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Abstract

Furthering our knowledge of respiratory 
uid dynamics is greatly bene�cial to under-

standing lung diseases and improving aerosol drug delivery and mechanical ventilatory

techniques. To this end, we develop an in-vitro platform to study detailed 
ow features

in human airways. Idealized and realistic replicas of the bronchial tree are inserted in a


ow loop circulating aqueous 
uid, and detailed information on the structure-function

relationship is collected using Magnetic Resonance Velocimetry (MRV) and refractive-

index-matched Particle Image Velocimetry (PIV). By structure here we indicate the

anatomical and morphological features, while function refers to momentum transport

and mixing. We extract and analyze velocity and vorticity �elds, as well as 
ow descrip-

tors that characterize the longitudinal and lateral dispersion along the bronchial tree.

We consider regimes of steady inhalation, steady exhalation, and oscillatory ventilation

for a range of physiologically relevant Reynolds (Re = 100 - 5000) and Womersley (Wo

= 1.2 - 12) numbers. Longitudinal dispersion is found to be higher during inhalation,

while lateral dispersion is higher during exhalation. Counter-rotating streamwise vor-

tices are observed along the airway tree due to the local curvature of the branches (Dean

mechanism) and constitute one of the main transport mechanisms. At the higher Re,

however, inertia induces signi�cant non-local e�ects, and the vortices are transported

across successive generation of bronchial branching. Flow reversal, a phenomenon conse-

quential for gas mixing, particle transport and mechano-transduction at the epithelium,

is also identi�ed in both idealized and realistic airway geometries during steady and

oscillatory regimes. The net 
ow drift during the ventilation cycle (steady streaming)

is experimentally evaluated for the �rst time, and found to be much smaller than the

advective 
ow, although not insigni�cant for the realistic airway geometry. The in-

stantaneous 
ow �elds and Reynolds stresses measured in the idealized airway model

indicate great sensitivity to the in
ow conditions, and show that the 
ow at the bifur-

cation is prone to unsteadiness even at regimes sometimes treated as laminar in earlier

numerical studies.
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Chapter 1

Introduction

1.0.1 Motivation

Respiratory diseases are among the leading causes of death today. According to the

World Health Organization, Chronic Obstructive Pulmonary Disease (COPD) alone is

projected to be the 3rd cause of death in the world by 2030. To assess the severity

of a lung condition and/or its response to a treatment, lung functionality is typically

monitored by spirometry, which measures the air 
ow during standardized breathing ma-

neuvers. This is a black-box approach, whose interpretation is ambiguous and primarily

based on empirical correlations (White, 2005). Due to an incomplete understanding of

the relation between airway deformation and respiratory 
ows, airway diseases often

go undiagnosed (Hnizdo et al., 2006). Additionally, aerosol drug delivery devices have

deposition e�ciencies below 30%, and medical imaging techniques applied to living pa-

tients (in-vivo) cannot provide detailed information on the air 
ow within the complex

network of bronchi. Consequently, in this study, we try to develop a better understand-

ing of respiratory 
uid dynamics and its relationship with the structure of the bronchial

tree, in both idealized and patient-speci�c airway models. We exploit advanced imag-

ing techniques to collect detailed information on the structure-function relationship in

the human airways. The structure here indicates anatomical and morphological fea-

tures while the function refers to air 
ow, mixing and particle transport. Unfortunately,

working with human subjects to collect this type of data can be complicated because the

1
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duration, accuracy, repeatability and sometimes even sheer feasibility of detailed res-

piratory 
ow measurements is di�cult if not impossible. To overcome these obstacles,

we created an in-vitro platform featuring 3D printed lung models in which an aqueous

working 
uid is circulated to mimic the air
ow. This allows us to explore all 
ow fea-

tures in a safer and more controlled setting. Two kinds of imaging techniques are used

here: �rst, we leverage the world-class facilities available at the Center for Magnetic

Resonance Research (CMRR) and use Magnetic Resonance Velocimetry (MRV, Elkins

& Alley, 2007) to acquire 3D 
ow measurements in the upper and central human airways

(from the trachea up to the �rst � 7 generations of bronchial branching). While MRI

in an excellent technique to study 3-dimensional features of complex 
ows, it remains

a time average method which does not capture any instantaneous 
ow characteristics

that could be crucial to transport mechanisms. To this end, we also design and build

a refractive-index matched 2D Particle Image Velocimetry (PIV, Ra�el et al. 2007)

setup to use with our 3D printed models. This approach, while restricted to only ex-

tract 2D velocity information, allows us to study unsteadiness and turbulence e�ects.

Several transport mechanisms are present, the relevance of each being dependent on the

regime and the direction of breathing (inhalation vs exhalation, steady vs oscillatory).

These mechanisms include advection by the bulk 
ow, longitudinal dispersion (due to

variations of streamwise velocity along a given cross section), lateral dispersion (due to

secondary 
ows), steady streaming (due to non-reversible 
uid trajectories during the

respiration cycle), turbulent di�usion, and molecular di�usion. The relative contribu-

tions of each mechanism have important consequences for gas exchange (Golshahi and

Finlay 2009), and the details of the 
ow at the various regimes need to be well captured

to reach a predictive understanding of the transport and deposition of spherical and

non-spherical particles in the lungs (Kleinstreuer and Feng 2013).

1.0.2 Thesis outline

The vast majority of past respiratory 
ow studies have focused on the inhalation phase.

