min—'. Pressure drop
(Ap) was estimated for both validation (steady flow simulations) and varying Wo and I'T/BT
(transient flow simulations) in ANSYS Fluent.

Solution files from ANSYS Fluent were imported to ANSYS CFD-POST for further
analysis and generating results. All Wo-tested, velocity magnitude contours were extracted
along the planes in Table 3.2 and visualized in Tecplot 360 (Tecplot Inc., Bellevue, WA,
USA). The Q-criterion previously used in a study of steady airflow through a similar geom-
etry (Cui and Gutheil, 2017) was used to identify flow vortex structures at various breathing
conditions. Q = 100,000 s~2 was used for isosurfaces at peak inhalation, and Q = 15,000
s~2 was used for isosurfaces at peak exhalation.

Integral parameters (I, 1) have been used in previous studies of flow through the hu-

man airway to examine the relative importance of axial flow streaming and lateral disper-

sion mechanisms (Banko et al., 2016; Jalal et al., 2016). Axial (i.e., streamwise direc-
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tion) flow uniformity at a cross-sectional plane was quantified using the integral parameter

I (Banko et al., 2016; Jalal et al., 2016):

R 1/2
h:(@ﬂﬁﬁﬁ> | 49)

UZA

where u is the 3D velocity field for a specific phase-point in the cycle, n is the unit normal
vector at a given cross-section of the airway, and A is the cross-sectional area. Lateral dis-
persion arising on account of secondary (i.e., transverse direction) flow at a cross-sectional

plane was quantified using integral parameter /> (Banko et al., 2016; Jalal et al., 2016):

UZA

~(u-n)alaa\
b:(mwu<ummwm) | 49)

11 and I, were calculated to examine the effects of varying Wo and I'T/BT at GO, G1 and

G2 ( Figure 3.1A, Table 3.2).

3.4 Results

3.4.1 Model Validation

We conducted steady flow simulations to compare with published results from studies of
idealized, as well as subject-specific airway models (Rahimi-Gorji et al., 2016; Gemci et al.,
2008; Qietal., 2017). A pressure drop in the airway as a function of the inhalation flow rate
is shown in Figure 3.2A, comparing the results of our simulations with those of previous
CFD studies that considered a whole airway model (Rahimi-Gorji et al., 2016) and upper
airway truncated models (only including the trachea and higher generations) (Gemci et al.,
2008; Qi et al., 2017). From the steady flow simulations of our idealized airway model, a
pressure drop was observed to increase with an increasing inhalation flow rate. The trend
of pressure drop variation with inhalation flow rate was comparable to those reported in

previous studies. When compared to previous studies, our results showed a higher pressure
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Figure 3.2: (A) Airflow rate (Q) vs. pressure drop (Ap) in airway models from previous
studies and current steady state (diamond markers) simulations for model validation. (B)
Pressure drop (Ap) in airways at peak inhalation and peak exhalation for various Wo and
IT/BT conditions from transient simulations in this study. 6 =90° indicates peak inhalation,
and 6 = 270° indicates peak exhalation.

drop at larger inhalation flow rates. Variation in pressure drop values between the studies
are most likely caused by the use of different airway geometries. Pressure drop (Ap) in
airways at peak inhalation (6 = 90°) and peak exhalation (6 = 270°) are shown in Figure
3.2B for different Wo and IT/BT conditions. For a given Wo, the pressure drop remained
almost the same in all IT/BT ratios at peak inhalation, while the pressure drop increased
with increasing I'T/BT at peak exhalation. In addition, with increase in Wo, a pressure drop
at peak exhalation remained constant for the given I'T/BT ratio. For a given IT/BT ratio,

with an increase in Wo, the pressure drop at peak inhalation remained constant from Wo =

2.61 to 7.61 and later increased at Wo = 24.1.

3.4.2 Inhalation Flow Fields with Varying Breathing Frequency

Figure 4.2 shows the detailed view of the flow field at different planes along the trachea
(GO) and G1 specified in Table 3.2. Flow at each planar location is visualized via contours

of plane-normal (i.e., axial) velocity magnitude (non-dimensionalized by Ur) overlaid with
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velocity vectors of secondary (i.e., transverse direction) flow at various instants of inhala-
tion (A = early inhalation; B = peak inhalation; C = late inhalation). All the contours are
shown from the top view, such that Planes 1 and 2 are parallel to Plane y—z, and Planes 3
and 4 are rotated locally to show the perpendicular views.

The presence of a jet in the trachea can be seen through the coronal, increasing in
strength from the start of inhalation until peak inhalation (6 = 90°) and later decreasing
until the end of inhalation (6 = 180°). A strong jet core was observed throughout inhalation
(refer Movie SA1.1). Additionally, the jet core was concentrated towards the ventral side of
the trachea at Phase A, moved towards the dorsal side at Phase B, and returned towards the
ventral side at Phase C. Compared to Plane 1, axial flow magnitude was lower at Planes 2 to
4. Similar to Plane 1, axial flow at Planes 2 to 4 increased in strength until peak inhalation
and later decreased in strength. Irrespective of the specific inhalation phase, secondary flow
was strongest at Plane 1. At Plane 4, secondary flow vectors opposite to that of Plane 3
were observed during all phases (A to C). Stronger axial velocity at Plane 3 compared to
Plane 4 (both at peak inhalation) shows axial flow is asymmetrically distributed after the
first bifurcation.

Non-dimensional axial velocity contours and secondary flow fields are shown in Fig-
ure 4.3 for Wo =24.1 at IT/BT = 25% at various instants of inhalation for Planes 1-4. Flow
in Plane 1 showed uniform axial flow at the beginning of inhalation (Phase A), and cen-
trally concentrated axial flow at peak inhalation (Phase B) and late inhalation (Phase C).
The secondary flow at Plane 1 moved toward the left of the trachea from peak inhalation
to late inhalation. Additionally, at Plane 1, axial flow in the coronal plane increased in
strength from Phase A to Phase B, followed by a decrease in strength until Phase C. Axial
flow at Plane 2 was uniform throughout inhalation with increased secondary flow velocity
vectors from early inhalation until peak inhalation. Secondary flow at Plane 2 was directed
from the dorsal and ventral sides and directed outward towards the left and right side of the

trachea across inhalation. Planes 3 and 4 showed similar magnitudes of axial flow veloci-
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Figure 3.3: Contours of magnitude of the plane-normal velocity component (nondimen-
sionalized with mean flow speed in trachea, Ut) with superimposed in-plane velocity vec-
tors for Planes 1-4 at various time-points during inhalation for Wo = 2.41 at IT/BT = 25%.
A is at Phase 0 = 45° (=25% IT), B is at Phase 6 = 90° (= 50% IT), and C is at Phase 0 =
135° (=75% IT). Views for Plane 3 and Plane 4 were rotated at 35° and —35°, respectively,
viewed perpendicular to each plane. The reference vector for in-plane velocity components
is shown for each plane.
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Figure 3.4: Contours of magnitude of plane-normal velocity component (nondimensional-
ized with mean flow speed in trachea, Ut) with superimposed in-plane velocity vectors for
Planes 1-4 at various time-points during inhalation for Wo = 24.1 at IT/BT = 25%. A is at
Phase 6 =45° (=25% IT), B is at Phase 0 = 90° (= 50% IT) and C is at Phase 6 = 135° (=
75% IT).

ties during phases A to C. Flow separation zones at Planes 3 and 4 can be observed due to
airway bifurcation at late inhalation (Phase C).

At IT/BT = 25%, for both Wo = 2.41 and Wo = 24.1 conditions, strong axial flow (
refer Figures 4.2,4.3 ) and strong secondary flow were observed in the trachea at Plane 1.
Increase in Wo weakened axial flow across Planes 1 and 2 during early inhalation (Phase
A), while at peak inhalation, Plane 1 showed similar velocity magnitude even with an
increase in Wo. During peak inhalation (Phase B) and late inhalation (Phase C) at Plane
1, axial flow was concentrated near the center of the airway at Wo = 24.1, as opposed

to asymmetric distribution at Wo = 2.41. During peak inhalation (Phase B) at Planes 3

and 4, axial flow was stronger near the inner wall of the bifurcation for Wo = 2.41, as
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compared to uniformly distributed axial flow for Wo = 24.1 (discussed later under velocity
profiles). Across the inhalation phases considered for analysis, non-uniform axial flow
distribution was observed along Planes 1-4 for Wo = 2.41. In contrast, axial flow appears
to be uniformly distributed at Planes 1-4 during Phase A; centrally concentrated at Plane 1
during Phase B; and uniformly distributed for Planes 2—4 across phases B and C for Wo =
24.1. For Wo =2.41 and I'T/BT = 25%, axial flow at peak inhalation at Plane 3 was higher
compared to Planes 2 and 4, while in Wo = 24.1, flow through Planes 3 and 4 was equal,

and was higher compared to Plane 2 (discussed later under integral parameters).

3.4.3 Exhalation Flow Fields with Varying Womersley number

Figure 3.5 shows nondimensional axial velocity magnitude contours overlaid with sec-
ondary flow fields during exhalation at Planes 1-4 for Wo = 2.41 at IT/BT = 25%. The
coronal planes showed strong axial flow in mouth-to-glottis section with maximum axial
velocity magnitude at Phase B. Uniform axial flow and non-uniform secondary flow can be
observed across all planes during exhalation time (ET). Weak secondary flow was observed
during exhalation at Plane 1 for Wo = 2.41 at I'T/BT = 25%. Multiple counter-rotating
zones of secondary flow were observed near the wall at Plane 2 during all three phases of
exhalation (D, E, F). Exhalation flow at Planes 3 and 4, located in a higher generation (G1)
of the airway, show similar secondary flow fields from Phase D (0 = 225°, 25% ET) until
Phase F for Wo = 2.41 (IT/BT = 25%).

Figure 4.4 shows nondimensional axial velocity magnitude contours overlaid with sec-
ondary flow fields during exhalation at Planes 1-4 for Wo = 24.1 at IT/BT = 25%. Com-
pared to exhalation flow in the mouth-to-glottis section for Wo = 2.41 at I'T/BT = 25%,
weaker axial flow can be observed for Wo = 24.1 at the same IT/BT (refer Movie SA1.1,1.3).
At Plane 1 of Wo = 24.1 at IT/BT = 25%, the region of strong axial flow (near anatomical
right) at Phase D decreased in size with increasing time until Phase F. In addition, two

rotational secondary flow fields were observed at early exhalation (Phase D) until peak
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Figure 3.5: Contours of magnitude of a plane-normal velocity component (nondimension-
alized with mean flow speed in trachea, Ut) with superimposed in-plane velocity vectors
for Planes 1—4 at various time-points during exhalation for Wo = 2.41 at IT/BT =25%. D
is at Phase 6 = 225° (= 25% ET), E is at Phase 6 =270° (= 50% ET) and F is at Phase 0 =

315° (=75% ET).
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Figure 3.6: Contours of magnitude of plane-normal velocity component (nondimensional-
ized with mean flow speed in trachea, Ut) with superimposed in-plane velocity vectors for
Planes 14 at various time-points during exhalation for Wo = 24.1 at IT/BT =25%. D is at
Phase 0 =225° (=25% ET), E is at Phase 6 =270° (= 50% ET) and F is at Phase 6 = 315°
(=75% ET).

exhalation (Phase E), while at Plane 2, secondary flow was initially weak at Phase D, in-
creased at Phase E, and later decreased until late exhalation (Phase F). As compared to

Planes 1 and 2, secondary flow was weakened at Planes 3—4 throughout exhalation for Wo

=24.1 at IT/BT = 25%.

3.4.4 Inhalation and Exhalation Flow Fields with Varying I'T/BT

Figure 4.5 shows the detailed view of the flow field at Planes 1-2 (trachea, G0O) and Planes

3-4 (G1) for Wo = 2.41 and IT/BT = 50%. The coronal planes showed an increase in
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Figure 3.7: Contours of magnitude of the plane-normal velocity component (nondimen-
sionalized with mean flow speed in trachea, Ut) with superimposed in-plane velocity vec-
tors for Planes 1—4 at various time-points during inhalation for Wo = 2.41 at IT/BT = 50%.
A is at Phase 0 = 45° (=25% IT), B is at Phase 6 = 90° (= 50% IT), and C is at Phase 0 =
135° (=75% IT).

axial velocity from Phase A until Phase B, and later decreased at Phase C. Compared to
Planes 2—4, Plane 1 showed stronger axial velocity magnitude and secondary flow at each
inhalation phase. Further, the strong axial flow region was located near the right-dorsal
side of Plane 1 during inhalation. At Plane 2, axial velocity magnitude increased until peak
inhalation (Phase B) and later decreased at Phase C. The strong axial flow region at Plane
2 was located near the ventral side (bottom of contour) for phases A and C and uniformly

distributed during peak inhalation (Phase B).

During peak inhalation (Phase B) at the coronal plane, axial flow was stronger in the
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anatomical right side of the airway compared to the left side of the airway. At Plane 3,
with an increase in inhalation time, axial velocity magnitude increased until peak inhalation
(Phase B) and later decreased at Phase C. Strong axial flow was observed at Plane 3 during
Phase B as compared to Phase A, near the inner walls of the bifurcation (anatomical left
side). At Plane 4, uniformly distributed flow with small flow separation near the outer
airway walls at Phase A, a uniform axial flow at Phase B and axial flow similar to Phase A
was observed in Phase C. At Planes 3 and 4, nearly similar secondary flow patterns can be
seen throughout inhalation.

Figure S2 (Supplementary Materials) shows the detailed view of the flow field for Wo
=2.41 at IT/BT = 33% during inhalation at Planes 1-2 (trachea, GO) and Planes 3—4 (G1).
The magnitude of axial velocity at each plane increased until peak inhalation (Phase B)
and later decreased at Phase C. At peak inhalation, secondary flow with a rotational flow
pattern was observed near the wall at Plane 1 (phases A, B, and C), Plane 2 (Phase A), and
Plane 3 (phases A, B, and C). Secondary flow was not observed during peak inhalation at
Plane 4. coronal planes showed unequal flow distribution at first bifurcation during peak
inhalation (Phase B), similar to those observed for Wo = 2.41 at I'T/BT = 25% and 50%.

Axial flow patterns were altered with increasing Wo to 24.1 for I'T/BT = 50% (Fig-
ure 4.6), as compared to those previously observed for Wo = 2.41 for the same IT/BT.
coronal planes showed increased axial flow from Phase A to Phase C during inhalation.
Higher generations (G3) at peak inhalation had a stronger axial flow strength compared to
G1 for Wo =24.1 and I'T/BT = 50%. During inhalation, uniform axial flow can be observed
at Planes 2—4 with increased secondary flow strength from G1 to G2. Across phases A to
C, very weak secondary flow with uniformly distributed axial flow was observed during in-
halation.

