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Abstract
Although liquid ventilation has been researched and studied for the last six decades, it did
not achieve its expected optimal performance. Within this work, a deeper understanding
of the fluid dynamics during liquid ventilation shall be gathered to extend the already
available clinical knowledge about this ventilation strategy. In order to reach this goal,
advanced optical flow measurement techniques are applied in different models of the
human conductive airways to obtain global velocity fields, identifying prominent flow
structures and to determine important dissolved oxygen transport paths. As the velocity
measurements revealed, the evolving flow field is strongly dominated by secondary flow
effects and is highly dependent on the local airway geometry. During the visualization
experiments of the dissolved oxygen concentration fields, different transportation paths
occur at inspirational and expirational flow. The initial concentration distribution can
be linked to the underlying flow fields but decouples after the peak velocity phases.
With higher flow rates/ tidal volumes, a more homogeneously distributed oxygen
concentration can be reached.

Kurzzusammenfassung
Trotz intensiver Forschung in den letzten sechs Jahrzehnten, befindet sich die Flüssigkeitsbeatmung immer noch weit entfernt vom klinischen Alltag. Mit dieser Arbeit soll
ein Beitrag geleistet werden, um das Wissen um die strömungsmechanischen Effekte
während der Flüssigkeitsbeatmung zu vertiefen. Dazu werden verschiedene Modellexperimente durchgeführt, bei welchen moderne laseroptische Strömungsmessmethoden
zum Einsatz kommen. Untersucht werden dabei unterschiedlich komplexe Geometrien
der leitenden menschlichen Atemwege mit dem Ziel wesentliche Strömungsstrukturen,
globale Geschwindigkeitsfelder und wichtige Transportwege des gelösten Sauerstoffs
zu identifizieren. Die Geschwindigkeitsmessungen zeigen ein stark durch sekundäre
Strömungseffekte dominiertes Geschwindigkeitsfeld, welches wesentlich von der lokalen
Geometrie abhängig ist. Durch die qualitative und quantitative Erfassung der gelösten Sauerstoffkonzentrationsfelder können wichtige Transportwege aufgedeckt werden.
Diese unterscheiden sich deutlich zwischen inspiratorischer und expiratorischer Strömungsrichtung. Die initialen Konzentrationsfelder stimmen mit den unterliegenden
Geschwindigkeitsfeldern überein, unterscheiden sich ab der verzögernden Strömungsphase jedoch. Höhere Volumenströme/Tidalvolumen tragen dabei zu einer gleichmäßigeren
Konzentrationsverteilung bei.
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1
Introduction
1.1

Motivation

Breathing liquids is commonly associated with marine life and probably never neither
with terrestrial mammals nor, more specifically, with humans. Without any further
considerations, the gas exchange within the mammal lungs would be severely disturbed,
when an external liquid blocks the lower alveolar lung regions. But, as research with mice
performed by Kylstra et al. [68] indicated in the early 1960s, the mammal lung is capable
of providing a sufficient gas exchange of up to several hours in a liquid environment,
when a highly oxygenated electrolyte solution is utilized. Several parameters have
already been investigated within this study, such as the influence of temperature,
pressure and oxygen concentration on the survival time. A comparison between the
electrolyte solution, tapped and sea water was performed as well. It was found, that
some mice could withstand even pressures up to 100 bar for several minutes as a result
of their liquid filled lung. This finding marked their conclusion and assumption, that it
might be possible for a human to survive a submarine accident with a liquid filled lung.
But most importantly, the study layed the foundations and opened up the research
field of a novel medical ventilation strategy, which is nowadays described as liquid
ventilation.
After the discovery of perfluorocarbon (PFC) liquids as suitable breathing media by
Clark Jr. and Gollan [25], these fluids have become the standard fluid during liquid
ventilation procedures. The main advantages of PFCs over previously incorporated
1
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liquids can be explained by their superior chemical properties. They are non-toxic, inert
and have a reportedly high gas solubility for both oxygen and carbon dioxide [116]. Due
to their high density and low surface tension, perfluorocarbon liquids distribute evenly
within the human lungs [98] and lower the necessary pressure to recruit the lungs [87].
Furthermore, it was found that PFC liquids can have an anti-inflammatory effect [26] in
the alveolar region and they can help removing respiratory debris like meconium [8, 78].
But it was also found, that residuals of PFC are detectable even after 15 years after
a patients treatment with liquid ventilation [109] and little is known about long-term
side effects.
Despite the ongoing research since the second past of the last century and a variety
of investigated applications for liquid ventilation, such as the treatment of pre-term
infants [40, 41, 70, 18], surfactant therapy [20], the treatment of patients suffering
from acute respiratory distress syndrome (ARDS, [48, 62]) or the possibility of an
ultra-fast cooling after a cardiac arrest ([21, 85, 91]), it could not be established as a
routine ventilation strategy in the clinical daily life. This is partly due to it’s inability
of proofing a significantly better performance in comparison to modern conventional
mechanical ventilation (CMV) strategies [37] but it may also be attributed to a lacking
understanding of all involved physical effects, such as the gas transport within the
PFC or the properties of the flow, which might strongly differ from those during CMV.
Medical imaging techniques just lately reached a state, at which they are able to
produce time-resolved observations of the processes inside the lungs at a moderate
spatial resolution.
Up to this point, the thorough flow characterization could solely have been investigated
experimentally, analytically or via numerical simulations in airway replicas. With these
approaches the flow properties during normal resting [1, 17] to exertion conditions [11, 52]
have been investigated. Furthermore, dedicated studies covering specific ventilation
studies, such as CMV or high-frequency oscillating ventilation (HFOV) have been
conducted [6, 15, 22]. But similar research work answering liquid ventilation specific
problems cannot be found in the literature although it was pointed out by Robert et al.
[94] in a numerical analysis, that certain limitations of the LV techniques are set by
fluid dynamic effects.
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Research objectives