Already in his classic review, Pedley (1977) wrote: \A disproportionately small amount

of work has been done on expiratory 
ow patterns. It is as if everyone doing a model

experiment on inspiration ran out of time or energy when it came to repeat the mea-

surements for expiration.".While the expiratory 
uid mechanics has great physiological
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importance, the trend reported by Pedley has not substantially changed in the last 40

years. Motivated by the need to investigate respiratory 
uid dynamics during both

inspiratory and expiratory phases, the current study deals with respiratory 
ows in

two main geometries: an idealized double bifurcation model (more formally introduced

later on as the Weibel model) with canonical dimensions that isolate the curvature and

branching e�ects; and a patient-speci�c healthy airway geometry to capture the in
u-

ence of streamwise-plane bifurcations, varying branching angles, asymmetric branches

with realistic boundary conditions. We �rst start with steady inhalation and steady

exhalation (chapter 2) in the Weibel model using MRV to collect 3D 
ow measurements

of streamwise and secondary velocities, streamwise vorticity and track the evolution of

these features with increased inertia. In chapter 3, we tackle the same geometry but

throughout the breathing cycle, alternating between inhalation and exhalation. Here,

we explore the e�ects of respiration frequency, ranging from regular breathing ventila-

tion to high-frequency ventilation. Following the idealized model, and still using MRV,

in chapter 4 we explore similar transport mechanisms but this time in a patient-speci�c

airway geometry, under steady inhalation, steady exhalation and high-frequency ventila-

tion. Finally, in chapter 5, we introduce a PIV setup speci�cally designed to investigate

evidence of unsteady e�ects on the main 
ow features during steady inhalation for the

idealized model. The dissertation concludes with a summary of the current �ndings and

recommendations for future work.



Chapter 2

Steady inhalation & exhalation in

the Weibel geometry

2.1 Overview

The lung anatomy is a fairly complex network of branching airways. While the ac-

tual anatomy varies between di�erent subjects, general features have been long identi-

�ed which are remarkably consistent: at the ith bronchial generation, the daughter-to-

mother branch diameter ratio is h = D i + 1=Di t 0:85, the length-to-diameter ratio of

each branch isL i =Di t 3:5, and the bifurcation angle is � t 60� � 70� (Pedley 1977;

Weibel 1997; Mauroy et al. 2004). Such proportions minimize the through-
ow time

during the respiration process (Sapoval and Filoche 2013), and the diameter ratio is

close to the value of (1=2)1=3 = 0.79 which minimizes the energy expenditure in bifur-

cating 
ow systems (Murray 1926). It is therefore not surprising that canonical airway

models with such characteristics have been extensively studied. The most classic case is

the planar version of the Weibel A model (Weibel 1963), in which the branches consist

of circular tubes that bifurcate symmetrically and lay on the same plane. Despite the

simplicity of such representation, it has been shown to capture many key aspects of the

respiratory air
ow (Pedley 1977; Grotberg 2001) and to display fairly complex features

(Kleinstreuer and Zhang 2010). A characteristic trait of the inspiratory 
ow through

the bronchial tree is that, in general, both the streamwise velocity and the local diam-

eter decrease at each branching generation. Assuming a symmetric 
ow distribution at

4
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each bifurcation, this results in a decrease of the Reynolds number of order 2� h per

generation. Therefore, while the 
ow in the trachea is typically transitional or turbulent

(Re = 1000 - 5000 depending on the breathing pattern), the rapid decrease in Reynolds

number for h t 0:85 suggests it becomes laminar after a few bifurcations.

Several transport mechanisms are present, the relevance of each being dependent

on the regime and the direction of breathing (inhalation vs exhalation). These mecha-

nisms include advection by the bulk 
ow, longitudinal dispersion (due to variations of

streamwise velocity along a given cross section), lateral dispersion (due to secondary


ows), steady streaming (due to non-reversible 
uid trajectories during the respiration

cycle), turbulent di�usion, and molecular di�usion. The relative contributions of each

mechanism have important consequences for gas exchange (Golshahi and Finlay 2009),

and the details of the 
ow at the various regimes need to be well captured to reach a

predictive understanding of the transport and deposition of spherical and non-spherical

particles in the lungs (Kleinstreuer and Feng 2013).

The state of the knowledge on 
ows in bifurcating airway models builds on a sig-

ni�cant number of experimental and numerical studies. Although the inhalationexhala-

tion dynamics can play an important role already at moderate ventilation frequencies,

the respiratory 
ow can be considered quasi-steady as long as the Womersley number

Wo = D i =2
p

(!=� ) is comparable to or smaller than unity (Zhang and Kleinstreuer

2002; Fresconi and Prasad 2007; Theunissen and Riethmuller 2007). Here,! is the

angular frequency of oscillation and is the kinematic viscosity.

Steady inhalation is relevant, for example, to the deep-breath inhalation maneuvers

in aerosol drug delivery. Schroter and Sudlow (1969) and Pedley et al. (1971) were

among the �rst to experimentally investigate the 
ow in bifurcating tubes using geo-

metrical proportions and regimes appropriate to respiration, studying planar symmetric

(Weibel-type) models in the range Re = 1001400 (de�ned at the mother branch). By

using hot wire and 
ow visualization, they highlighted the key features of the inspiratory


ow: the boundary layers forming on the inside walls of the bifurcation (carina), the

separation on the outer wall of the bifurcation, and the Dean-type secondary 
ows set

up by the branch curvature and generating counterrotating streamwise vortices. Mea-

surements reported by Pedley (1977) and Isabey and Chang (1982) using two-wire and

slanted hot-wire probes included secondary 
ow pro�les in symmetric and asymmetric
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models, with Reynolds numbers in the range Re = 460 -1060. The maximum secondary

velocity ranged between 13% and 30% of the axial velocity depending on the radius of

curvature (which in most models is typically 510 times larger than the airway radius,

in keeping with anatomical observations).