Figure S3 (Supplementary Materials) shows the detailed view of the flow field during
inhalation at Planes 1-2 (trachea, GO) and Planes 3-4 (G1) for Wo = 24.1 and IT/BT =

33%. At Plane 1, axial velocity magnitude increased until peak inhalation (Phase B) and
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Figure 3.8: Contours of magnitude of plane-normal velocity component (nondimensional-
ized with mean flow speed in trachea, Ut) with superimposed in-plane velocity vectors for
Planes 1-4 at various time-points during inhalation for Wo = 24.1 at IT/BT = 50%. A is at
Phase 6 = 45° (= 25% IT), B is at Phase 6 = 90° (= 50% IT), and C is at Phase 6 = 135°
(=75% IT).

later decreased at Phase C. Axial velocity was strongest at the center of Plane 1. Secondary
flow patterns at Planes 2 to 4 for IT/BT = 33% were similar to those for IT/BT = 50% (at
the same planes and Wo). When comparing IT/BT = 33% to IT/BT = 50%, only minor
differences were observed between the cross-sectional distribution of axial flow at Planes 2
to 4. Additionally, a slight decrease in the jet can be noticed from the flow contours of the
coronal plane.

With increasing I'T/BT from 25% (Figure 4.2) to 50% (Figure 4.5) at the lower Wo of

2.41, axial flow of similar magnitude was observed at Plane 1 at all phases, respectively.
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However, peak axial flow was concentrated towards the ventral side during early and late
inhalation for 25% IT/BT compared to the dorsal side at the same phases in 33% (Figure S2
in the Supplementary Materials) and 50% IT/BT conditions. In addition, at lower Wo,
all planes showed nearly similar velocity magnitudes, respectively at each phase, with a
change in the IT/BT ratio. Secondary flow at lower Wo from IT/BT = 25% to 50% showed
increased velocity vectors during early inhalation and decreased secondary flow velocity
vectors during peak until late inhalation. An increase in IT/BT slightly affected the axial
flow in the upper trachea in the early inhalation (Phase A). Over all, the effect of IT/BT
at lower Wo showed a minimal effect on axial flow and secondary flow during the early
inhalation phase.

With an increase in I'T/BT at the higher Wo of 24.1, axial flow magnitude in the trachea
increased both axial flow (compare Figure 4.3, Figure S3 in the Supplementary Materials,
Figure 4.6) and secondary at early inhalation. In addition, axial flow remained the same
during peak and late inhalation with an increase in the I'T/BT ratio, while the secondary flow
decreased respectively at each plane. Contours from the coronal plane showed increased
axial jet flow in the upper trachea with increasing I'T/BT for both Wo, respectively.

Figure S4 shows nondimensional axial velocity magnitude contours overlaid with sec-
ondary flow fields during exhalation at Wo = 2.41 for IT/BT = 50%. Strong axial flow can
be observed at Phase D until peak exhalation (Phase E) and later decreased at late exha-
lation (Phase F). Plane 1 showed nonuniform secondary flow throughout the exhalation.
In addition, secondary flow increased in strength at peak exhalation (Phase E) compared
to Phase D, and later decreased during 75% exhalation (Phase F). Multiple rotational flow
patterns were observed near the wall of Plane 2 during all three phases of exhalation (D, E,
F). Secondary flow patterns during the exhalation remained nearly same in Planes 3 and 4,
respectively, with higher strength in Plane 4 compared to Plane 3.

Drastic differences in exhalation flow can be observed for Wo = 23.7 with an increase

in IT/BT =25% to 50%. Axial flow increased with an increase in I'T/BT ratio, as observed
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from all planes of Figures 4.4 and S4 at each phase. Further, axial velocity increased in
magnitude with increasing time from Phase D to Phase E and later decreased until Phase
F in the mouth-to-glottis section. Secondary flow decreased at the early exhalation phase
in the upper trachea with an increase in the IT/BT ratio. Additionally, the secondary flow
strength increased in the lower trachea during Phase E (peak exhalation) and Phase F (late
exhalation) with an increase in the I'T/BT ratio.

To conclude, during exhalation at Planes 1 to 4 for both Wo, axial flow increased with
increasing I'T/BT from 25% (Figures 3.5 and 4.4) to 50% (Figures S4 and S5 in the Sup-
plementary Materials). This increase in axial flow was mainly due to increasing Re with
increasing IT/BT during exhalation. Further, increase in I'T/BT increased the secondary

flow strength in the lower portion of the trachea for each Wo, respectively.

3.4.5 Velocity Profiles

3D velocity (u) was extracted along the coronal plane during peak inhalation at planes 1-10
for Wo=2.41 and 24.1 at IT/BT=25% and 50% and are presented in Figures 3.9, 3.10 and
Figure S6 (Supplementary Material). Velocity profiles for Wo=2.41 at IT/BT=25% and
50% showed narrow distribution, while a Wo wider distribution of velocity was observed
in the upper trachea (line 1) for Wo=24.1 at IT/BT=25% and 50%. However, the flow
in the trachea decreased at plane 2 (line 2) compared to the upper trachea (line 1) for all
conditions. Comparing across Wo, velocity magnitude at plane 2 for Wo=2.41 was greater
than that of Wo=24.1 for each I'T/BT ratio. Velocity profiles showed variation in axial
flow between planes 3 and 4 at Wo=2.41 for both IT/BT. In comparison, axial flow from
velocity profiles for Wo=24.1 at planes 3 and 4 was uniform and of the same magnitude
(Figure 3.10).

The right bifurcation (lines 5, 7 and 9 in Planes 5, 7 and 9, respectively) showed higher
axial flow compared to the left bifurcation (lines 6, 8 and 10 in Planes 6, 8 and 10, re-

spectively) at Wo = 2.41 for IT/BT = 25% and 50% (refer to Figure S6 (Supplementary
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Figure 3.9: Three-dimensional velocity (u) extracted at the upper trachea (line 1-1° at the
coronal plane) as a function ofnondimensional diameter y/D, where D = trachea diameter
=18 mm.

Materials)), while for Wo = 24.1, nearly uniform axial flow was observed between left and

right bifurcation for both I'T/BT conditions.
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Figure 3.10: Velocity profiles at Planes 2—4 for varying Wo and I'T/BT conditions. Three-
dimensional velocity (u) extracted at lines 2—4 (refer Figure 3.1) is shown as a function

ofnondimensional diameter y/d;, where d; is the airway cross-sectional diameter in Plane i
(refer to Table 3.2).
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Figure 3.11: Q-criterion isosurface at peak inhalation (Q = 100,000 s~2) and peak exhala-
tion (Q = 15,000 s~2) for all breathing conditions (A) Wo = 2.41, IT/BT = 25% (B) Wo =
24.1, IT/BT = 25% (C) Wo = 2.41, IT/BT = 50%, and (D) Wo = 24.1, IT/BT = 50% are
shown along with Plane 1 (peak inhalation) and Plane 2 (peak exhalation).

3.4.6 Secondary Flow Vortices

Secondary flow vortices were identified using the Q criterion, and are shown in Figure 3.11
for Wo = 2.41 and Wo = 24.1 at IT/BT = 25% and 50%, during peak inhalation (6 = 90°)
and peak exhalation (6 = 270°). Isosurfaces at Q = 100,000 s2 (peak inhalation) and Q =
15,000 s~2 (peak exhalation) were used for visualization of secondary flows at Plane 1-1’
(at peak inhalation) and Plane 2-2’ (at peak exhalation). For Wo = 2.41 at peak inhalation (6
= 90°), the secondary flow distribution in the trachea remained unaltered with an increase
in I'T/BT, while a small change in secondary flow pattern can be seen for Wo = 24.1 with

an increase in the IT/BT ratio. For Wo = 2.41, isosurface contours at Plane 1 showed two
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regions with secondary flow vortices near the anatomical left-ventral side and a smaller
region along the anatomical right-dorsal side. For Wo = 24.1, secondary flow was observed
along the walls at peak inhalation from Plane 1 for all IT/BT conditions.

At peak exhalation for Wo = 2.41 at I'T/BT = 25%, small secondary flow vortices were
observed near the bifurcation of the parent generation, while for Wo = 24.1 and IT/BT
= 25%, secondary flow vortices were observed in G1 only. Increasing IT/BT for both
Wo increased the length of the secondary flow regions (axial dimension) vortex structures.
Comparing across all conditions, Wo = 2.41 at IT/BT = 50% showed a larger distribution

of secondary flow regions (refer to Movie SA1.1-3).

3.4.7 Integral Parameters

To quantify axial flow streaming and strength of secondary flow, integral parameters (Banko
et al., 2016) were calculated using Equations (3.8) and (3.9) for all Wo and I'T/BT condi-
tions at the planes in Table 3.2. Integral parameter /; at Planes 2—4 are shown in Fig-
ures 3.12 and 3.13. Axial flow streaming (/1) during inhalation was stronger than /; during
exhalation (Figure 3.12) for I'T/BT = 25%, while I; variation at Planes 2—4 was similar
when comparing inhalation to exhalation for IT/BT = 50%. For Wo = 2.41 and 7.61, axial
flow streaming was asymmetric after the first bifurcation, and for Wo = 24.1, axial flow
streaming remained almost the same in both planes. At first bifurcation, within the G1, I;
at the right bifurcation (Plane 3) was higher compared to the left bifurcation (Plane 4) in
Wo =2.41 (both IT/BT) and 7.61 (IT/BT = 50%), while I was higher in the left bifurcation
for Wo = 7.61 (IT/BT = 25%) and remained almost the same in Wo = 24.1 in both IT/BT
conditions. During inhalation or exhalation for a given Wo, I; increased from start to mid-
phase (inhalation or exhalation) and later decreased until the end of the phase (inhalation
or exhalation). With increase in IT/BT to 50%, a similar trend was observed for I;. Ata
fixed cross-sectional location (Planes 2—4), changing either Wo or IT/BT did not impact

much of axial flow streaming (/;) during inhalation. For each Wo comparing across the
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Figure 3.12: Integral parameter /; calculated using Equations (3.8) at Planes 2—4 for all
breathing conditions at I'T/BT = 25% (top row) and IT/BT = 50% (bottom row). Wo =
241 (- -@--); Wo=7.61 (- -B- -); Wo = 24.1 (- -A- -). Open, gray-filled, and black-filled
markers correspond to Planes 2, 3 and 4, respectively.

IT/BT, the I; during exhalation was higher at IT/BT = 50% following the trend of an inlet
velocity profile.

Figure 3.13 shows integral parameter /; at Planes 5-10. Across all conditions, strong
axial flow streaming was observed throughout the breathing cycle. The phase-variation of
I during either inhalation or exhalation was identical to the corresponding phase-variation
observed in Planes 24, that is, an increase from the start of inhalation (start of exhalation)
to the peak value at mid-inhalation (or mid-exhalation) and decreasing until the end of
inhalation (end of exhalation). For Wo = 2.41 (both IT/BT) and Wo =7.61 (IT/BT = 50%),
the right bifurcation (Planes 5, 7, 9) showed increased axial flow streaming compared to the

left bifurcation (Planes 6, 8, 10), while for Wo = 7.61, the right bifurcation (Planes 5, 7, 9)

showed decreased axial flow streaming compared to the left bifurcation (Planes 6, 8, 10) at
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Figure 3.13: Integral parameter /; calculated at Planes 5—10 for all breathing conditions at
IT/BT = 25% (top row) and IT/BT = 50% (bottom row). Planes 5 (- -@- -), 7 (- -H- -),
and 9 (- -«- -) are from the right bifurcation. Planes 6 (- -A- -), 8 (- -»- -) and 10 (- -V¥-
-) are from the left bifurcation. Open, gray-filled, and black-filled markers represent Wo
conditions of 2.41, 7.61, and 24.1, respectively.

IT/BT=25%, and Wo = 24.1 (both IT/BT) showed equal axial flow streaming between the
left (Planes 6, 8, 10) and right (Planes 5, 7, 9) bifurcation planes, respectively. For all the
conditions, within the G2, I; at the right bifurcation showed to be higher or equal in Plane 9
compared to Plane 7, and at the left bifurcation, Plane 10 had higher or equal /; compared
to Plane 8. The left-right asymmetry of /; that was noted at Planes 3 and 4 (Figure 3.12)

was also sustained in the higher-generation G2 (Planes 7-10). Additionally, the /; during

exhalation was higher at IT/BT = 50% in all conditions following the velocity profile.
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Figure 3.14 shows phase-variation of the integral parameter I at Planes 2—4, which
is indicative of the lateral dispersion or the strength of the secondary flow. Across all
conditions (Wo, IT/BT), I, variation throughout the cycle at Planes 2—4 followed the same
order as that of I; ( Figure 3.12). I, values were greater than /; values at any of these Planes,
irrespective of Wo and IT/BT, where I; and I, were compared. While axial flow streaming
was present at Planes 2—4 for all Wo and I'T/BT examined here (Figure 3.12), secondary
flows appear to be stronger. For a given I'T/BT, increasing Wo resulted in increasing I,
at the end of inhalation (6 = 180°). Specific to Wo = 23.7, the secondary flow was also
observed at the end of exhalation (6 = 360°) for IT/BT = 50%. At a fixed cross-sectional
location (Planes 2—4), individually changing either Wo or IT/BT did not impact secondary
flow streaming (/) during inhalation. For each Wo, comparing across the IT/BT, the I,
during exhalation was higher at IT/BT = 50% following the velocity profile.

Figure 3.15 shows phase-variation of integral parameter I at Planes 5-10. In gen-
eral, I, variation along Planes 5—-10 mirrored those of I; (Figure 3.13). Similar to /;, even
I increased from the start of inhalation (start of exhalation) to reach peak value at mid-
inhalation (mid-exhalation) and decreased until the end of inhalation (end of exhalation).
Additionally, similar to /; ( Figure 3.13), for Wo = 2.41 (both I'T/BT) and Wo =7.61 (IT/BT
= 50%), the right bifurcation (Planes 5, 7, 9) showed increased secondary flow streaming
compared to the left bifurcation (Planes 6, 8, 10), while for Wo = 7.61, the right bifur-
cation (Planes 5, 7, 9) showed decreased secondary flow streaming compared to the left
bifurcation (Planes 6, 8, 10) at IT/BT = 25%, and Wo = 24.1 (both IT/BT) showed equal
secondary flow streaming between the left (Planes 6, 8, 10) and right (Planes 5, 7, 9) bifur-
cation planes, respectively. For all the conditions, within the G2, I, at the right bifurcation
showed higher or equal in Plane 9 compared to Plane 7, and at the left bifurcation, Plane
10 had higher or equal I, compared to Plane 8. A similar pattern was also observed for I,
variation across the planes for all Wo and I'T/BT conditions. Overall, I, was greater than

I} across Planes 2—10 for all IT/BT and Wo, suggesting that secondary flows are stronger
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calculated at Planes 2—4 for all breathing conditions

at IT/BT = 25% (top row) and IT/BT = 50% (bottom row). Refer to Figure 3.12 for
marker definitions.
transport mechanisms than axial streaming.

For a given condition at each phase, integral parameters over the complete breathing
cycle showed an increase (both /1 and ;) with an increase in airway generation number.
This increase was mainly due to incompressible flow simulations, such that flow velocity
increased in higher generations with smaller diameters than the parent airway diameter.
As a result, the value of integral parameters increased from GO to G2, which was not ob-
served in previous subject-specific model studies (Banko et al., 2015; Jalal et al., 2020;
Banko et al., 2016). For a symmetric airway model with parent airway diameter (D) = 18
mm, the expected daughter airway diameter using Murray’s law (daughter airway diameter,
(d,) = D/2'/3) is 14.2 mm, which was approximately the same parent airway to the daugh-
ter airway diameter relation in Banko et al. (2016, 2015). However, the idealized Weibel

airway model used here has a daughter airway diameter less than those estimated using
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Figure 3.15: Integral parameter I, calculated at Planes 5-10 for all breathing conditions
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Murray’s law-based minimum daughter airway diameter (12.2 mm). Therefore, the flow
velocity increased in daughter airways that in turn increased the integral parameters of
higher generations. Despite the parent-to-daughter airway diameter ratios in the Weibel
model deviating from ratios predicted using Murray’s law, we observed identical trends
of increasing axial flow streaming and decreasing lateral dispersion for all generations as
those reported by Banko et al. (2016).

At a given cross-section, I; and I for Wo = 7.61 and IT/BT = 50% showed nearly
no variation at peak inhalation and peak exhalation across all generations, which was in

disagreement with the Wo = 7 findings of (Banko et al., 2016) ( I; was more significant
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at peak inhalation and I, was larger at peak exhalation). Our idealized symmetric airway
geometry is likely the reason for this disagreement compared to the asymmetric subject-
specific airway of Banko et al. (2016). Current results for /; and I, trends agreed with
those reported by Banko et al. (2016) for higher generations, such as I} and I, increasing
and decreasing in a manner identical to the prescribed inflow velocity profile throughout
a breathing cycle. Interestingly, /; and I, values showed noticeable variation between the
planes at all generations (e.g., I1,go < 1,1 < I1,G2), suggesting that decreased airway
diameters from the previous generation possibly increased the velocity of the flow, as well
as the flow strengths. I} and I, showed variations between the left- and right-side airways of
the same generation for curved mouth-to-glottis orientations, such that local flow features
can be responsible for lagging/leading axial flow streaming and lateral dispersion relative
to the inflow profile, depending on the bronchial path and the generation number. This

observation was also previously noted by Banko et al. (2016).

3.5 Discussion

Particle deposition and gas exchange within the human respiratory system are intricately
dependent on flow through the airway. While previous studies have identified that axial
flow streaming and lateral dispersion are effective transport mechanisms in the human
airway (Banko et al., 2015, 2016; Jalal et al., 2016, 2018, 2020), the effects of varying
inhalation duration (IT/BT) in conjunction with the respiratory rate (RR) on airway flow
characteristics remain unknown. The majority of airway fluid dynamics studies have either
focused only on inhalation, or examined both inhalation and exhalation with IT/BT = 50%.
Inter-subject variability of I'T/BT < 50% can occur in voluntary and involuntary breath-
ing exercises. Further, clinical therapies, such as HFOV, allow for patient-specific tuning
of IT/BT and RR. Studies of varying I'T/BT alongside RR can help identify fundamen-
tal differences in axial and lateral flow patterns, potentially valuable for improving airway

flow distribution in HFOV therapy. We examined the role of varying IT/BT from 25% to
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50% and RR from 10 bpm to 1000 bpm using 3D CFD simulations of airflow through an
idealized double bifurcation airway model.

Axial and secondary flows were observed across all Wo and I'T/BT conditions examined
in this study (refer Movie SA1.1-3). Several differences can be observed when comparing
flow fields at Wo = 24.1 to those at lower Wo. At the upper tracheal section (Plane 1)
for IT/BT = 25%, asymmetric axial velocity distribution was observed for Wo = 2.41,
as opposed to a centrally concentrated distribution of axial velocity for Wo = 24.1 during
inhalation. The lower tracheal section (Plane 2) for IT/BT = 25% uniform axial velocity
distribution for all Wo. Asymmetric distribution of axial velocity was observed following
the first and second bifurcations at lower Wo.

Across all Wo and IT/BT conditions, Wo = 2.41 and 7.61 showed the strongest axial
flow streaming (/;) and lateral flow dispersion at Plane 9 and Plane 10 during inhalation,
while during exhalation, all Wo and IT/BT = 50% showed both strongest axial flow stream-
ing (I7) and secondary flow strength (/,) at Planes 7-10 (G2). The latter observation re-
garding I, was in partial agreement with findings of a previous MRV study of flow through
an idealized double bifurcation model (Jalal et al., 2018), where secondary flows during
inhalation and exhalation were reported to be strengthened with increasing Wo. Our re-
sults showed increased secondary flow strength at the end of inhalation, with an increase
in Wo along with equal secondary flow strengths for planes in a given generation (I3 pane 5
= D plane 6> L2Plane 7 = 12,Plane 8 = 12, Plane 9 = 12, Plane 10)- In terms of secondary flow fields,
we observed the generation of vortices at all Wo during inhalation and exhalation. These
secondary flow vortices can be expected to impact particle deposition in applications such
as targeted drug delivery.

Similar to the observations of Banko et al. (2015, 2016) where Wo = 7 and IT/BT =
50%, a single-sided axial vortex (see Plane 1 at Phase B in Figures 4.2 and 4.5 ) was
observed during peak inhalation in the trachea for Wo = 2.41 across all I'T/BT ratios. Banko

et al. (2016) noted that the vortex at peak inhalation was not previously observed in studies
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using idealized symmetric geometries. Compared to idealized airway models, our airway
geometry includes the mouth-to-glottis section in the coronal plane instead of the sagittal
plane. Despite the left-right symmetry in our model starting from the glottis, the presence
of a mouth-to-glottis section on the anatomical right side promoted single-sided axial swirls
at lower Wo (vortex structure from Figure 3.11). The effect of the glottis can also be seen
during inhalation, through axial flow velocity contours in all Wo and I'T/BT in the upper
trachea.

Choi et al. (2009) used large eddy simulations to examine the effect of upper airway
truncation on the flow in the trachea, and found that the airways above the glottis were
crucial for generating turbulence in the trachea. Our results showing the formation of
vortex structures point to the importance of including the upper airway structure and its
orientation relative to the sagittal plane, which was also noted previously by Lin et al.
(2007). Obstructions such as tongue and upper mouth geometry that were not included in
our model can also enhance turbulence in the airway flow, and has been noted by Lin et al.
(2007). Further studies on subject-specific airways are needed to isolate how each of these
anatomical structures impact fluid dynamics and examine the importance of Wo and IT/BT
in generating asymmetric axial flow in the airway.

Finally, for a given peak inhalation Re, a change in IT/BT ratio for a given Wo af-
fected the tidal volume. With an increase in I'T/BT ratio, tidal inhalation volume increased.
The exhalation tidal volume was matched with tidal inhalation volume to maintain equal
volumes in both inhalation and exhalation for involuntary breathing frequencies, such that
lower IT/BT ratio breathing has smaller Re-based exhalation velocity profiles. The lower
exhalation velocity profile affected the axial flow streaming in all generations, showing
lower strength of primary and secondary flows. Using varying I'T/BT ratio might be ben-
eficial with peak inhalation and exhalation of equal Re, such that exhalation tidal volume
would be more than an inhalation tidal volume, resulting in a greater amount of gases that

would have been expelled out, which is indeed necessary for some situations, such as in
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ARDS (Lunkenheimer et al., 1972).

Modified Flow Regime Diagram

Jan et al. (1989) developed a diagram to classify the flow regime within different sections of
the human airway, using an order of magnitude analysis starting from the Navier—Stokes’
equations. This diagram was used to characterize the influence of fluid viscosity, unsteadi-
ness, and convective acceleration in an idealized airway bifurcation for Wo ranging from
2.3 to 21.3. Their flow map examined Wo? versusnondimensional stroke length 2L/D,
where L is the stroke length (i.e., axial length of travel of a fluid particle) that can be calcu-
lated as the ratio of stroke volume (SV) swept in a cycle to the tracheal cross-sectional area)
and D is the tracheal diameter. For a sinusoidal waveform (as considered in this study), Jan
et al. (1989) showed that Re is related to dimensionless stroke length (2L/D) and Wo as
Re/Wo? = 2L/D. However, their classification was restricted to oscillatory (sinusoidal)
breathing cycle with IT/BT = 50%. Table 3.3 shows the SV, L, 2L/D evaluated for this
study at the upper tracheal cross-section (Plane 1) across the various conditions of Wo and
IT/BT, where Re = 4200, based on Ut and D. It can be seen that Re/ Wo? does not equal
2L/D when IT/BT # 50%.

To include the effect of IT/BT # 50%, we examined the use of a modified dimension-
less stroke length, where the parameter (BT/2 IT) is included as a multiple of 2L/D (i.e.,
(2L/D)(BT/2 IT)). The modified dimensionless stroke length matched Re/Wo? for all Wo
and IT/BT conditions considered in this study (Table 3.3), showing the importance of in-
cluding I'T/BT to classify the operating flow regime accurately. To examine the operating
flow regimes at the cross-sectional locations where we analyzed the 3D CFD data (Planes
1-10), we calculated local values of the Reynolds number (Re;) and Womersley number

(Wor) as follows:
Vi.Dy,

Rep, = (3.10)
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Table 3.3: Flow regime parameters evaluated at the upper tracheal section (plane 1):
Re/Wo?, dimensionless stroke length 2L/D and modified dimensionless stroke length
(2L/D)(BT/2 IT). Stroke length (L) was calculated as: %}//4, where SV=stroke volume
and D=tracheal diameter=0.018 m . SV was obtained by integrating the time-varying vol-
umetric flow rate at the inlet (Qj,) over a breathing cycle for each Wo and I'T/BT condi-
tion, where Qi (7) = Vinier(f) Ain (prescribed inlet velocity profile, Vipe(t), refer 3.5-3.6).
Reynolds number (Re) based on D and mean flow speed in trachea (Ut) was calculated
using equation defined as: Re:#, where Ut (=3.4 m s~!). Re was maintained constant
at 4,200 across all test conditions. Womersley number (Wo) was calculated using equation
(3.1). Note that breathing time (in seconds), BT=(60/RR), where RR=respiratory rate (in

bpm).

RR [bpm] Wo IT/BT[%] SV[m’] L[m] 2L/D Re/Wo> (2L/D)(BT/21T)

10 241 50 1.66x1073 651 724 723 724

10 2.41 33 1.09x1073 43 478 723 724

10 2.41 25 0.83x1073 326 362 723 724
100 7.61 50 1.66x10~% 0.65 72 72 72
100 7.61 33 1.09x10~* 043 48 72 72
100 7.61 25 0.83x10~* 033 36 72 72
1000 24.1 50 1.66x1075  0.07 7 7 7
1000 24.1 33 1.09x107°  0.04 5 7 7
1000  24.1 25 0.83x107>  0.03 4 7 7

Dy 27 1
w20 (22) (1) o

where V1, and Dy, denote the axial velocity and in-plane airway diameter, respectively, at a
given cross-sectional plane (Table S1 in the Supplementary Materials). Rep and Woy are in-
terrelated via the modified dimensionless stroke length as: Rer./Wo? = (2L, /Dy)(BT /21IT).
The values of Rer, and Wor, for a given test condition (i.e., Wo, IT/BT) were averaged
over the different planes included within a particular generation (see Table 3.2 for plane
locations). The regime diagram for classifying the flow regime at different generations is
shown in Figure 3.16, where Wof is plotted along the x-axis and the modified dimension-
less stroke length ((2Ly./Dy)(BT/2 IT)) is plotted along the y-axis. For a given Wo and
generation number, varying I'T/BT did not noticeably alter flow regime location when us-
ing the modified dimensionless stroke length. For Wo = 2.41, the trachea (G0) was in the

turbulent zone of the regime diagram.
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Figure 3.16: Modified regime diagram (originally proposed by (Jan et al., 1989)) for clas-
sifying the flow at the planes identified in Table 3.2, interrelating the local Womersley
number and modified stroke length ((2Ly /Dy )(BT/2 IT)). Multiple markers of the same
type indicate variations in I'T/BT.

With increasing Wo beyond 2.41, flow through the trachea was in the unsteady con-
vective zone, meaning that both unsteady and convective acceleration terms are important
in the Navier—Stokes’ equations. With increased generation number (i.e., moving further
down the airway) for either Wo = 2.41 or Wo = 7.61, the flow regime tends towards the
viscous-convective zone so that unsteady effects are not dominant (quasisteady). At Wo
= 24.1, all three generations are in the weak turbulence (Re/Wo =~ 100-200 (Jan et al.,
1989)), such that unsteady effects on the flow field are the most dominant. Our flow regime
results agree with MRV studies on a subject-specific anatomical model at Wo = 7 (Banko
et al., 2016) and on a planar double bifurcation model at Wo = 6 and Wo = 12 (Jalal et al.,
2018). At Wo relevant to HFOV, gas exchange and particle deposition at higher airway
generations are expected to be most impacted by the unsteady acceleration of the flow.
By contrast, viscous forces and convective acceleration are expected to be more influential

at lower Wo.
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Investigating the 3D fluid dynamics in anatomically accurate airway models and phys-
iologically relevant breathing patterns can be computationally demanding. Inter-subject
variability in geometry can present challenges (Borojeni et al., 2020) in identifying salient
features of the fluid flow and in developing modified scaling relations as in this study.
In this regard, studies of idealized airway models with sinusoidal breathing patterns can
help in providing a basic understanding of flow physics at relatively low computational
cost. The current study investigated the flow features inside the airways for an idealized
airway geometry, varying clinically significant parameters (IT/BT and RR). The modified
dimensionless stroke length identified in this work can be useful for fluid dynamic stud-
ies of clinically relevant situations where I'T/BT variation (e.g., mechanical ventilation in
COPD and asthma patients (Loring et al., 1990; Shanholtz and Brower, 1994; Ahmed and
Athar, 2015; Boros et al., 1977) and RR variation (e.g., HFOV in neonates) are observed.
Future studies using subject-specific geometries are needed to examine the clinical signifi-

cance of our findings.

3.6 Conclusions

Using 3D CFD simulations, we examined the roles of varying respiratory rate and inhala-
tion duration (IT/BT) on flow through an idealized human airway model consisting of a
mouth-to-glottis section and two generations. Axial and secondary flows were observed
throughout the model at all conditions of Wo and IT/BT. For Wo = 2.41, the strong non-
axisymmetric axial flow was observed in the trachea during inhalation. For Wo = 24.1,
centrally concentrated axial flow was observed during inhalation in the upper trachea, fol-
lowed by uniformly distributed weak axial flow in the lower trachea. On account of sec-
ondary flow, lateral dispersion was found to be the dominant transport mechanism across
all test conditions. For all Wo, increase in IT/BT ratio increased the axial flow at early
inhalation. In addition, secondary flow after peak inhalation increased during small Wo,

and decreased during large Wo. For all Wo increased IT/BT showed increased axial and
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secondary flows strength during each phase of exhalation, respectively. As changing IT/BT
changes the stroke length (L) of an oscillatory flow, we observed a breakdown in the the-
oretically expected Re/Wo? = 2L/D relation for IT/BT # 50%. We developed a modified
dimensionless stroke length including I'T/BT to correct this discrepancy. While a lower Wo
regime was dominated by viscous forces and convective acceleration, unsteady acceleration
was dominant for higher Wo.