The 
ow pattern was found to be signi�cantly more complex after the second bi-

furcation, due to the in
uence of upstream 
ow features interacting with the successive

airway branching. Zhao and Lieber (1994) used laser Doppler velocimetry (LDV) to

measure axial and secondary velocity pro�les in a single symmetric bifurcation over

the range Re = 518 - 2089. They con�rmed that the axial velocity pro�les in the

daughter branches are skewed toward the inner wall and found secondary motions al-

ready at the beginning of the turn. Fresconi and Prasad (2007) measured secondary


ows in a Weibel-type planar triple bifurcation using particle image velocimetry (PIV)

along planes perpendicular to the main 
ow direction. Besides the need of matching

the refractive index of working 
uid (in their case, water glycerol mixture) and model

material (elastomer), the strong out-of-plane velocity component makes this type of

measurements very challenging. Their study was limited to relatively low Reynolds

numbers (Re = 6 - 350), and the authors measured secondary velocities smaller than

20% of the axial velocity. According to the authors, the secondary 
ow strength did

increase with Reynolds number (up to about Re = 100), but so did the development

length of the streamwise vortices; therefore, the limited branch length (L i =Di = 3 :5)

prevented the further growth of streamwise vorticity at higher Re. Perhaps the most

important conclusion of their study was that the secondary 
ows were dictated by the

local geometry and not by the upstream 
ow history so that the same pattern of Dean

vortices repeated itself through successive generations. Numerical simulations have pro-

vided much insight into features that could hardly be captured by point-wise and planar

measurement techniques. Comer et al. (2001) investigated a Weibel-type planar dou-

ble bifurcation model at Re = 500 and 2000. Unlike Fresconi and Prasad (2007) they

found that the upstream features strongly in
uenced the 
ow pattern in the subsequent

generation. The authors used a solver that did not account for unsteadiness or tur-

bulence. In fact, early experiments reviewed by Pedley (1977) as well as more recent

PIV measurements of Theunissen and Riethmuller (2007) suggested unsteadiness and

transition to turbulence already for Reynolds below 1000 in bifurcating tubes. Liu et
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al. (2002) also used a laminar steady solver to investigate a Weibel-type planar double

bifurcation in the range Re = 2001600. The authors did not notice signi�cant changes

in 
ow pattern over this range and, unlike Comer et al. (2001), found that vortical 
ows

at the second bifurcation always followed the Dean mechanism according to the local

curvature. They noticed; however, how the symmetry was broken by the 
ow inertia for

increasing Re, causing the medial branches (better aligned with the high velocity core

of the previous generation) to receive higher 
ow rates than the lateral branches in the

second generation. Mauroy et al. (2003) also studied Weibel-type double bifurcations

using a laminar Navier Stokes solver in the range Re = 1001200 but reported much lower


ow asymmetry compared to Liu et al. (2002): For a planar bifurcation at Re = 1200,

Mauroy et al. (2003) found that the medial branches received about 30% higher 
ow

rate than the lateral branches versus an almost 80% increase found by Liu et al. (2002).

It should be noted that the geometries did not match exactly: � was 90� in the former

study and 70� in the latter. All the numerical investigation mentioned above imposed a

uniform pressure boundary condition at the outlet. From this limited review of the lit-

erature, it is clear that the 
ow in successive bifurcations poses signi�cant challenges to

both experimentalists and modelers. The ranges of geometrical parameters and regimes

relevant to respiration make the 
ow hard to observe and/or model satisfactorily.

As for steady exhalation, there has not been as much e�ort to study the mechanisms

happening in this regime, and how the structure-function relationship changes over the

wide range of physiologically relevant Reynolds numbers. Therefore, several questions

remain open, including: Is the velocity �eld predominantly in
uenced by the local

geometry or by the upstream 
ow? How much does the 
ow partitioning vary with

Reynolds number? How does transition to turbulence modify the �eld? How does

the relative importance of the di�erent transport mechanisms vary with 
ow regime?

Addressing such questions in simple representations of the human airways is critical to

gain a predictive understanding of the air
ow in the real respiratory system.

In this chapter, we investigate the three-dimensional 
ow in a symmetric planar dou-

ble bifurcation over a wide range of physiologically relevant Reynolds numbers, from

laminar to turbulent regime, during steady inhalation and steady exhalation. Time-

averaged three-dimensional velocity �elds are obtained using magnetic resonance ve-

locimetry (MRV), allowing a more comprehensive characterization of the 
ow topology
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with respect to previous experiments. We analyze the detailed distributions of velocity

and vorticity, along with 
ow descriptors that characterize the longitudinal and lateral

dispersion.

2.2 Methodology

The airway geometry we investigate is a planar Weibel double bifurcation model, and

it replicates the model studied numerically by Comer et al. (2001). A schematic of the

geometry with dimensions is given inFig. 2.1 , along with a 3D rendering. De�ning

the generation length L 1 from the intersection of the airway axes (Fig. 2.1 , left), the

length-to-diameter ratio at G1 is L 1=D1 = 3 :5. The branching angle is� = 60 � , and

the normalized radii of curvature are r1=(D1=2) = 6 and r2=(D2=2) = 10:3. Similar

(when not identical) geometries have been used in several previous experimental and

numerical studies (Zhang and Kleinstreuer 2002; Longest and Vinchurkar 2007; Fresconi

and Prasad 2007, among others). This speci�c model was chosen because of the full

description of the geometry and velocity �elds reported by Comer et al. (2001). Their

study suggests that �ne details as the rounding radius at the carina have a moderate

e�ect as compared to more macroscopic features such as the bifurcation angle. We

label the three branching generationsG0 (mother branch, receiving the in
ow), G1

(daughter branches, after the �rst bifurcation), and G2 (granddaughter branches, after

the second bifurcation). We denote the medial and lateral granddaughter branches with

G2M and G2L , respectively. Typical airway labeling schemes useG0 for the trachea, G1

for the main bronchi, etc., but here we do not strictly associate the mother branch with

the trachea. Rather, assuming a quasi-homothetic airway model, this geometry may

represent a di�erent location in the airway tree depending on the Reynolds number.