A central limitation of our study is the simplification of our model geometry. A range
of morphological complexities observed from GO—G2, including (but not limited to) asym-
metric branching and non-circular lumen of the airway branches, are expected to alter the
respiratory flows. The general trends reported here relative to Wo and I'T/BT, specifically,
the importance of secondary flows with increasing Wo as well as the modified dimension-
less stroke length accounting for IT/BT, are expected to be applicable in anatomically real-
istic airways. Additional model simplifications, such as the use of rigid walled vessels and
a sinusoidal flow profile, should also be noted as limitations of this study, while changes to
velocity profiles have shown to modestly impact the flow physics (Choi et al., 2010), includ-
ing airway wall motion has been reported to influence axial and secondary flows compared
to rigid-walled airways (Wall and Rabczuk, 2008). Finally, RANS models (such as in this
study) have well-known limitations in modeling unsteady turbulent flows and comparing
our study findings with higher-fidelity turbulence models (e.g., large eddy simulations) are

needed to examine how the choice of turbulence model impacts time-varying flow physics.
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3.7 Supplementary
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Figure S1. Time-step size independence test for Wo = 24.1 and IT/BT = 50%. Three-
dimensional velocity (u) was extracted along the coronal plane in the upper trachea (plane 1
in Table 2) and plotted as a function ofnondimensional diameter y/D. D = trachea diameter

= 18 mm.
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Figure S2. Contours of magnitude of plane-normal velocity component (non-
dimensionalized with mean flow speed in trachea, Ut) with superimposed in-plane velocity
vectors for planes 14 at various time points during inhalation for Wo = 2.41 at IT/BT =
33%. A is at phase 6 = 45° (=25% IT), B is at phase 68 = 90° (= 50% IT) and C is at phase
0 = 135° (=75% IT). Coronal plane shows the locations of each plane.
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Figure S3. Contours of magnitude of plane-normal velocity component (non-
dimensionalized with mean flow speed in trachea, Ut) with superimposed in-plane velocity
vectors for planes 14 at various time points during inhalation for Wo = 24.1 at IT/BT =

33%. A is at phase 0 = 45° (=25% IT), B is at phase 0 = 90° (= 50% IT) and C is at phase
0 =135° (=75% IT).
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Figure S4. Contours of magnitude of plane-normal velocity component (non-
dimensionalized with mean flow speed in trachea, Ut) with superimposed in-plane velocity
vectors for planes 1-2 at various time points during exhalation for for Wo = 2.41 at IT/BT
=50%. D is at phase 6 = 225° (= 25% ET), E is at phase 6 =270° (= 50% ET) and F is at
phase 6 = 315° (=75% ET).
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Figure S5. Contours of magnitude of plane-normal velocity component (non-
dimensionalized with mean flow speed in trachea, Ut) with superimposed in-plane velocity
vectors for planes 1-2 at various time points during exhalation for for Wo = 24.1 at IT/BT
=50%. D is at phase 6 = 225° (=25% ET), E is at phase 6 = 270° (= 50% ET) and F is at
phase 6 = 315° (= 75% ET).
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Figure S6. Velocity profiles along coronal plane at in planes 5-10 for varying Wo and IT/BT
conditions. Three—dimensional velocity (u) was extracted along the line across the coronal
plane diameter and plotted as a function ofnondimensional diameter y/d;, where d; is the

airway cross-sectional diameter in " plane (refer Table 2).
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TABLE S1. Local Reynolds number (Rer,) and local Womersley number (Wor ) at each plane listed in Table 2. Rer, and Wor, were

calculated as: Rey, = @ and Wor, = % % (é—’{), where Dy is the local airway diameter at a given plane, V| is the average local axial

velocity, BT is the breathing time and Vv is the kinematic viscosity of air (v = 1.4x107> m? s~ !).

Re/WoL,

Location | Description

Wo = 241, | Wo = 241, | Wo = 241, Wo = 1751, | Wo = 751, | Wo = 1751, Wo = 24.1, | Wo = 241, | Wo = 241,

IT/BT=25% | IT/BT=33% | IT/BT =50% IT/BT=25% | IT/BT=25% | IT/BT =50% IT/BT=25% | IT/BT=33% | IT/BT =50%
Plane 1 Upper trachea (G0) | 6794/2.4 6947/2.4 6894/2.4 6653/7.62 7165/7.61 7418/7.61 6750/24.8 6620/24.8 6602/24.8
Plane 2 Lower trachea (G0) | 4224/2.4 4228/2.4 4227/2.4 4210/7.61 4227/7.61 4247/7.61 4141/24.8 4224/24.8 4224/24.8
Plane 3 Generation (G1) 3274/1.63 3276/1.63 3275/1.63 2956/5.15 2947/5.15 3237/5.15 3015/16.3 3076/16.3 3079/16.3
Plane 4 Generation (G1) 3932/1.63 2933/1.63 2934/1.63 3235/5.15 3267/5.15 2984/5.15 3056/16.3 3118/16.3 3121/16.3
Plane 5 Generation (G1) 3311/1.63 3315/1.63 3313/1.63 2992/5.15 2932/5.15 3264/5.15 3058/16.3 3119/16.3 3119/16.3
Plane 6 Generation (G1) 2930/1.63 2931/1.63 2932/1.63 3229/5.15 3261/5.15 2980/5.15 3057/16.3 3119/16.3 3120/16.3
Plane 7 Generation (G2) 2348/1.11 2359/1.11 2354/1.11 2135/3.53 2130/3.53 2324/3.53 2260/11.18 2307/11.18 2311/11.18
Plane 8 Generation (G2) 2090/1.11 2104/1.11 2096/1.11 2284/3.53 2310/3.53 2118/3.53 2251/11.18 2298/11.18 2302/11.18
Plane 9 Generation (G2) 2535/1.11 2531/1.11 2533/1.11 2278/3.53 2271/3.53 2489/3.53 2239/11.18 2286/11.18 2290/11.18
Plane 10 | Generation (G2) 2233/1.11 2221/1.11 2230/1.11 2468/3.53 2487/3.53 2270/3.53 2238/11.18 2285/11.18 2290/11.18
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CHAPTER IV

SA 2: FLUID DYNAMICS OF ABNORMAL BREATHING PATTERNS

4.1 Abstract

Several physiological and pathological conditions can alter respiratory rate (RR) and peak
airflow rate from those observed in normal conditions (NC). Studies of airflow patterns and
particle transport in the human airway have mainly focused on NC. By contrast, the fluid
dynamics of abnormal breathing patterns is not well understood. Using three-dimensional
computational fluid dynamics (CFD) simulations on an idealized human airway model con-
sisting of a mouth, glottis, trachea and symmetric double bifurcation, we examined airway
flow characteristics and transport of massless particles for the following abnormal breath-
ing patterns: tachypnea (TC; ~ 1.5x increase in RR), bradypnea (BC; ~ 1.5x decrease
in RR), hyperpnea (HC; deep breathing with abnormally large peak flow rate), and hy-
popnea (SC; shallow breathing with abnormally low peak flow rate). Peak jet length (L;)
in the trachea during inhalation was lower in tachypnea and higher in normal with in-
crease in breathing duration; and increased along with increase in peak inhalation flow
rate (Ljsc < Ljnc < Ljuc). Cumulative exhaled particle ratio (defined as the ratio of cu-
mulative exhaled particles accumulated at the mouth at an instant to the total number of
particles introduced at the outlets) increased with breathing duration during early exhala-
tion phase compare to normal and tachypnea, and along with increased peak exhalation

flow rate (R4,SC < R4,NC ~~ R4,HC)-
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4.2 Introduction

Involuntary and unlabored breathing in normal condition (NC), also known as eupnea, is
defined as respiratory rate (RR) ranging from 10-15 breaths per minute (bpm), tidal volume
(TV) ranging from 350-650 mL and inhalation time (IT) to breathing time (BT) ratio (i.e.,
IT/BT) ranging from 33-50%. RR and depth of breaths (latter indicative of peak airflow
rates) in involuntary nasal breathing are controlled by chemical interactions within the neu-
ral system. Malfunctions in the neural system can lead to disorders in breathing (Cherniack
and Fishman, 1975) and consequently impair gas exchange. Dysfunctional or abnormal
breathing patterns are used as umbrella terms to commonly describe such breathing disor-
ders (Boulding et al., 2016). Variations in RR from normal breathing is an indication of
human disease (Ott, 1912; Cherniack and Fishman, 1975). However, humans can breathe
through the nose and/or mouth during illness and facilitate gas exchange in higher airway
generations (Gilbert, 2014). Previous investigations showed an instance of quick and less
effort mouth breathing (Gilbert, 2014), or altered manipulated breathing (Tiller et al., 1987)
as a response to these dysfunctional breathing patterns. There are several abnormal breath-
ing patterns, such as tachypnea (denoted here as TC) where RR is 1.5x-2x greater than RR
in NC, bradypnea (denoted here as BC) where RR is 1.5x-2x less than RR in NC, deep
breathing or hyperpnea (denoted here as HC) where RR is in the same range as in NC but
TV is greater than that of NC, and shallow breathing or hypopnea (denoted here as SC)
where RR is in the same range as in NC but TV is less than that of NC (see Whited and
Graham (2019) for more details). Early evaluation of such abnormal breathing patterns can
aid clinicians in disease detection (Whited and Graham, 2019). The majority of studies ex-
amining flow patterns and particle deposition in the human airway have been restricted to
NC (Zhang and Kleinstreuer, 2002; Soodt et al., 2013). Studies examining fluid dynamics
of abnormal breathing patterns are needed to characterize lung ventilation in pathological
conditions.

During breathing, O, rich air is inhaled and CO, rich air is exhaled with ~5% of ex-
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halation TV being released in every breath (Dhami et al., 2015), facilitating arterial and
alveolar gas exchange. Levels of O, and CO, can vary due to ongoing physiological activ-
ities, causing either respiratory acidosis due to increase in blood CO, concentration or res-
piratory alkalosis due to decrease in blood CO, concentration (Eichenholz, 1965). Whited
and Graham (2019) reported respiratory alkalosis in hyperpnea and respiratory acidosis in
hypopnea. The level of CO, can also vary due to a person’s metabolic condition, causing
metabolic acidosis or metabolic alkalosis, potentially leading to decrease in cardiac out-
put and arterial dilatation among others (Kraut and Madias, 2010). Studies investigating
the effects of varying inhalation and exhalation flow rates on facilitating gas exchange are
limited. Fluid dynamic studies estimating gas exchange as a function of varying inhalation
and exhalation flow rates can be useful in identifying treatment guidelines.

The objective of this study was to characterize fluid dynamics and particle transport
during abnormal breathing. Three-dimensional (3D) computational fluid dynamics (CFD)
simulations were performed on an idealized human airway model for a range of oscillatory
velocity profiles, varying peak inhalation and exhalation flow rates as seen in hyperpnea
and hypopnea, as well as varying RR as seen in tachypnea and bradypnea. Since complex
geometrical variations (e.g., changing curvature, contractions, expansions and bifurcations)
were observed in the human airway (Haghnegahdar et al., 2018) along with inter-subject
variability (Feng et al., 2016), an idealized airway was used for this study. Particle transport

through the airway and implications for gas exchange were examined from the simulations.

4.3 Methods

A symmetric airway model with an idealized mouth-to-glottis section (Figure 4.1A), previ-
ously used in Feng et al. (2016) and Gaddam and Santhanakrishnan (2021), was designed
in Solidworks software (Dassault Systemes, SolidWorks Corporation, Waltham, MA). The
airway geometry was symmetric with respect to the sagittal plane (x-y plane at z=0 m in

Figure 4.1A). The coronal plane was defined perpendicular to the sagittal plane (i.e., x-z
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plane at y=0.072 m in Figure 4.1A). The airway geometry consisted of glottis with circular
cross-section (8 mm internal diameter), trachea corresponding to Generation 0 (GO) with a
circular cross-section of internal diameter (D) of 18 mm, 1% generation (G1) with an inter-
nal diameter of 12.2 mm, and 2™ generation (G2) with an internal diameter of 8.3 mm. The
lengths of generations GO, G1, and G2 were 120 mm, 48 mm, and 19 mm, respectively.
The geometry file was loaded into ANSYS ICEM-CFD 2020 R2 for mesh generation. Vol-
ume meshes were subsequently developed using tetrahedral cells with 5 prism layers on
the walls. The maximum y* for all the meshes at peak inhalation of HC was <5 and was
observed near in very small region contraction from larynx to glottis. k-@ SST turbulence
model was finalized for given y* conditions (refer to Zhang et al. (2009); Tu et al. (2012)
for more details). Details of model selection are available in Gaddam and Santhanakrishnan
(2021).

Transient, 3D flow simulations were performed using Fluent (ANSYS 2020 R2) k-@
SST turbulence model with the low Reynolds number correction. To examine particle
transport, discrete phase method (DPM) was performed with massless particles (no density
and no drag forces) introduced at two surfaces: one at the inlet at the start of inhalation
(particle number=2,920) and the other at the outlets at the start of exhalation (particle num-
ber=2,746). Particles were one-way coupled with the fluid flow (i.e., flow influences parti-
cle transport, but not vice versa) and particle-particle interactions were neglected. The par-
ticles served to trace the airflow pattern (Tu et al., 2012) and were used to examine how flow
can influence gas uptake (Segal et al., 2008). RR=15 bpm (corresponding to BT=60/RR=4
s), IT/BT=33.3% and TV=500 mL were used to define inlet oscillatory velocity profiles for
NC simulations. The peak inhalation flow rate (Qiy peak) Was first calculated from TV using

the relation:
T

Oinpesk =TV (577 ) (4.1

For TV=500 mL and IT=33.3% of BT=4 s that were used to define NC, Qj peak=35.38 L

min’!. Peak exhalation flow rate (Qex peak) corresponding to Qiy, peak Was next calculated
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using the following equation:

IT
Qex,peak = Qin,peak (ﬂ) . 4.2)
Sinusoidal velocity profiles were defined as a function of Qi peak and Qex peak Via the rela-
tions:
Oinpeak . (Tt

Vin(t) = ‘Zip:a sin <ﬁ) ,0<t<IT (4.3)

Qexpeak . ﬂ(lT—I)
Vex(t) = : IT <t <BT 4.4
elt) == s gr—gp ) 1T 1< “4

where 7 is time, V;,(¢) is inhalation velocity profile prescribed at the mouth (Figure 4.1B),
Ajp is inlet (mouth) area based on diameter Dy, =20 mm, and Vi (?) is exhalation velocity
profile prescribed at the mouth (Figure 4.1B). Inlet velocity profiles for TC and BC were
obtained from eqns (2)—(4) by varying RR (and hence BT and IT), and with the same
Qin peak as that of NC (Table 4.1). Inlet velocity profiles for SC were obtained from eqns
(2)—(4) for Qi peak=20 L min™! (~44% decrease in Oin peak relative to that of NC), and with
the same RR as that of NC (Table 4.1). Inlet velocity profiles for HC were obtained from
eqns (2)—(4) for Qi peax=50 L min! (~41% increase in Oin peak relative to that of NC), and
with the same RR as that of NC (Table 4.1). IT/BT=33.3% (used for NC) was unchanged
across all abnormal breathing patterns (i.e., TC, BC, SC, HC).