We consider steady inspiratory and expiratory 
ow rates characterized by the in
ow

Reynolds number de�ned as Re = U0D 0
� , whereU0 is the bulk velocity at G0. Inhalation

measurements are taken over the range Re = 100 - 5000 and exhalation measurements

over the range Re = 250 - 4000 values are listed inTable 2.1 . This is a broader range

compared to previous studies and covers regimes found within the �rst� 10 generations,

which account for more than 90% of the airway resistance (Pedley et al. 1970). This

range is also relevant for breathing conditions in the upper airways spanning from rest to
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exertion and safely encompasses the transition between the laminar and fully turbulent

regime.

Figure 2.1: a) Schematic of the geometry of the double bifurcationb) 3D rendering of
the double bifurcation. SL denotes streamwise path fromG0 to G2 through the lateral
granddaughter branch; SM denotes the path through the medial granddaughter branch
c) CAD model of the bifurcation n model (in yellow) in the exhalation con�guration,
with the extension tubes connected atG2(in blue), and the upper piece connected to
G0 (in white) �tted into the coil.

The centerline is obtained from the bifurcation volume using the software Mimics

(Materialise, Belgium) and essentially coincides with the branch axes in the cylindrical
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portions of the model, and with circular arcs joining successive branches in the bifurca-

tion regions. The abscissa S is used to identify the streamwise location of various cross

sections; its origin is taken at a distance 2� D0 from the �rst carina (the tip of the

bifurcation), D0 = 17 mm being the diameter of the mother branch. At each location in

the 
uid domain, we de�ne the streamwise or axial velocity Uax as the projection of the

velocity vector along the direction tangent to the closest centerline curve. The trans-

verse or secondary velocity Usec is the projection of the velocity vector along the plane

normal to Uax. The bifurcation geometry is used to 3D print a model in Watershed XC

11122 with a wall thickness of about 8 mm at the W. M. Keck Center (University of

Texas El Paso, TX). The high-resolution print (25-m layer thickness) guarantees that

the inner walls of the model are hydrodynamically smooth. The main bifurcation piece

is connected in two di�erent ways to the rest of the 
ow loop, each one corresponding

to one regime, inhalation or exhalation (Fig. 2.1 ). During inhalation, a 25-cm-long

3D printed pipe of circular cross section connects the inlet of the mother branch to a

1-m-long Plexiglas tube. The diameter of the 3D printed pipe varies according to a �fth

order polynomial and provides a smooth transition from the diameter of the Plexiglas

tube (20 mm) to that of the model inlet (D0 = 17 mm). The outlets of the granddaugh-

ter branches are connected to a 3D printed plenum much larger than their diameter (30

mm as minimum dimension).
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Re Regime Venc [m/s] SNR Number of scans,N � u
u0

%

100 Inhalation 0.12 33.5 20 5.29
250 Inhalation 0.13 41.8 20 4.45
500 Inhalation 0.12 39.6 16 4.75
1000 Inhalation 0.12 46.6 16 2.04
2000 Inhalation 0.30 35.4 16 3.30
3000 Inhalation 0.30 36.4 16 2.20
4000 Inhalation 0.50 32.1 16 3.38
5000 Inhalation 0.55 39.5 16 2.28
250 Exhalation 0.12 154.9 20 2.5
1000 Exhalation 0.25 187.6 14 2.1
2000 Exhalation 0.50 130.6 16 2.7
4000 Exhalation 0.50 70.3 16 2.6

Table 2.1: Velocity encoding, SNR, absolute velocity uncertainty, bulk in
ow velocity,
and relative uncertainty for all measured Reynolds numbers

In exhalation, as seen in a longitudinal cut of the assembly inFigure 2.1 (b) ,

the main bifurcation piece is connected to four extension tubes atG2 branches with

an upper piece connected to theG0 branch. This design is dictated by the need of

lodging the bifurcation inside the helmet-shaped coil used for the MRV measurements,

while providing some developmental length to the granddaughter branches during the

exhalation regime. The upper piece attached to the mother branch connects it to the

tubing through a lofted honeycomb, limiting unwanted secondary 
ows that would be

caused by the strong bending during the inhalation phase. The arrangement is e�ective

in that the secondary velocity component Usec at the entrance ofG0 is measured to

be less than 0.03Uax. The sudden contraction results in a plug-like in
ow, as shown

by the streamwise velocity pro�les at G0 close to the peak inhalation phase [Fig. 2.1

(c)]. The G2 extension tubes also have honeycombs at the bending and are about 16d2

long (D2 being the diameter of the G2branch), providing developed inlet 
ow during

exhalation. The parts are hermetically 
anged together and connected via plastic tubing

to the pumping system. For Re = 1000 - 5000, the 
ow is driven by a centrifugal pump

(TE-6-MD-SC, Little Giant) that circulates the 
uid from a reservoir through the test

section and back to the reservoir (Fig. 2.2) which are connected via plastic tubing 2.5
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Figure 2.2: a) schematic of experimental setupb) 3 Tesla Siemens whole-body scanner
with test section placed on the patient table

cm in diameter. The volume 
ow rate is regulated by a digital 
ow controller (LCR-

5LPM-D, Alicat Scienti�c Inc.) with approximately 2 % accuracy as veri�ed by separate

calibration.

At low Reynolds numbers (Re = 100 - 500), in order to avoid 
ow rate oscillations

from the centrifugal pump, a custom-made piston pump is used. This consists of an

aluminum piston 60 mm in diameter driven by a stepper motor and controller (VXM

controller, PK266 motor, Velmex) and sliding inside a Plexiglas cylinder. The 
uid

temperature in the reservoir is continuously monitored with a digital thermometer.

To regulate temperature and compensate for heating due to the pump work, bags of

ice are periodically immersed in the 
uid, and the temperature is kept at 21 � 0:5� C.