For abnormal breathing conditions, TVs for TC, BC, SC and HC were calculated using
a modified form of eqn (1) with prescribed Qi peak and RR values (TV=0j; peax (2 IT/7),
values in Table 4.1). Reynolds number (Re) was calculated at the inlet and trachea during

peak inhalation and peak exhalation phases (Table 4.1) using the equation:

VD
Re = — 4.5
e= 4.5)

where V is the average velocity through the airway region of interest, v is the kinematic

viscosity of air (1.46x 107> m? s~!) and D is the hydraulic diameter of the airway region
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Table 4.1: Velocity profile parameters for each breathing condition in the current
study. NC=normal condition, TC=tachypnea condition, BC=bradypnea condition,
SC=hypopnea condition, HC=hyperpnea condition, RR=respiratory rate, BT=breathing
time (BT=60/RR), IT=inhalation time (IT=33.3% BT), ET= exhalation time (ET=BT-
IT), Qinpeak= peak inhalation flow rate, Qexpeak=peak exhalation flow rate, TV=tidal
volume, Reyjp peak=Reynolds number of flow through the inlet at peak inhala-
tion, Rerjnpeak=Reynolds number of flow through the trachea at peak inhala-
tion, Rejex peak=Reynolds number of flow through the inlet at peak exhalation, and
ReTex peak=Reynolds number of flow through the trachea at peak exhalation, MV=minute
volume.

Parameter NC TC BC SC HC

RR [bpm] 15 22.5 10 15 15

BT [s] 4 2.667 6 4 4

IT [s] 1.332 0.888 1.998 1.332 1.332

ET [s] 2.668 1.779 4 2.668 2.668
Vinpeak [m s‘l]/Qin,peak [L min'!] | 1.877/35.38 | 1.877/35.38 | 1.877/35.38 | 1.061/20 2.653/50
Vex,peak [M s'l]/Qex,peak [L min!] | 0.937/17.66 | 0.937/17.66 | 0.937/17.66 | 0.53/9.99 1.324/24.96
TV [mL] 500 333 750 283 707

Re jin peak/ReT,in peak 2570/2856 | 2570/2856 | 2570/2856 1453/1615 | 3633/4036
Rey ex peak/ReT ex peak 1283/1426 1283/1426 1283/1426 | 725/806 1814/2015
MYV [L] 7.5 7.5 7.5 4.24 10.6

of interest. Minute volume (MV), defined as the volume of air inhaled or exhaled in one
minute, was calculated for each breathing pattern using the following equation:

MV = (TV)(RR). (4.6)

Though TVs for NC, TC, and BC were different, MVs were equal for these three condi-
tions. MV was highest for HC and lowest for SC (Table 4.1).

Boundary conditions include prescribed inlet velocity profiles, zero pressure outlets,
and no-slip walls. All the velocity profiles consists of positive inhalation velocities (6=0-
180° in Figure 4.1B) and negative exhalation velocities (=180-360° in Figure 4.1B).
The solution method includes a coupled scheme, second-order spatial discretization, and
second-order upwind scheme for turbulence kinetic energy. A uniform time step (0¢) equal
to 2% BT was used for simulations. Mesh independence and time step independence tests
were performed for NC on 3 different meshes similar to those described in Gaddam and

Santhanakrishnan (2021). The final mesh used for this study consisted of 2.5x 10° tetra-
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Figure 4.1: (A) Airway geometry used in this study, consisting of a mouth, glottis, and 2
generations (G) that include a trachea (G0O) and symmetric double bifurcation (G1, G2).
Locations of the sagittal plane, coronal plane, inlet and outlets are shown. (B) Oscilla-
tory velocity profile prescribed at the inlet (Vj,). BT=breathing time, IT=inhalation time,
ET=exhalation time, Vi, peak=peak inhalation velocity at the inlet, Vex peak=peak exhalation
velocity at the inlet. Values of the different breathing parameters are provided in Table 4.1.
(C) Airway generations G0-G2 showing locations of Planes 1-10 (coordinates given in
Table 4.2), and anatomical left and right sides.

hedral elements. Three different time steps (0.5% BT, 2% BT, 4% BT) were used in time
independence tests (for NC), and the final time step of 2% BT was used for all studies
due to lower computational costs and better accuracy. All simulations were auto-saved at
0=12.5°. Solution files were then exported and processed in Tecplot 360 EX 2018 R1 for
analysis of secondary flow fields, and in CFD-Post (ANSYS 2020 R2) for analysis of in-
halation jet lengths. For all the test conditions, velocity magnitude contours were exported

and analyzed along multiple planes (Table 4.2) at various inhalation and exhalation phases.

To validate the simulations, pressure drop (Ap) across the airway model was calculated
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Table 4.2: Geometric planes used for analysis of the airway model used in this study.

Plane Description (z,y,2) [(mm] | (64,0,,60.)[°] | Diameter [mm]
Sagittal | - (0,0,0) (0, 0, 90)

Coronal | - 0,72, 0) (0,90, 0)

Plane 1 | Upper trachea (GO) | (-77, 0, 0) (90, 0, 0) 18
Plane 2 | Lower trachea (GO) | (-172, 0, 0) (90, 0, 0) 18
Plane 3 | Generation 1 (G1) | (-189,72,7) (-55,0, 35) 12.2
Plane 4 | Generation 1 (G1) (-189, 72, -7) (-55,0, -35) 12.2
Plane 5 | Generation 1 (G1) | (-228, 72, 34) (-55,0, 35) 12.2
Plane 6 | Generation 1 (G1) | (-228, 72, -34) | (-55, 0, -35) 12.2
Plane 7 | Generation 2 (G2) | (-234,72,44) (-30, 0, 70) 8.3
Plane 8 | Generation 2 (G2) | (-240, 72, 36) (90, 0, 0) 8.3
Plane 9 | Generation 2 (G2) (-240, 72, -36) | (90,0, 0) 8.3
plane 10 | Generation 2 (G2) (-234,72,-44) | (30,0, 70) 8.3

at peak inhalation and compared to those reported in previous studies of idealized, subject-
specific and upper airway truncated airway models. Also, mean pressures were calculated
across the airway at the inlet, glottis, lower trachea, G1 (average of Planes 5-6) and G2
(average of Planes 7—-10) at peak inhalation and peak exhalation. Velocity profiles at Planes
2,510 were extracted along the coronal plane during inhalation (6=45°, 90° and 135°) and
at peak exhalation for axial flow analysis. Velocity magnitude isosurface of 50% of average
in-plane velocity at glottis from NC during peak inhalation was generated at all inhalation
phases to measure the inflow jet length (L;), defined as the distance between Plane X (plane
through the glottis) and Plane A (plane parallel to Plane X and cutting through the tip of
the isosurface in the trachea). The peak jet lengths were non-dimensionalized using peak
jet length of NC to measure jet streaming (Js).

Four non-dimensional parameters were used for analysis of particle transport, includ-
ing instantaneous inhaled particle deposition (R;), cumulative inhaled particle deposition
(R»), instantaneous exhaled particle ratio (R3) and cumulative exhaled particle ratio (Ry).
Instantaneous inhaled particle deposition (R;) was defined as the ratio of number of inhaled
particles at outlets during an instant in the inhalation to the total number of particles intro-
duced at the inlet. Cumulative inhaled particle deposition (R;) was defined as the ratio of

cumulative inhaled particles (accumulated at the outlets) at an instant to the total number
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of particles introduced at the inlet. Similarly, instantaneous exhaled particle ratio (R3) was
defined as the ratio of number of exhaled particles at an instant in the exhalation to the total
number of particles introduced at the outlets. Cumulative exhaled particle ratio (R4) was
defined as the ratio of cumulative exhaled particles (accumulated at the mouth) at an instant

to the total number of particles introduced at the outlets.
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Figure 4.2: (A) Airflow rate (Q) vs. pressure drop (Ap) for current study at peak inhalation
compared to those reported in previous studies. Mean pressure (P) across airway genera-
tions for all test conditions from transient 3D simulations in the current study, at (B) peak
inhalation, and (C) peak exhalation.

4.4 Results and Discussion

4.4.1 Model validation

Pressure drop (Ap) was measured during peak inhalation for all the breathing conditions to

validate the current airway model. Ap was compared with those reported in previous stud-
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ies with whole airway model (Rahimi-Gorji et al., 2016), truncated airway model (Gemci
et al., 2008), subject-specific airway model (Qi et al., 2017), and mouth-to-glottis rotated
model (similar geometry) in Figure 4.2A. Our results showed an identical trend of pressure
drop as a function of airflow rate as compared to previous studies, such that increase in
airflow rate (Q) increased Ap. The variations in the pressure drop values are likely due to
differences in the airway geometry across the different studies, similar to our recent study
with nearly similar mouth-to-glottis rotated along coronal plane geometry (Gaddam and
Santhanakrishnan, 2021). For all breathing conditions, mean pressure across each genera-
tion was measured at peak inhalation and peak exhalation (Figures 4.2B,C). Mean pressure
at peak inhalation decreased sharply across the mouth-to-glottis section, followed by in-
creased mean pressure until lower trachea, later decreased with increasing generation and
finally reached O Pa in the last generation. Figure 4.2C showed an increase in mean pressure
from mouth to upper trachea and further slightly increased until G2, facilitating exhalation
airflow for all breathing conditions.

Comparing across NC, TC and BC conditions, mean pressure across the airway re-
mained the same at peak inhalation and peak exhalation with increasing BT (i.e., decreasing
RR). With varying peak flow rates, HC showed a significant decrease in mean pressure than
NC and SC showed a lesser decrease in mean pressure than NC, at both peak inhalation

and peak exhalation.

4.4.2 Velocity Profiles

Radial distribution of 3D velocity magnitude during inhalation, extracted along the coro-
nal plane, was examined for all breathing conditions at the lower trachea (Plane 2; Fig-
ure 4.3(A)—(C)), G1 (Planes 5-6; Figure 4.3(D)—(I)), and G2 (Planes 7-10; Figure S1). For
NC, velocity magnitude distribution across Plane 2 increased uniformly from early inhala-
tion until peak inhalation and later decreased in magnitude (refer to Figure 4.3(A)—(C)).

Similar trends as NC were observed for all conditions across inhalation at plane 2. The
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radial distribution of velocity magnitude at early inhalation was more uniform for BC and

HC as compared to NC, TC and SC.

«NC « TC - BC + SC +HC

Figure 4.3: Three-dimensional velocity magnitude (|v|) extracted along the coronal plane
at (A)—(C) Plane 2 (top row), (D)—(F) Plane 5 (middle row) and (G)—(I) Plane 6 (bottom
row) at early inhalation (6=45° corresponding to 25% IT in (A), (D), (G)), peak inhalation
(6=90° corresponding to 50% IT in (B), (E), (H)) and late inhalation (6=180° correspond-
ing to 75% IT in (C), (F), (I)). d; indicates airway diameter of a particular plane.

Velocity distribution at Plane 5 (Figure 4.3(D)—(F)) was nearly identical for all con-
ditions and followed the inlet velocity profile, i.e., increasing from early inhalation until
peak inhalation and later decreasing until late inhalation. In addition, velocity profiles
were skewed towards the anatomical right side (z/d;=0.5) throughout inhalation at Plane
5. Similar trends were observed in velocity profiles at Plane 6 for all breathing condi-
tions (Figures 4.3(G)—(I)), but with anatomical left (z/d;=-0.5) skewed profiles throughout

inhalation.



Velocity profiles at planes 7-10 (Figure S1 in the Supplementary Material) showed sim-
ilar trends as those observed at Plane 5 for all breathing conditions. Velocity profiles were
skewed to the anatomical right side at Plane 7 (Figure S1(A)—(C) in the Supplementary
Material) and Plane 9 (Figure S1(G)—(I) in the Supplementary Material), and skewed to the
anatomical left side at Plane 8 (Figure S1(D)—(F) in the Supplementary Material) and Plane
10 (Figure S1(J)—(L) in the Supplementary Material).

Comparing across all the planes, airflow at the lower trachea (Plane 2) was narrowly
distributed during early inhalation (6=45°) for NC, TC and SC. Axial flow changed from
narrow distribution in the lower trachea to skewed flow in the higher generations with
changing RR (TC, NC, BC; refer to Figure 4.3A,D,G and Figure S1A,D,G,J in the Sup-
plementary Material). At both peak and late inhalation, velocity magnitude was unaffected
with changing RR across NC, TC and BC at a given plane and phase. Further, axial flow de-
creased in strength from the lower trachea to higher generations at all the inhalation phases.
Comparing SC, NC and HC, with an increase in Qi peak» axial flow increased in strength
for a given plane and phase. At early inhalation in the lower trachea, axial flow changed
from narrow to uniform flow with an increase in inhalation flow rate (Figure 4.3A). In addi-
tion, within left (Planes 7,8) and right (Planes 9,10) bifurcations, each bifurcation showed
oppositely skewed velocity profiles.

Radial distribution of 3D velocity magnitude at peak exhalation are shown at Planes
2,5-10 in Figure 4.4. At Plane 2, nearly uniform velocity profiles of similar magnitude
were observed for NC, TC, BC and HC (Figure 4.4A). In comparison, SC showed a uniform
velocity profile but of lower magnitude. The velocity distribution for a given breathing
pattern remained the same across Generation 1 (Plane 5, Figure 4.4B), with slightly larger
magnitude as compared to Plane 2 but with narrower radial extent of constant magnitude.
At Generation 2 (Planes 7-10, Figures 4.4C—4.4F), the strongest velocity magnitude was
observed for NC. TC and BC showed no differences in velocity magnitude and distribution

in Generation 2. While the velocity magnitude increased from SC to NC, and decreased
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in HC with an increase in peak exhalation flow rates in Planes 7—10. Overall, NC showed
the largest velocity magnitude at peak exhalation when moving from the lower trachea to

higher generations.
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Figure 4.4: Three-dimensional velocity magnitude (|v|) extracted along the coronal plane
at (A) Plane 2, (B) Plane 5, (C) Plane 7, (D) Plane 8, (E) Plane 9 and (F) Plane 10 at peak
exhalation (6=270° corresponding to peak exhalation. d; indicates airway diameter of a
particular plane.