For safety purposes, the pumping devices, the reservoir, the 
ow controller, and all

magnetic components of the 
ow loop are located in a separate room adjacent to the

magnet room. The tubing through which the 
uid circulates passes through waveguides

in the wall separating both rooms.

In the inhalation case, MRV measurements con�rm that the velocity in the plenum

is at least an order of magnitude smaller than in the branches so that the out
ow

boundary condition approximates that of a uniform pressure. During exhalation, four

independent valves at the far end of the tubing are adjusted to maintain an equal 
ow

rate through each granddaughter branch, as veri�ed by a ME-6PXLTransonic clamp-on


ow meter with 10% accuracy. This choice of boundary condition in the exhalation case

is aimed at simplifying the analysis, as opposed to a nonuniform 
ow rate distribution
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among the distal branches, which would be inherently arbitrary. We remark that im-

posing a uniform pressure here would also result in approximately equal 
ow rates in

all granddaughter branches in steady exhalation at the lowest Reynolds number (for

which the local geometry dictates the 
ow resistance); but this may not be the case

at higher Re or in the oscillatory cases. The e�ect of di�erent boundary conditions is

outside the scope of the present study, but it is likely that the medial branches would

o�er less resistance (and carry more 
ow) (Jalal 2016). For Reynolds numbers between

500 and 5000, the working 
uid is water, while for Re = 100 - 250, a mixture of wa-

ter and glycerin (23 % in volume) is used. The latter has a kinematic viscosity of 2

106 m2/s, determined through empirical tables (Glycerine Producers Association 1963).

The kinematic viscosity is tuned and veri�ed by measuring the index of refraction of

the mixture at 21 � 0:5� C and using the same empirical tables to compare the measured

glycerin volume percentage to the target value. The viscosity of the waterglycerin mix-

ture allows the bulk 
ow velocity to remain above � 3 cm/s. This is required to achieve

a signal-to-noise ratio (SNR) high enough for accurate MRV measurements, as well as

keeping the velocity well above the noise 
oor for the low Re cases. In all measurements,

the 
uid is doped with 0.06 mol/L of CuSO4, which greatly increases the SNR without

appreciably altering the 
uid properties.

2.3 MRV Measurements

Measurements are taken using a 3 Tesla Siemens whole-body scanner for Magnetic Res-

onance Imaging (MRI) at the University of Minnesota Center for Magnetic Resonance

Research (CMRR). The test section and in
ow are laid and secured on the patient ta-

ble, with the bifurcation model inserted in a transmit-and-receive radio-frequency coil

commonly used for human head imaging. Velocity data are obtained using the method

described by Elkins and Alley (2007), with the signaling and data acquisition sequence

from Markl et al. (2012). Three-dimensional, three-component (3D-3C) velocities are

obtained on a uniform Cartesian grid at a resolution of 0.6 mm. The �eld of view

is 153.6 by 307.2 by 26.4 mm3 and includes both the 
uid and the solid walls of the

test section. The velocity �elds are masked to the double bifurcations wetted area by

thresholding the magnitude signal above that of the background noise distribution and
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masking out the exhaust cavity downstream of the double bifurcation. The acquisition

process for each scan (i.e., each measurement of the 3D �eld) lasts several minutes,

and therefore the velocities acquired are time-averaged, as described in several previous

publications including Banko et al. (2015), who studied the steady inspiratory 
ow

in a subject-speci�c airway model. For each experiment, the velocity encoding values

(Venc), which control the maximum measurable velocity and determine the dynamic

range of the acquired velocity �elds, must be prescribed in each spatial direction. Be-

cause of the highly three-dimensional nature of the 
ow in the bifurcation, the same

Venc is de�ned in all three directions. The values vary for the di�erent Re cases and

are veri�ed to be at least 25 % larger than the maximum component measured in each

�eld. The expected uncertainty in the MRV measurements is calculated as (Pelc et al.

1994):

� U =

p
2 � V enc

� � SNR

where the signal-to-noise ratio (SNR) is given by the ratio of the average signal in the


uid over the standard deviation of the signal in the background. To increase the SNR,

scans are repeated N times for each condition, which provides a factor
p

N improvement

(Haacke et al. 1999). To correct for velocity bias and artifacts in measurements (that

might arise from inhomogeneities in the magnetic �eld, temperature drifts, and eddy

currents), we follow a variation of the procedure outlined by Benson et al. (2011)

and Coletti et al. (2013): 
ow-o� scans are performed with the same MRI acquisition

parameters as the actual measurements but at zero 
ow rate (quiescent conditions).
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Figure 2.3: a) Contours of axial velocity, ux , measured during a 
ow-o� scan at Re
= 2000 in the xy plane of the bifurcation (for which typical 
ow-on velocities are of
order 0.2 m/s); b) Scatter plot of 
owo� velocities for all voxels in the 
uid domain as
a function of axial distance, x (normalized by the mother airway diameter, D). Light
gray denotes velocities measured in a single 
ow-o�, dark gray denotes average of four

ow-o�s, and black denotes the analytical �t of ux in the axial direction showing the
linear bias in velocity along the axis of the model

An example of the measured 
ow-o� is shown in the velocity contours of Fig. 2.3

(left) for one component of velocity ux (oriented with the axial direction, x) in the xy

plane. The �eld is composed of both velocity bias (a linear variation of ux as a function

of x in the �gure) and random noise associated with the experimental parameters.