4.4.3 Tracheal Jet Characteristics During Inhalation

Figure 4.5A shows the jet length in the trachea during inhalation for all breathing condi-
tions. Jet length of NC followed time variation similar to the prescribed inflow velocity
profile, i.e., Lj for NC increased from the start of inhalation (6=0°) until peak inhalation
(6=90°) and later decreased until the end of inhalation (refer to Movie SA2 in Supplemen-
tary Material). Increasing RR from NC to TC advanced the time to peak L;j to 6=67.5°,
and decreasing RR from NC to BC delayed the time to peak L; to 6=112.5°. Peak L; was
essentially unchanged between NC and BC, but decreased for TC. Increasing peak inhala-

tion flow rate from NC to HC markedly increased peak L; but did not modify the time to
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Figure 4.5: Tracheal jet characteristics during inhalation (6=0°-90°) for all breathing con-
ditions. (A) Jet length (L;). (B) Jet streaming (Js) at peak inhalation (6=90°), defined as
the ratio of L; of an abnormal breathing condition at 6=90° relative to L; of NC at 6=90°
(dashed line). Inset shows isosurface of velocity magnitude, Plane X and Plane A (used for
measuring jet length (Z;)).

peak L; (i.e., 6=90°). Decreasing peak inhalation flow rate from NC to SC lowered peak
L; value and advanced time to peak L;j to 6=67.5°. Overall, jet lengths at peak inhalation
(6=90°) followed the order Lj,HC >Lj,NC >Lj,BC >Lj,TC >Lj,SC-

Jet lengths at peak inhalation (i.e., 8=90°) were non-dimensionalized with jet length
of NC at peak inhalation (L; nc|g=90°) to characterize jet streaming in abnormal breathing
conditions relative to NC (Jg in Figure 4.5B). Jet streaming of Jg yc was greater than those
of other abnormal breathing conditions. For a fixed RR, HC has the most jet penetration and
SC has the least jet penetration. This can be expected to affect particle deposition during

inhalation. For a fixed peak inhalation flow rate, increasing breathing time (decreasing RR)

from TC to BC moderately increased jet streaming in the trachea.

4.4.4 Particle Deposition During Inhalation

To characterize the effects of the observed flow fields on particle deposition during in-
halation, non-dimensional inhaled particle deposition (instantaneous, R; and cumulative,
R») were determined at the outlets (Figure 4.6A,B). All breathing conditions showed in-
creased inhaled particle deposition during early inhalation (8 < 90° in Figure 4.6A), fol-

lowed by a decrease until the end of inhalation (6=180° in Figure 4.6A). At peak inhala-
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tion (6=90°), inhaled particle deposition (R;) followed the order of R| ¢ >R sc =~ R Nc
>Riuc >Ripc. However, peak values of R; followed the order Ry gc >Rinc >Rinc
>R 1c >R; sc. This suggests that differences in unsteady flow patterns between peak and
late inhalation can markedly alter particle deposition at the outlets.

Cumulative particle count at a given phase was non-dimensionalized by the prescribed
inlet particle count to examine cumulative inhaled particle deposition (R;) across all breath-
ing conditions (Figure 4.6B). All breathing conditions showed a similar trend, i.e., no par-
ticle was inhaled until early inhalation (6=45°), followed by increased particle deposition
until the end of inhalation (8=180°). R, at peak inhalation (6=90°) followed the order of
Ronc > Rysc > Rync > Ratc > Ry sc. At the end of inhalation, R, was largest for NC
and lowest for SC. The other breathing conditions (TC, BC, HC) showed almost the same
R, at 6=180°.

Comparing between NC and HC, the particles deposited during NC in inhalation was
higher than HC and minute ventilation for NC is lower than HC, which would be an effi-
cient in drug delivery system, where large amount of drug need to be deposited at target for
less volume of inhaled drug. The inhalation deposition was higher in BC during early in-
halation phase compared to NC, which was higher than TC showing that though the minute

ventilation was same, smaller RR can increase the particle deposition during inhalation.

4.4.5 Particle release during exhalation

To characterize the effects of the observed flow fields on particle exhalation, non-dimensional
exhaled particle ratios were calculated at the mouth. Figure 4.6C,D shows the instantaneous
(R3) and cumulative (R4) exhaled particle ratios, respectively. Similar to inhalation (R;),
instantaneous exhaled particle ratio (R3) increased during early exhalation, followed by
decrease until the end of exhalation phase (8=360°) for all breathing conditions. At peak
exhalation (6=270°), R3 was largest for SC, followed by TC, and essentially equal for NC,

BC and HC. Comparing peak values of R3, the following order was observed: R3 ¢ >R3 sc
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>R3Nc >R3sc >R3 He-

Cumulative exhaled particle count at a given phase during exhalation was nondimen-
sionalized by the prescribed outlet particle count to calculate cumulative exhaled particle
ratio (R4 in Figure 4.6D). All breathing conditions showed an identical trend, i.e., increase
in total exhaled particle ratio from start to peak exhalation followed by essentially constant
exhaled particle deposition until the end of exhalation. R4 was largest in BC and smallest
in TC during peak exhalation (6=270°). At the end of exhalation, R4 remained constant
across all breathing conditions. With increasing breathing time (TC, NC, BC) for a constant
peak exhalation flow rate, R4 showed higher particle exhalation during the early exhalation
phase (6 = 180°) until peak exhalation (8 =270°) in BC and lower in TC. Since the minute
ventilation for all conditions were equal, breathing with BC can increase particle exhaled
ratio compared to other conditions and need to be investigated further.

With an increase in peak exhalation flow rate (SC, NC, HC), the particle exhalation ratio
(R4) was higher in NC during early exhalation (68 = 180°) until peak exhalation (68 = 270°)
and lower in SC. Among SC, NC and HC, NC has better exhaled particle ratio compared
to SC and has a lower minute volume than HC, exhaling at normal peak exhalation flow
rate can increase the particle exhaled ratio and this need to be investigated further. It is
important to note that particle deposition and particle exhaled ratios were calculated for
airway geometry up to 2" generations. The effects of including higher generation airways
will be needed to further characterize the particle exchange.

Previous studies showed increased deposition with an increase in particle size, for micro
particles, and also increased deposition with a decrease in particle size, for nano particles
(Tsuda et al., 2013). Smaller the nano particle, flow characteristics such as in bradypnea,
can deposit higher percentages of particles during the early inhalation phase compare to
other breathing patterns. Stronger jet streaming potential (as seen in hyperpnea) has higher
inertial impaction on larger (macro) particles increasing potential for deposition near car-

nial ridges at the bifurcation. While the nano particles can be easily carried to higher
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Figure 4.6: Transport characteristics of massless particles. (A) Instantaneous inhaled par-
ticle deposition (Ry). (B) Cumulative inhaled particle deposition (R;). (C) Instantaneous
exhaled particle ratio (R3). (D) Cumulative exhaled particle ratio (Ry).

generations during hyperpnea breathing pattern.

Particles in the deposition study consists of massless properties with one—way coupled
and resultant fate of particles was mainly due to the continuous flow. But the particles in-
haled in realistic scenarios consists of wide range of diameters with varying densities and
other chemical properties, effecting the drag force and consequently the deposition or ex-
halation fate. Current results can provide an estimate of gas—uptake/particle deposition
behavior for various abnormal conditions. However, adding chemical and physical proper-
ties to existing models are needed for realistic estimation such as for gas exchange, target

drug deposition, pollutants and other aerosol depositions.
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4.5 Conclusions

Flow through an idealized, symmetric human airway model until 2"¢ bifurcation was ex-
amined using CFD simulations to understand the effects of abnormal breathing patterns
wherein either RR or airflow rate is altered from normal conditions.

Change in inhalation duration (tachypnea, normal and bradypnea) showed jet length in
normal was greater than tachypnea and bradypnea conditions. In addition, time to peak
jet length during inhalation increased with increase in breathing time. Cumulative inhaled
particle deposition and exhaled particle ratio were lower in tachypnea and higher in normal
condition at peak inhalation.

Changes in peak inhalation flow rate (hypopnea, normal and hyperpnea) at constant
RR showed increased velocity magnitude with increase in peak inhalation flow rate for
a given plane and phase. At peak inhalation, both jet length and jet streaming increased
with an increase in peak inhalation flow. Cumulative inhaled particle deposition increased
from hypopnea to normal condition with increasing peak inhalation flow rate throughout
inhalation phase. For a constant RR (normal, hypopnea, hyperpnea) at peak exhalation
phase, increasing peak exhalation flow rate showed increased cumulative exhaled particle

ratio from hypopnea to normal, which was same as in hyperpnea.

4.6 Supplementary Material
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Figure SA2.1. Three-dimensional velocity magnitude (|v|) extracted along the coronal
plane at (A)—(C) Plane 7 (first row), (D)—(F) Plane 8 (second row), (G)—(I) Plane 9 (third
row) and (J)—(L) Plane 10 (last row) at early inhalation (6=45° corresponding to 25% IT
in (A), (D), (G), (J)), peak inhalation (6=90° corresponding to 50% IT in (B), (E), (H),
(K)) and late inhalation (6=180° corresponding to 75% IT in (C), (F), (I), (L)). d; indicates
airway diameter a particular plane.
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CHAPTER V

SA3: SINGLE vs. DOUBLE NOSTRIL INHALATION

5.1 Abstract

Previous spirometry studies showed an increase in lung efficiency for people undergoing
yoga breathing techniques. Yoga breathing patterns consists of a long inhalation, breath
hold and a long exhalation either through a single or double nostrils to ensure proper
ventilation for higher airway generations. Fluid dynamics of yoga inhalation remains un-
known. Using three dimensional computational fluid dynamics (CFD) simulations on ide-
alized human airway model, we examine airway flow characteristics for single and double
nostril breathing. Gas exchange in breathing technique was defined using ANSYS User
Defined Scalar to estimate the oxygen deposition at higher airway. At peak inhalation, ve-
locity contours at upper trachea showed anatomical right concentrated airflow during single
nostril breathing, while centrally concentrated strong flow during double nostril breathing
in idealized symmetric airway. Both single and double nostril breathing attained equal ax-
ial flow distribution from first generation (G1). Our results showed both single and double
nostril inhalation in symmetric airway has equal gas exchange at higher airways, while the
deposition increased in double nostril breathing method during breath hold. Steady simula-
tions of single and double nostril inhalation on asymmetric airway model were conducted
to see the flow distribution between G1. Steady simulations showed increased unequal flow
distribution between G1 of asymmetric geometry compared to symmetric airway. Recom-

mendations for futures studies were discussed.
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5.2 Introduction

In the modern world, humans are victims of increased stress. Globally, about 265 million
people suffer from stress, and anxiety symptoms which are leading causes of disability.
About $ 1 trillion global economy loss was estimated by WHO for every year. Studies
suggested yogic exercises can support to withstand such stress stimuli. Yoga is combination
of both physical postures, breathing, and meditation (Barnes-Holmes et al., 2004). Yogic
exercise such as pranayama, breathing exercise, is good to maintain proper health effecting
the pulmonary function (Muktibodhananda, 2002; Taimni, 1961; Saoji et al., 2019).
Pranayama is combination of voluntarily controlled inhalation (puraka), breath hold
(anthar kumbhaka) and exhalation (rechaka) (Reddy et al., 2015). Inhalation helps to stim-
ulate the system, breath hold helps to distribute the air, and exhalation releases the vitiated
air from the body (Sonne and Davis, 1982). Various number of pranayama techniques are
known, such as Surya bhedan (continuous breathing with inhalation through left nostril,
followed by exhalation through left nostril), Nadi Shuddi (alternate left nostril breathing
cycle and right nostril breathing cycles), Ujjayini (inhalation through left nostril and fol-
lowed by exhalation through right nostril in each cycle), and Anulom vilam (inhalation
through left nostril, followed by exhalation through right nostril, inhalation through right
nostril followed by exhalation through left nostril and so on). Effects of pranayama were
investigated in large number of individuals (Reddy et al., 2015; Panwar et al., 2012); to
compare effects between different yoga techniques of suryanamakara (body postures based
exercise) and pranayama (Kondam et al., 2017, 2020), and slow over fast pranayama (Di-
nesh et al., 2015). Also, pranayama in chronic obstructive pulmonary disease (COPD)
subjects (Meenakshi, 2017; Kaminsky et al., 2017) and young swimmers (Hakked et al.,
2017) found a better lung functioning. All these studies investigated the effect of breathing
techniques using spirometry while fluid dynamics inside airway was never investigated.
Unsteady oscillating breathing cycles were investigated in idealized airways, with and

without oral cavities to investigate the flow regimes. Banko et al. (2015, 2016) conducted
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Figure 5.1: Representation of pranayama breathing postures and nasika mudra (hand pos-
ture) (Hakked et al., 2017).

experiments in subject specific airways, Gaddam and Santhanakrishnan (2021); Jalal et al.
(2016, 2018, 2020) conducted CFD and experimental studies in idealized airways. In ad-
dition, all these studies showed the presence of stronger secondary flows, and it has a
stronger mechanism for particle deposition. However all these studies did not include nasal
cavity or mentioned for a need to include it, which would impact the flow inside trachea
to higher generations. Liu et al. (2009) developed a standard nasal cavity based on inter
subject variability, in addition to left to right asymmetry. Studies on flow through double
nasal cavity showed nonuniform axial flow distribution along the length of nasal cavity
Wen et al. (2008). Computational studies including steady flow, or unsteady flow through
single nasal cavity during inhalation and breath hold were never studied.

Current study aims to characterize the effects of single vs double nostril breathing on
gas exchange at higher generations using an oscillatory inhalation phase followed with a
pause (no flow condition). Weibel’s idealized airway model (trachea to 2" generation) with
Liu et al. (2009) standardized nasal cavity was used for the current transient simulations.
User defined scalar was used to estimate the gas deposition in higher generations in ANSYS
Fluent 2020 R2. Finally, the effects of single over double nostril breathing and breath hold

was discussed.
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5.3 Methods

Idealized upper airway consisting of symmetric nostrils to pharynx was attached to ideal-
ized Weibel’s idealized airway of trachea to 2" Generation (G) with a glottis. An idealized
nasal cavity geometry was reconstructed using standard nasal model from Liu et al. (2009),
in Solidworks 2020. This geometry file was later converted to .IGS format and imported to

ANSYS Fluent with meshing to generate multiple mesh files consisting of polyhedral cells

and prism layers along the walls.