Multiple 
ow-o� scans are averaged to reduce the random noise, after which a third

order polynomial vector �eld is �tted in a least-squares sense to the measured data to

model the bias. This is shown inFig. 2.3 (right), which is a scatter plot of ux at all 
uid

voxels ordered along the coordinate x. The plot illustrates both the decrease in random

noise error with successive 
ow-o� scans, and the analytical �t that captures the spatial

variation of the bias error. The bias errors in the three velocity components are treated

independently and corrected for in each experimental measurement. The analytically

�tted bias vector �eld is then subtracted from 
ow-on scans in which the 
ow rate is

set at the test point. Such a procedure results in signi�cantly less error compared to

subtracting the raw 
ow-o� �eld, which is inherently noisy. At each Reynolds number,

we typically perform one 
ow-o� for every four 
ow-on scans. The 
ow-o� scans are also

used to verify whether any temporal drift has occurred during the acquisition, in which

case 
ow-o� �elds are �tted to independent 
ow-o� scans. Table 2.1 summarizes the
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uncertainty, and the contributing parameters for each considered Reynolds number. The

velocity uncertainty, V, varies between 2 and 5 % of the bulk velocity. Uncertainty may

be higher in the near-wall region due to the partial-volume e�ect (voxels being partially

immersed in the solid wall). However, because the model geometry is known, such voxels

are easily identi�ed and are not included in the quantitative analysis presented in this

paper. In Fig. 2.4 , we plot the measured-to-nominal mass 
ow ratio for the di�erent

generations and Reynolds numbers in inhalation and exhalation. The measured mass


ow rate is obtained by integrating the streamwise velocity over transverse cross sections

at the di�erent generations. In all cases, the total measured mass 
ow rate atG0 is

within 5 % of the nominal mass 
ow rate imposed by the pumping system. The higher

discrepancies inG1 and G2re
ect the fact that cross sections of further generations have

a larger perimeter-to-area ratio, exacerbating the partial-volume e�ect.

Figure 2.4: Measured-to-nominal mass 
ow ratio for all generations and Reynolds
numbers at a) inhalation b) exhalation

2.4 Streamwise velocity distribution

2.4.1 Steady inhalation

We begin the 
ow analysis by considering the distribution of the streamwise velocity,

responsible for the advective transport. Figure 2.5 shows color contours of streamwise

velocity along the xy plane containing the bifurcation centerline. Selected Re cases are
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shown to highlight the general trend. The velocity in G0 follows the expected pro�le for

fully developed pipe 
ow, and therefore it becomes more uniform across its cross section

for increasing Reynolds numbers. Downstream of the �rst carina, the 
ow inertia causes

the high-momentum 
uid to favor the internal side of the bifurcation for all cases. This

leads to a strong velocity de�cit at the external side of the G1 branch, although no

signi�cant mean 
ow reversal is present. This e�ect is more pronounced for increasing

Reynolds numbers up to Re = 2000, re
ecting the increasing importance of inertial

forces.

Figure 2.5: Contours of magnitude of velocity (
owing from top to bottom) in the xy
plane covering the range Re = 250-5000. Only half the x-y symmetry plane is shown

For higher 
ow rates, the mean velocity gradients are generally smoother and the

velocity distributions even out. This is largely caused by turbulent transport, as the

fully developed pipe 
ow feeding the mother branch is turbulent for the cases Re = 3000-

5000 (Pope 2000). The secondary 
ows also contribute to spread the high-momentum

region over the cross section of each branch. However, as it will be shown later, the

mean transverse velocities become weaker for Re> 2000, and therefore they are unlikely

to be the main mechanism responsible for the homogenization of the streamwise velocity

at these regimes. The contours inFig. 2.5 show that, at all Re, the 
ow partitioning

in the xy plane at the second bifurcation favors the medial branches, which are aligned

with their grandparent branch G0. This behavior was already shown by Andrade et

al. (1998) using 2D simulations and is dependent on the Reynolds number. Following
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Liu et al. (2002), we quantify the asymmetry in the 
ow partition using the ratio �m

between the mass 
ow rate through G2M and G2L :

�m =
mM

mL

This is plotted in Fig. 2.6 for di�erent Reynolds numbers, with the error bars re
ecting

the uncertainty on the mass 
ow rates discussed earlier. The power-law �t obtained by

Liu et al. (2002) is also shown for comparison. In the present measurements, the 
ow

asymmetry increases sharply up to Re = 1000 and then reaches a plateau. This suggests

that, while the inertia forces cause 
ow asymmetry, the transition to unsteady/turbulent

behavior (expected for Re = O(103)) favors a more homogeneous distribution of mo-

mentum among the daughter branches. We note that the local Reynolds number atG2is

about three times smaller than in G0, so the equivalent pipe 
ow would be expected to

be fully laminar.

Figure 2.6: Ratio of medial-to-lateral 
ow rate in G2, �m, as a function of the Reynolds
numbers. The solid line denotes the power law (�tted to simulations) by Liu et al.
(2002), and the dashed line denotes extrapolation of the curve beyond their investigated
regime (Re = 200 - 1600)

The perturbations, however, propagate downstream through the relatively short

branches and are likely fed to the successive bifurcations. The calculations of Liu et al.

(2002) show a similar trend for Re< 500, but for higher regimes, they indicate a much

more asymmetric behavior compared to the present measurements. Their simulations
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imposed steady laminar 
ow up to Re = 1600, whereas it is possible that unsteadiness

starts to play a role already at this regime, due to the geometry expansion, the curva-

ture, and the impingement on the carina. If the trend found by Liu et al. (2002) is

extrapolated to higher Reynolds numbers, the predicted 
ow partitioning distribution

greatly diverges from our measured mass 
ow rate ratio. Because the 
ow is highly three

dimensional, its visualization is eased by the 3D-3C nature of the present velocimetry

technique.

Figure 2.7: Isosurfaces of low (dark) and high (light) streamwise velocity in the double
bifurcation at Re = 2000

Figure 7 shows a representative case of the velocity �eld in the bifurcation, using

iso-surfaces of high (U = U0) and low (U = 0.15U0) streamwise velocity for the case

Re = 2000. The core 
ow from the mother branch impinges on the �rst carina and

forms high-momentum regions that stretch along the inner side of the bifurcation for

about half of the airway circumference. Beyond the second bifurcation, the fast 
uid is

then channeled predominantly through the medial branches. The slow velocity pockets,

caused by the increase in cross section, are con�ned to the 
anks of the �rst bifurcation.

In order to quantify the degree of streamwise velocity variation in each cross section,

we calculate the momentum distortion parameter, D (Padilla 2012) used also in the

subject-speci�c airway 
ow study of Banko et al. (2015). This is de�ned as:

D =

R
A (Uax )2dA

Q2A
� 1

where A is the cross-sectional area and Q is the local volumetric 
ow rate. The D

parameter represents the relative di�erence between the streamwise momentum 
ux of
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the actual 
ow and that of a plug 
ow carrying the same mass 
ow rate. For context,

fully developed laminar (parabolic) and turbulent (1/7th power law) pipe 
ows have

values D = 1/3 and D = 0.02, respectively. The D parameter is a measure of longitu-

dinal dispersion due to the mean 
ow, being associated to the amount of axial strain

experienced by the 
uid at each cross section.

Figure 2.8: Momentum distortion parameter along the medial path for selected
Reynolds numbers

Figure 2.8 plots the D parameter as a function of the streamwise abscissa SM for

di�erent Reynolds numbers. Trends along SL are su�ciently similar to be omitted here

for brevity. We discuss only the results within the branches, as in the carinal regions the

appropriate cross-sectional area is not trivial to de�ne. In this and successive line plots

in this section, only a subset of all investigated Re cases is shown, so as to illustrate the

trend without cluttering the �gure. Levels of the D parameter close to the theoretical

value of 0.33 are found inG0 for the laminar cases, while lower values are found for

the transitional and turbulent cases, as expected. TheG1 branch displays much higher

D values at the entrance of the branch, due to the strong gradient in velocity pro�le

across the branch diameter of the �rst bifurcation (seeFigure 2.5 ). The D parameter

decreases signi�cantly along the branch, due to viscous e�ects dampening the strong

velocity gradients and secondary 
ows spreading the axial momentum in the transverse

plane. In G1, the values of D increase with Reynolds number up to Re = 20003000 and

then markedly decrease. This can be interpreted as a consequence of the turbulence

transport enhancing the transverse momentum transfer and di�using the mean velocity

gradients. The e�ect of turbulence 
uxes on the mean 
ow attenuates mean longitudinal
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dispersion and leads to the progressive decrease in D up to the highest considered regime

of Re = 5000. G2 shows much lower D values, indicating that the streamwise velocity

is more uniform across the cross sections in the branch. We remark that the D values

in the daughter and granddaughter branches (D = 0.1 - 0.5) are consistent with those

found by Banko et al. (2015) in a realistic airway model based on the CT scan of a

human subject.

2.4.2 Steady exhalation

Like the analysis above, we �rst focus on the streamwise velocity �elds responsible for

the bulk advective transport during steady exhalation. Figure 2.9 shows contours of

the velocity magnitude along the plane of the x-y bifurcation for the cases Re =250

and 2000, the latter displaying qualitatively similar behavior as Re =1000 and 4000.

The 
ow streams from G2towards G0, merging after each junction. As the streams

from G2L and G2M merge, a high-momentum region is created at the center ofG1,


anked by low-momentum regions near the wall. At Re =250 the velocity gradients in

G1 are relatively mild, while at Re =2000 the high momentum of both streams leads to

a jet-like merging with sharp jumps in velocity magnitude. This is also illustrated by

B-Bsection, which shows that the high-velocity region extends across the entire branch

in the direction normal to the bifurcation plane. Secondary velocity vectors are also

displayed, highlighting streamwise vortices whose structure and propagation will be

addressed later in this chapter.
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Figure 2.9: Contours of velocity magnitude along the bifurcation plane and streamwise
velocity along cross sections A-A' and B-B', for steady exhalation at Re = 250a) and
Re = 2000 b) . Secondary 
ow vectors are shown in the cross sections. A reference
velocity vector is shown at the bottom left.

Figure 2.10 shows the streamwise velocity pro�les along the bifurcation plane in

G1 and G0 (stations B-B' and A-A', respectively). At G1 [Fig. 2.10(a) ] the pro�le for

Re =250 is fairly symmetric around the branch centerline, re
ecting the symmetry of

the local geometry, and the increase in velocity from the wall to the center of the branch

is gradual. For higher Re, as mentioned above, the fast-central region contrasts with

the slower 
uid near the walls, a feature also noted by Lieber and Zhao in their classic

single bifurcation study. However, the mutual impact of the successive bifurcations is

evident in the asymmetry of the pro�les at B-B' for Re =2000 and Re =4000, which are

in
uenced by the downstream turn at the G1-G0 junction. At G0 [Fig. 2.10(b) ] the

velocity pro�le for Re =250 displays two peaks, resulting from the merging of the two

pointy pro�les from the daughter branches. For Re 1000, the distribution 
attens due

to the strong secondary velocities pushing the 
uid away from the center of the branch.

This is in contrast with the Re =250 case, where the secondary 
ows have opposite
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sense of rotation (as discussed below).

Figure 2.10: Streamwise velocity pro�les under steady exhalation for all considered
Reynolds numbers, at stationsa) B-B' and (b) A-A'.

Turbulent or unsteady transport is also likely to play a role in blunting the pro�le

at the higher Re, but this is not quanti�ed here. Figure 2.11 shows D as a function

of the streamwise abscissa for the various Re, averaged between the medial and lateral

paths (which were negligibly di�erent). Here again, we report only the results within the

straight branches since the streamwise components in the carinal regions are not trivial

to identify univocally. At G2, D is around the theoretical value 0.33 for the lower Re

cases (supposedly laminar and fully developed), while at higher Re the pro�les are 
atter

and D decreases accordingly. AtG1, D remains relatively high for Re =250, re
ecting the

pointy shape of the velocity distribution, and is almost constant throughout the branch.