Trachea

36

Figure 5.2: (A) Idealized airway geometry used for current test conditions in front view,
side view and top view, with Planes 1-4 (B) Sagittal and coronal planes of airway geometry
(C) Planes 5-8 in airway higher generations. Velocity profiles prescribed at left an right
nostril during (D) double nostril inhalation and (E) single nostril inhalation. Refer Table 1
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Three-dimensional CFD simulations of transient, incompressible flow through the above
airway geometry were performed in ANSYS Fluent. k-@ SST turbulence model, used in
previous studies of flow through the human airway (Cui and Gutheil, 2017; Zhang and
Kleinstreuer, 2011), was chosen for all simulations in this study. A normal breathing con-
sists of flow through two nostrils (nostril inlet area Ax= 3.67 x 10°% m?) with tidal volume
(TV) of 500 mL. For current test conditions inhalation time (IT)=6 s and breath hold time
(BHT)= 2 s was maintained. Corresponding peak inhalation flow rate (Qjn peak) When using
oscillatory profile is calculated using

TV
Qin,peak = (”ﬁ) (5.1)

Velocity profiles through both nostrils can be calculated using:

~ 1
VinLr(t) = —Q;:eak sin (%) L0<t<IT (5.2)
N
VinLr(t) =0, IT <t <BHT (5.3)

where Vi, 1R is velocity through both left and right nostril, Ay is nostril area.
For velocity through single nostril, velocity profile for left nostril =0 m s™!, and velocity

for right nostril (Vi, r) is calculated using:

Oinpeak . (7t
Vinr (1) = =0 sin (ﬁ> ,0<t <IT (5.4)
Vir(t) =0, IT <t < BHT (5.5)

Velocity profile (V(t)) corresponding to above equations is shown in Figure 3.1. Bound-

ary conditions included zero pressures at the outlets and no-slip walls. To characterize the
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oscillatory flow relative to viscous effects, Wo was calculated for each condition using

D /o
Wo=—,/— 5.6
0 2\/‘,, (5.6)

where @ = 27t /BT is the angular frequency based on breathing time (BT, where BT = 60/RR

seconds), RR is respiratory rate =4.28 bpm (based on I'T/BT = 1/2, with BHT=2s), D is the

2 —1

tracheal diameter, v = 1.46 x 107> m? s~! was used as the kinematic viscosity of air. For
current test conditions Wo=1.58. In addition, the Reynolds number at the trachea during

peak inhalation (Re) was defined as

(D
Re—( : ) 5.7)

where Vt is the mean flow speed in the trachea, v is the kinematic viscosity of air (1.46
x 107> m? s!), and D is the tracheal diameter = 18 mm and corresponding Re= 640 in
trachea. Based on flow regime map, the current test conditions are in viscous region as
shown in the Figure.

User defined scalar (UDS) was used to measure the oxygen deposition at higher gener-

ation with diffusivity = 2.3e-05 kg m™! s°!

(diffusivity units are different than conventional
definition, which is defined as density times diffusion coefficient). Air consisting of 30%
of oxygen was inputted at inlet nostrils. The solution method includes a coupled scheme,
second-order spatial discretization, and second-order upwind scheme for turbulence ki-
netic energy. A uniform time step 6¢ = 0.2% of IT was used for running simulations for
all breathing cycles. Mesh and time independence tests (similar to method prescribed in
Gaddam and Santhanakrishnan (2021)) were performed on various meshes and final mesh
consisting of 2.5 x 10° elements was finalized for all tests in this study. Three different time
steps (0.001, 0.01, 0.1 s) were used in time independence tests of double nostril breathing,

and final time step of 0.01 s was used for all studies due to lower computational costs and

better accuracy. All simulations were auto-saved at inhalation phase (8) = 60°. Solution
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files were then exported and processed in CFD-Post (ANSYS 2020 R2) for analysis of
axial flow and velocity profiles. For all the test conditions, velocity magnitude contours
were exported and analyzed along various planes mentioned in Table 2 at various inhala-
tion and exhalation phases. In addition, cumulative particle deposition at outlets for each
breathing technique was nondimensionalized with inlet particle concentration to get par-
ticle deposition. Finally, effects of breathing pattern in given idealized symmetric airway

were discussed.

5.4 Results

5.4.1 Axial Flow

Axial flow inside upper trachea (Plane 1) and lower trachea (Plane 2) is shown through
contours of velocity magnitude with in-plane velocity vectors (refer Figure 5.3,5.4). For
single nostril inhalation at Plane 1, the axial flow increased until peak inhalation and later
decreased until late inhalation. Axial flow was concentrated on anatomical right side of
the trachea during the early inhalation. In double nostril breathing, similar to single nos-
tril breathing, axial flow increased from early inhalation until peak inhalation followed by
decrease until end inhalation. But, the axial flow inside the double nostril breathing was
concentrated along the sagittal plane during early inhalation unlike the single nostril breath-
ing, which has axial flow concentrated on anatomical right side. After the peak inhalation
axial flow was similar to that of single nostril breathing was observed i.e., strong axial flow
concentrated towards the anatomical right side and decreased with inhalation phase.

At Plane 2, similar to Plane 1, axial flow increased until peak inhalation and later de-
creased until late inhalation in both single and double nostril breathing. In addition, the
axial flow zones at each phase were similar in single and double nostril breathing showing

no effect of type of breathing in current airway model (refer Figure 5.4).
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Plane 1 (plane x-z, y=-77 mm)
Single nostril
6 =90°

Right
Left

Double nostril
6 =90° 6 =120° 6 = 150°
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Figure 5.3: Velocity contours with in-plane velocity vectors at Plane 1 with varying inhala-
tion phases (0) for single nostril breathing (top) and double nostril breathing (bottom).

5.4.2 Velocity Profiles

Velocity profiles were extracted in the coronal plane for both single and double nostril
breathing at peak inhalation phase (6 = 90°) in Planes 1-8 and is shown in the Figure 5.5.
At peak inhalation, both single and double nostril breathing has higher axial velocity at
Plane 1 which later decrease at lower trachea (Plane 2). A small increase in peak axial ve-
locity was observed at Planes 3-4 than Plane 2. In Planes 2-4, velocity distribution peaked
at the center of the plane, while Planes 5-8 has skewed velocity distribution profiles. Planes
5,7 has a anatomical-left skewed profiles, and Planes 6,8 has anatomical-right skewed pro-
files such that flow through 2" bifurcations have flow skewed towards the inner walls of
airway.

Comparing between single and double nostril breathing, the flow at upper plane during
single nostril breathing has lower velocity on anatomical left side. Also at Plane 2, single

nostril breathing has more uniform flow compared to double nostril breathing. For current
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Plane 2 (plane x-z, y=-180 mm)
Single nostril

VI [m s]
B
0 15 3

Figure 5.4: Velocity contours with in-plane velocity vectors at Plane 2 with varying inhala-
tion phases (0) for single nostril breathing (top) and double nostril breathing (bottom).
test conditions, both single and double nostril breathing has effected the upper tracheal flow
and remained same in higher generations (G1 and G2).

Velocity profiles extracted along coronal plane at late inhalation phase (6=150°), for
Planes 1-8 is shown in the Figure 5.6. During late inhalation at Plane 1, velocity distribution
at anatomical right was higher in single nostril breathing than in double nostril breathing.
While for Planes 2-8, velocity profiles for single and double nostril breathing were equal
in a given plane. In Plane 2, a nearly uniform velocity profile was observed, which later
converted to centrally skewed velocity profile in G1 (Planes 3, 4). Velocity profile in G2
was skewed towards the inner walls of bifurcation such that Planes 5, 7 were anatomical
left skewed and Planes 6, 8 were anatomical right skewed. Velocity magnitude decreased
in each plane compared to peak inhalation phase, respectively for single and double nostril
breathing. In addition, single and double nostril breathing in symmetric airway did not

effect late inhalation in higher airway generations.
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Figure 5.5: Three-dimensional velocity magnitude (|V|) extracted along coronal plane at

Planes 1-8 for single (—@-) and double (—«-) nostril breathing at peak inhalation phase
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Figure 5.6: Three-dimensional velocity magnitude (|V|) extracted along coronal plane at

Planes 1-8 for single (—@—-) and double (—<«-) nostril breathing at late inhalation phase
(6)=150°.
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5.4.3 Particle Deposition

Particle deposition ratio of user defined scalar was calculated for all outlets during sin-

gle and double nostril breathing. Particle deposition increased with increase in inhalation

phase for both single and double nostril breathing. In addition, particle deposition at higher

generations was same in single and double nostril breathing techniques during inhalation.

While during the late inhalation and breath hold, the particle deposition in single nostril

breathing was slightly lower than double nostril breathing (refer Figure 5.7). The breathing

pattern did not effect the particle deposition inside symmetric airways.
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Figure 5.7: Particle deposition in single (—@—-) and double (—«-) nostril breathing during

inhalation.

5.5 Discussion

5.5.1 Implications on Yoga Breathing

Although, axial flow was influenced in the upper trachea due to type of breathing pattern,

both single and double nostril has equal axial flow from lower trachea to higher generations.
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This observations were mainly done based on equal flow rates at peak inhalation in trachea
with a normal tidal volume. But conditions has in yoga breathing involves slow breathing
at higher tidal volume compare to normal breathing which would proportionately effect the
axial flow inside trachea and higher generations.

Most yoga breathing patterns include a single nostril breathing, followed with head
rotation. Our previous studies on rotated head showed biased airflow towards right side
compared to left side of symmetry generations. Including such head rotation for current
simulations need to be investigated. Future scope on a parametric study for yoga simu-
lations must include varying inhalation duration, breath hold time, asymmetric geometry,
exhalation time, head rotation, subject specific geometries, and finally varying breathing
patterns with alternate nostrils to characterize the particle deposition at higher generations.

Current study showed no effect of single over double nostril breathing in higher gen-
erations in symmetric airway, showing no importance of such breathing technique. The
possible reason could be idealization of airway and maintaining symmetry in higher gen-
erations. To validate an asymmetry in higher generation was developed and investigated

under steady state three-dimensional computational fluid dynamic simulations.

5.5.2 Asymmetric Geometry

An asymmetric airway geometry was designed to test the effect of single nostril breathing.
This geometry consists of asymmetry in the Generation 1. The asymmetric airway was
designed with details of diameters and length from symmetric geometry, with additional
details of angle between GO and anatomical left G1 at B = 120° (angle was observed in
subject specific airway of Banko et al. (2015)). Steady simulations with simulations method
prescribed for transient setup were used to obtain three conditions, namely (A) breathing
through both left and right nostrils (LR), (B) breathing through left nostril ( L), and (C)
breathing through right nostril (R). Asymmetric and symmetric geometry were tested for

tidal volumes (TV)=500 mL and 600 mL. During condition LR, velocities for both left
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Figure 5.8: Velocity magnitude contours with in-plane velocity vectors at Planes 1 and 2
for conditions LR, R, and L of steady state simulations. Inset shows the asymmetric airway
with geometrical plane locations with B=angle between trachea and left generation (G1),
and a=bifurcation angle.

and right nostril V=17.834 m's - (corresponding TV=500 mL), and V=214 m s *' (corre-
sponding TV=600 mL). During condition R, velocities for left nostril V=0 m s -! and right
nostril V=35.667 m s ~! (corresponding TV=500 mL), and V=42.8 m s "' (corresponding
TV=600 mL). During condition L, velocities for left nostril V=35.667 m s -1 (correspond-
ing TV=500 mL), and V=42.8 m s ! (corresponding TV=600 mL); and for right nostril
V=0ms . Velocity magnitude contours at Planes 1,2 are shown in Figure 5.8 for TV=500
mL and nondimensional flow rate (ratio of flow rate at each outlet (left G1 and right G1)
divided with flow rate in trachea at Plane 2) was measured for each condition (refer Table
5.1) at TV=500 mL and 600 mL.

Velocity magnitude contours at Plane 1 showed a peak magnitude zone on anatomical
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Table 5.1: Steady flow distribution between left and right generation (G1) from trachea
(GO) in symmetric and asymmetric airway model. Nondimensional flow rates (Q,/Q,,
defined as ratio of flow through right G1 to flow through trachea (G0)) and Q;/Q,, defined
as ratio of flow through left G1 to flow through trachea (G0)) were shown in table. Q,=flow
rate through the right G1, Q;= flow rate through the left G1, and Q,=flow rate through the
trachea.

Geometry
Condition | Symmetric (TV=500 mL) | Asymmetric (TV=500 mL) | Asymmetric (TV=600 mL)
0/Qo 01/Qo 0/Q, 01/Qo 0/Q, 01/Qo
LR 48.5 51.5 50.2 49.8 55.99 44.01
R 50.1 49.9 51.8 48.2 51.98 48.02
L 49.9 50.1 52.3 47.7 52.57 47.43

left side for LR and R condition, and anatomical right side for L condition. At plane 2, the
peak magnitude zone was on anatomical left side for all conditions (LR, R and L). Com-
paring these velocity magnitudes to peak inhalation in symmetric airway (refer r = 3 s at
Plane 1), the peak velocity magnitude zone was concentrated mostly on the anatomical left.
In addition, symmetric geometry has nearly equal flow distribution in R and L conditions,
while the asymmetric geometry showed a large variations in the flow distribution. Also,
all test conditions (LR, R, and L) showed increased flow rates from symmetric geometry to
asymmetric geometry test conditions for TV=500 mL. Preliminary steady flow analysis on
higher generation symmetry over asymmetry, showed effects of single over double nostril
breathing, which need to be investigated further during unsteady breathing patterns. While
with increase in TV, during LR along with unequal flow distribution between left to right
generation (also seen in TV=500 mL), the right distribution has higher flow distribution
compared to right distribution of TV=500 mL. While nearly equal distribution was seen for

left and right generations during single nostril breathing at TV=500 mL and 600 mL.

5.6 Conclusions

Idealized airway model consisting of nasal cavity, pharynx, glottis, trachea to higher gen-
erations until 2" bifurcation was tested with simple oscillatory inhalation profiles through

single and double nostrils followed by breath hold. Velocity contours showed strong axial
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flow region towards the anatomical right side of upper trachea during single nostril breath-
ing, while centrally concentrated axial flow during the double nostril breathing. Velocity
profiles showed decrease in strength of axial flow from upper trachea to the lower trachea
in both single and double nostril breathing. In addition, for the given symmetric geometry
the breathing patterns did not has effect on flow through higher airways. Increased particle
deposition from single nostril breathing due to double nostril breathing techniques during
breath hold for given airway geometry. Early studies with idealized asymmetric airway
showed unequal flow distribution from trachea to left and right generations which need to
be investigated further with unsteady breathing patterns for implications of yoga breathing

patterns.
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CHAPTER VI

SUMMARY

6.1 Discussion

Airflow through human airways is characterized by unsteady flows, with flow separations
at airway bifurcations. The oscillatory nature of airflow, unequal durations of inhalation
time (IT), and exhalation time (ET) can facilitate gas exchange in higher generations of the
human airway. Normal respiratory rate (RR) in adults ranges between 10-15 breaths per
minute (bpm). RR varies in exercise conditions, mechanical ventilation strategies such as
high-frequency oscillatory ventilation (HFOV), metabolic activities and pathological state
to facilitate alveolar gas exchange. Previous studies characterized flows at steady inhalation
and exhalation through airways. The effects of varying inhalation duration and breathing
flow rate on flow through airways remains unknown. Our study focuses on various unsteady
breathing patterns inside idealized airway models. The goal of this study is to characterize
the effects of unsteady internal airflow through idealized airway geometries. Various sce-
narios of unsteady breathing patterns were simulated in ANSYS 2020 R2 to characterize
the fluid dynamics involved in such an unsteady airflow mechanism. The first study includes
unsteady breathing patterns such as normal, moderate, and high-frequency ventilation were
investigated with variation in inhalation time (IT) to breathing time (BT) ratio. The second
study includes abnormal breathing patterns such as tachypnea (=~ 1.5x increase in RR),
bradypnea (~ 1.5x decrease in RR), hyperpnea (deep breathing with abnormally large peak
flow rate), and hypopnea (shallow breathing with abnormally low peak flow rate); and fi-
nal study includes alternate breathing patterns as in yoga pranayama breathing techniques.