With increasing Re, because of strong secondary 
ows spreading the momentum over

the cross section, D decreases and tends to drop along the branch. ByG0, the value of

D for Re =4000 is close to the expected value for fully developed turbulent pipe 
ow.

Overall, D has lower values compared to the inspiratory case for the same Reynolds

numbers, indicating generally 
atter pro�les ( Zhao and Lieber 1994).
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Figure 2.11: Momentum distortion parameter D under steady exhalation for all con-
sidered Reynolds numbers. The 
ow direction is towards smaller values of the abscissa

2.5 Secondary 
ows & streamwise vorticity

2.5.1 Steady inhalation

The secondary velocities at each cross section are responsible for the so-called augmented

or lateral dispersion, which can induce strong mixing especially in regions of reduced

streamwise velocities (Fredberg 1980). According to previous experiments in single and

double bifurcations, we expect pairs of counter-rotating vortices (Zhao and Lieber 1994;

Fresconi and Prasad 2007). The parameter dictating the formation and strength of this

type of secondary 
ows is usually considered the Dean number, Dn, which represents

the ratio of centrifugal forces to viscous forces and is de�ned here in each branch (Dean

1927; Doorly and Sherwin 2010):

Dn i = Rei

s
D i =2
Ri

Rei is the local Reynolds number associated to the ith generation branch with diam-

eter D i and velocity Ui , Ri being the radius of curvature of the airway centerline in the

carinal region of the bifurcation upstream of the ith branch. In the present geometry,

the bifurcation centerlines do not follow exactly circular trajectories, but are closely

approximated by circular arcs with radii of curvature R1 = r1 + D1=2 = 50 mm and

R2 = r2 + D2=2= 56.3 mm wherer i is the radius of curvature with respect to the outer
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wall of the carina (seeFig. 2.1 ). The values of both Rei and Dn i are reported in Ta-

ble 2.2 , accounting for the measured asymmetry in 
ow partitioning and (therefore in

Reynolds number). For all branches,Dn i is well above the critical value of 10 for which

counter-rotating Dean vortices were observed by Fresconi and Prasad (2007), suggesting

that Dean vortices should be found in all branches and stronger ones in the proximal

generations.

Figure 2.12: Contours of normalized streamwise velocity (top), out-of-plane vorticity
(middle), and in-plane velocity vectors (bottom) vectors at cross section BB for selected
Reynolds numbers

Figure 2.12 shows vectors of in-plane velocity superimposed to contours of stream-

wise vorticity ! along a cross section of the daughter branchG1. Vorticity is calculated

from a standard second-order central di�erence scheme for each component and then

projected along the streamwise direction. For all considered Reynolds numbers, the

Dean mechanism drives the formation of secondary 
ows in this generation: the low
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momentum 
uid far from the plane of the bifurcation (i.e., far from the xy symmetry

plane de�ned in Fig. 2.1 ) experiences a transverse pressure gradient stronger than the

centrifugal force and is pushed toward the center of curvature of the airway (i.e., away

from the carina and toward the outer side of the bifurcation, side B in the �gure). These


uid layers merge at the plane of the bifurcation and push the core 
uid away from the

center of curvature of the airway (i.e., toward the inner side of the bifurcation, side B

in the �gure). This produces a pair of counter-rotating vortices 
anked by near-wall

shear layers. The strength, shape, and position of the vortices change signi�cantly with

Re. As Re increases, the vortex cores move toward the outer side of the bifurcation and

move toward the xy symmetry plane and closer to each other. The high vorticity cores

display elongated tails that stretch along the near-wall shear layers. The streamwise

vorticity increases up to Re = 2000, in which the transverse velocities can be as high

as 17 % of the local bulk velocity. At higher Re, ! becomes weaker and more di�use,

again as a consequence of turbulent di�usion smoothing the mean velocity gradients.

Re0 Re1 Dn 1 Re2;M Dn 2;M Re2;L Dn 2;L

100 62 25.3 47.5 14.8 42 13.1
250 153.5 62.6 121.7 38 99.4 31.0
500 291.7 118.9 236.2 73.7 187.6 58.6
1000 579.7 236.1 489 152.7 295.4 92.2
2000 1148.3 468 1012.2 316 683.4 213.4
3000 1599 651.7 1490.5 465.4 911.3 284.6
4000 1963.9 800.3 1853.4 578.7 1136.6 354.9
5000 2710.2 1104.5 2421.8 756.2 1614.6 504.2

Table 2.2: Summary of Reynolds numbers and Dean numbers in all generations

Figure 2.13 shows streamwise velocity contours as well as secondary velocity vectors

overlaid to streamwise vorticity contours along cross sections ofG2M and G2L . For Re

up to 250, the medial granddaughter branch shows a qualitatively similar trend as the

previous generation, with counter-rotating vortices and shear layers oriented as dictated

by the Dean mechanism. This is in agreement with the PIV measurements of Fresconi

and Prasad (2007). For Re = 500, however, the pattern is more complex, and an
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additional vortex pair appears close the inner side of the bifurcation (side C in the

�gure) and pushes the Dean vortices toward the branch perimeter. A similar four-

vortex pattern was found in the study of Leong et al. (2009) in a double bifurcation

at Re = 280. Above Re = 500, the latter vortex pair dominates, and as a result the

secondary 
ow pattern is characterized by two counter-rotating vortices oriented in the

opposite way with respect to the classic Dean mechanism. These secondary velocities

are also particularly strong, being as high as 30 % of the local bulk velocity for Re =

2000. Such change in topology is due to in
uence of the Dean vortices generated inG1

and extending into G2.
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