Simulations were performed for each breathing pattern as in internal airflow studies.
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Jan et al. (1989) developed a diagram to classify the flow regime within different hu-
man airway sections, using an order of magnitude analysis starting from the Navier—Stokes’
equations. This diagram was used to characterize the influence of fluid viscosity, unsteadi-
ness, and convective acceleration in an idealized airway bifurcation for Wo ranging from 2.3
to 21.3. Their flow map examined Wo? versus non-dimensional stroke length 2L /D, where
L is the stroke length (i.e., the axial length of travel of a fluid particle) that can be calculated
as the ratio of stroke volume (SV) swept in a cycle to the tracheal cross-sectional area) and
D is the tracheal diameter. For a sinusoidal waveform (as considered in this study), Jan
et al. (1989) showed that Re is related to dimensionless stroke length (2L/D) and Wo as
Re/Wo? = 2L/D. However, their classification was restricted to oscillatory (sinusoidal)
breathing cycle with IT/BT = 50%. Table 3.3 shows the SV, L, 2L/D evaluated for this
study at the upper tracheal cross-section (Plane 1) across the various conditions of Wo and
IT/BT, where Re = 4200, based on Ut and D. It can be seen that Re/ Wo? does not equal
2L/D when IT/BT # 50%.

To include the effect of IT/BT # 50%, we examined the use of a modified dimension-
less stroke length, where the parameter (BT/2 IT) is included as a multiple of 2L/D (i.e.,
(2L/D)(BT/2 IT)). The modified dimensionless stroke length matched Re/ Wo? for all Wo
and I'T/BT conditions considered in this study. The flow map for all categories in the current
study was shown in Figure 6.1.

Conditions such as in moderate and HFOV breathing were mainly dominated by un-
steady and convective forces over the viscous forces. Breathing conditions such as nor-
mal, bradypnea, tachypnea hypopnea and hyperpnea were dominated by viscous convec-
tive forces over the unsteady forces. Yoga breathing pattern as more viscous dominated
over unsteady forces inside the trachea. Changing the peak inhalation and decreasing the
Wo would make more viscous domination, which can be seen in yoga breathing techniques.
All these conditions were characterized for peak inhalation.

Axial flow inside trachea in all conditions during oscillatory inhalation increased from
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Figure 6.1: Airflow regime with current study conditions for normal (circle), moderate
(square), HFOV (diamond), tachypnea (triangle), bradypnea (downward-pointing trian-
gle), hyperpnea (right-pointing triangle), hypopnea (left-pointing triangle) and single nos-
tril (five-pointed star) breathing conditions.

early inhalation until peak inhalation and later decreased until late inhalation. Similar to
inhalation, axial flow during exhalation increased in strength from early exhalation until
peak exhalation and later decreased until end exhalation. In addition, axial flow was higher
in the upper trachea, and the flow became more uniform in the higher generations. In
addition, with increase in Wo, the jet streaming decreased and axial flow in the higher
generations was more uniform. Axial flow inside airways of head inside coronal plane
showed a unequal axial flow distribution in higher airway generations. Also situation of

abnormal and yoga breathing must to be investigated further with head rotation as our

initial study from (SA1) showed unequal axial flow distribution.
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6.2 Clinical Significance

Secondary flows are generated inside airways due to abrupt geometrical changes, and un-
even contraction and expansions in airway. Secondary flow inside the idealized airways
was found higher compared to the axial flow for normal, moderate and high frequency os-
cillatory ventilation. These secondary flow was expected to impact particle deposition in
applications of targeted drug delivery. Chemical properties of aerosols or drug, provides
early estimate of deposition mechanism such has due to inertial impaction, gravity or sus-
pension based deposition. But, the secondary flow transport mechanism potentially affect
the particle deposition due to higher strength than axial flow and promotes to upper airway

deposition compared to lower airway.

6.3 Prospective Studies

Current study results were mainly based on simulations and need to be validated with ex-
periments. In addition, all these simulations has computational costs and time for running
each simulation was huge. A respiratory syringe pump can be used to investigate the flows
for various breathing conditions as shown in the Figure 6.2. Here are the suggestions for

future studies for each specific aim.

6.3.1 Specific Aim 1: Effects of Varying Inhalation Duration and Respiratory Rate

on Human Airway Flow.

The study was investigated with constant Re =4200, across various breathing frequencies
(Wo0=2.41,7.61, and 24.1) for varying inhalation to breathing time. Additional studies con-
ducting a sweep of Re would better characterize the flow inside various age groups or
people with different trachea diameter. Previous studies showed a Re=500-1000 can be
expected in children. Conducting more simulations for various Re number would be more

helpful to characterize the air flow across age groups and airway geometries.
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Figure 6.2: Schematic showing a syringe pump for experimental oscillatory flow studies.
6.3.2 Specific Aim 2: Fluid Dynamics of Abnormal Breathing Patterns

This study used a normal breathing parameters and compared against varying breathing
parameters to characterize the effect of abnormal breathing patterns in idealized airways.
Since the study was conducted for varying breathing parameters, the only limitation in-
cludes lack of using subject specific airways, which could help to characterize subject level
treatment for estimating the acid-base disorders. Also, studies such as user defined scalar

could potential address the gas exchange at higher generations at each abnormal condition.

6.3.3 Specific Aim 3: Single vs. Double Nostril Breathing with a Breath Hold

Current study aims to investigate the effect of single nostril breathing against double nostril
breathing for a peak inhalation flow rate corresponding to normal tidal volume. This study
mainly included idealized symmetric geometry, with a 6 s of inhalation duration and 2 s of

breath hold duration. This study can be extended further such as:

e varying peak inhalation flow rates.

e including exhalation condition with varying peak exhalation flow rates and exhala-

tion durations.
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Figure 6.3: Three dimensional velocity contours (non-dimensionalized with mean flow
speed in trachea, Ut) at peak inhalation for Wo = 2.41-24.1 at IT/BT = 50% for Re=4200
and 500. Inset shows the variation of Re inside trachea for a breathing cycle at peak inhala-
tion Reynolds number (Rej,) and peak exhalation Reynolds number (Recx). For top row,
Re;,=Re.x=4200, and for bottom row Rej,=Recx=530.

e conducting simulations on various geometries (subject specific, idealized asymmet-

ric).
e various breathing patterns of yoga conditions (include alternate nasal breathing).
e upper airway rotation

Varying these breathing conditions would definitely quantify the effects of breathing

techniques for a subject based treatments.
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Figure 6.4: Velocity profiles for varying (A) breath hold durations and (B-D) yoga breath-
ing patterns. BH=breath hold, LN=left nostril and RN=right nostril.

6.4 Limitations

A central limitation of our studies is the simplification of our model geometries. A range
of morphological complexities observed from GO-G2, including (but not limited to) asym-
metric branching and non-circular lumen of the airway branches, are expected to alter the
respiratory flows. Additional model simplifications, such as the use of rigid walled ves-
sels and a sinusoidal flow profile, should also be noted as limitations of this study. While
changes to waveform shapes have shown to modestly impact the flow physics (Choi et al.,
2010), including airway wall motion has been reported to influence axial and secondary
flows compared to rigid-walled airways (Wall and Rabczuk, 2008). Finally, RANS models
(such as in this study) have well-known limitations in modeling unsteady turbulent flows,

and comparisons of our study findings with higher-fidelity turbulence models (e.g., large
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eddy simulations) are needed to examine how the choice of turbulence model impacts time-
varying flow physics.

In specific aim 1, the general trends reported here relative to Wo and I'T/BT, specifically
the importance of secondary flows with increasing Wo as well as the modified dimen-
sionless stroke length accounting for IT/BT, are expected to be applicable in anatomically
realistic airways. In specific aim 2, implications on gas exchange need to be investigated
with varying parameters. Finally in specific aim 3, mainly parametric studies consisting of
inhalation flow rates, exhalation flow rates, realistic and idealized airway models, breath
hold time, and yoga breathing patterns can estimate the airflow nature inside airways for

subject specific treatment.

6.5 Conclusion

In all the breathing conditions, axial flow increased in strength from early inhalation until
peak inhalation and later decreased until late inhalation. Similarly, during the oscillatory
exhalation conditions axial flow increased in strength from early exhalation to peak exhala-
tion and later decreased in strength until late exhalation. In addition, axial flow in inhalation
decreased in strength from upper trachea to lower trachea in all breathing conditions. Sec-
ondary flow was found higher in strength compared to axial flow across varying breathing
frequencies. Change in breathing frequency, peak inhalation flow rates at inhalation and
exhalation affected the jet streaming and axial flow strength inside airways, which indeed
affect the gas exchange. Studies from single to double nostril breathing effected the axial
flow inside the upper airways. Future studies consisting of yoga breathing parameters were

suggested for characterizing the effect of yoga breathing inside airways.
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APPENDICES

DESCRIPTION OF THE HUMAN RESPIRATORY SYSTEM

Human respiratory system (Fig.A.5) consists of extra-thoracic region (oral and nasal
airways), tracheobronchial and alveolar regions. Gas exchange is the primary function of
respiratory system. Respiration consists of inspiration of oxygen rich air and exhalation of
carbon-di-oxide rich air. Functionally respiratory system is a passage for inhaled air into
deep lung system. Human airways consists of nasal, pharynx, larynx, and tracheobronchial
tree.

A.1 Nasal

Anatomy: Human nose differs from person to person based on race, ethnic groups, etc.
Ideally, structure of nose divided into external portion named nose, and internal portions
are nasal cavities. Nose is made of bony section (consists of pair of nasal bones sitting side
to side) at the superior location (superior location includes dorsal, cephalic and posterior)
and with a cartilaginous section on the inferior side (locations include anterior and cau-
dal portions). Air enters through openings of nose called nostrils and these are separated
through nasal septum. Air then passes through anterior nasal valve consisting of constricted
cross sectional area and enters into main nasal passage. Choanae at the end of the nasal
cavity helps the inhaled air to enter into the nasopharynx.

Physiology: Nose and Nasal passage provide a passage to the inhaled air to lungs. During
this, air is filtered from the foreign particles and is humidified. Also, airflow is asymmet-
rical in nostrils which is due to swelling of cavernous tissue. A flow rate of 24 L/min was
observed in the middle to inferior main passage with laminar flow and no proper details
were revealed in the experiments so far Doorly et al. (2008).
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Figure A.5: A) Human respiratory system B) Lobes in lungs (labelled).
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A.2 Pharynx

Anatomy: Pharynx is tube like structure connecting the nasal and oral cavities to lar-
ynx and oesophagus. Structurally this region is divided into nasopharynx, oropharynx and
laryngopharynx.

Physiology: Pharynx serves as a passage for both digestive and respiratory system. The
food is directed to oesophagus while the air is directed to larynx by controlling epiglottis
(an elastic tissue acts like a lid to cover the trachea during food passage).

A.3 Larynx

Anatomy: Larynx consists of three single laryngeal cartilages, three paired laryngeal carti-
lages connected by membranes and ligaments. Larynx hold the vocal cords and it serves as
a guard in transmitting air from pharynx to trachea. Airway cavity of larynx extends from
triangular shaped inlet at the pharynx to circular shaped at the trachea. Interiors of larynx
is made up of epithelium tissue with ciliated columnar directing mucus to pharynx through
muco-ciliary action.

Physiology: Larynx helps to remove the foreign particles due to presence of mucus and
humidify the inhaled air. If any items such as food particles enters into respiratory system
then larynx helps in cough reflex and prevent particle in entering into lungs.

A.4 Tracheobronchial tree

Trachea is a hollow tube with average diameter of 18 mm for male while slightly smaller for
females. This trachea divides into main bronchi or two branches with different diameters,
namely left bronchus and right bronchus. Each bronchus leads into lung and divides into
branches. Left bronchus divide into two lobular bronchi, Left upper lobe (LUL) and left
lower lobe (LLL), and right bronchus divides into three lobular bronchi, right lower lobe
(RLL), right middle lobe (RML) and right upper lobe (RUL).

Trachea was named as Generation number 0O, first bifurcation branches as G1, next
branches to be G2 and so on up to G23. Based on functional view- point, respiratory system
consists of conducting and respiratory zones. Conducting zones include GO through G16,
while the respiratory zones include G17 through G23. Gas exchange takes place in the
respiratory zone [Silverthorn (2015)].

‘C’ shaped cartilaginous rings about 15-20 are present on the trachea and they are con-
nected by muscular membrane. Mechanical properties of this tracheal structure effects the
airflow properties. A coat of mucus is found on the inner walls of airway. Mucus layer
is found up to G16 and it moves outward or in direction of exhalation. This mucus layer
acts as a primary protection layer and protects the airway preventing deposition of toxic
materials and pathogens. Cilia present beneath the mucus layer drives the mucus against
gravitational direction. In a healthy subject, the mucus layer thickness is around 0.5-1 mm
and it moves at rate of 0.05 mm/min. Increase in mucus layers results in diseased conditions
such as asthma, bronchitis,and emphysema.
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A.5 Breathing mechanics

During inhalation, the muscles in the thorax pull the anterior end of each rib outward caus-
ing increase in lung volume. During this, the pressure inside the lungs decreases relative
to the outside atmospheric pressure causing air to enter into lungs. During exhalation, the
lung and ribs reaches equilibrium position pressurizing air inside the lung and pushing the
air out.

Lung is measured in different lung volumes. Lung volumes are generally measured
using spirometer, and its capacity is inferred from the measurements. Lung volumes helps
to calculate the flow rates in experiments. There are 4 Lung volumes and 4 lung capacities
to define the lung space.

Lung volumes:

1. Tidal volume (TV) is defined as total amount of air inhaled and exhaled during quiet
breathing.

2. Inspiratory Reserve Volume (IRV) is defined as maximum volume that can be inhaled
after tidal volume

3. Expiratory Reserve Volume (ERV) is defined as maximum volume that can be ex-
haled after tidal volume.

4. Residual Volume(RV) is the amount of volume left in the lungs after maximum ex-
piration.

5. Dead Volume (DV) is defined as air volume that remains in the conducting zone.
This portion of lung volume does not contribute to gas exchange.

Lung capacities:

1. Functional Residual Capacity (FRC) is the volume of air left that can be exhaled after
nomal exhalation.

2. Inspiratory Capacity (IC) is the volume of maximum inhalation.
3. Vital Capacity (VC) is the volume of maximum inhalation and exhalation.

4. Total Lung Capacity (TLC) is maximum volume in the lungs.
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