The aim of this dissertation is to gain a deeper understanding of the underlying flow
physics involved in liquid ventilation by approaching the topic from a fluid dynamic’s
perspective. As a result, the actual users of the liquid ventilation strategies, namely
medical practitioners and researchers directly involved in the application process, shall
be provided with a qualitative description of the most important flow structures as
well as with quantitative measures of the impact of different ventilation parameters.
Furthermore, the general knowledge base about the flow properties within the human
upper tracheobronchial tree shall be extended by this work. This shall be achieved by
the use of modern, advanced optical measurement techniques, which offer novel
insights to the flow phenomena. As some of the experimental methods are utilized
for the first time in this research context, their performance shall also be tested and
recommendations about their future implementation shall be given.
In more detail, it shall be investigated how the overall flow structures during liquid
ventilation conditions evolve and whether there are major differences between different
boundary conditions. The flow characterization shall identify large flow structures
throughout the whole ventilation cycle and shall answer how the flow properties scale
with varying parameters. As it is assumed, that the flow is strongly influenced by the
airway geometry, different lung models with various degrees of complexity shall be
investigated to proof this assumption.
Additional experiments shall be conducted, which primarily intend to visualize the
dissolved oxygen phase. By performing these measurements, the major oxygen transport paths shall be determined, differences between various main flow states (steady
and oscillatory flow) be pointed out and a general overview of the mixing processes
within the human airways be given.
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Outline

In order to reach the aforementioned objectives, a further look on state of the art
methods of liquid ventilation will be taken in Chapter 2. In addition, this chapter will
also review past experimental fluid dynamic research work. With this review, suitable
experimental approaches for this work will be identified and it will be clarified at which
points further work needs to be done.
In the following, the experimental investigation is split into two major parts. The first
of the both is presented within Chapter 3 and will cover the characterization of the
global flow velocity fields. Within this part of the dissertation two different complex
three dimensional replicas of the upper bronchial airway tree are investigated and an
oscillatory main flow is imposed to model real ventilation conditions. For the first time,
the three-dimensional Particle Tracking Velocimetry (3D-PTV) technique will be applied
within the research field of human lung flows, which will offer new insights into the
Lagrangian properties of the flow. Furthermore, the more established two-dimensional
Particle Tracking Velocimetry (2D-PTV) will be utilized, too, primarily with the aim
of benchmarking a new lung model and to determine turbulent kinetic energy fields.
In the second experimental part of this work (Chapter 4) the optical measurement
technique Oxygen Sensitive Dyes will be introduced within the liquid ventilation research
context. This technique enables the determination of dissolved oxygen concentration
maps and can be used to visualize important transportation paths during different
ventilation parameter sets. The experiments will be conducted within two simplified
lung replicas in order to establish the measurement technique and to characterize the
performance and limitations of the experimental approach. Both, constant flow rates
and oscillatory flows will be modeled.
At the end of this work the most important results and discussions will be put in the
context of the pre-defined objectives in Chapter 5. Followed by this, suggestions about
subsequent research studies will be given in Chapter 6.

2
State of the art
2.1

Liquid Ventilation

As listed in the previous chapter, liquid ventilation has been proposed to cover a wide
range of applications. Within this section, the technical aspects shall be highlighted in
more detail. Thus, the following questions shall be answered: How is liquid ventilation
performed and are there different ventilation strategies? Which PFC liquids are
commonly used? What are typical ventilation parameters and how do they compare to
conventional mechanical ventilation?
Concerning the first question, there are two main ventilation strategies. These are the
total liquid ventilation (TLV) and the partial liquid ventilation (PLV). Historically,
TLV has been the first implementation of the idea of liquid ventilation and PLV has
been developed in the following. During TLV the whole lung volume is completely
filled with PFC via a tracheal tube (see Fig. 2.1). The tube itself is connected to a
dedicated liquid ventilation machine/ ventilator. A closed loop operation is achieved by
pumping the PFC from a heated and oxygenated reservoir into the lung and out of it.
Only a view technical studies are available about the development of liquid ventilation
ventilators. A large part of these studies are from the research group developing the
Inolivent concept [93].
In order to get an overview about used ventilation parameters during TLV, chosen
studies are presented in Table 2.1. Within this table, the ventilation parameters are
given as they are commonly reported in the medical literature. The tidal volumes
5
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Figure 2.1: Sketch of the human lungs with the applied liquid volumes for the different
liquid ventilation strategies. (a) During Total Liquid Ventilation (TLV) the whole lung
volume is filled with a perfluorocarbon (PFC) liquid. The PFC is pumped in and out
of the lung with a specialized ventilor, in which the liquid is oxygenized and the carbon
dioxide is removed. (b) For Partial Liquid Ventilation (PLV), only the residual lung
volume (e.g. the lowest airway generations) is filled with PFC and the gas exchange
occurs at the PFC-air interface. A conventional mechanical ventilator can be used
during this treatment.
are never absolute volumes but body mass specific volumes with the unit of ml kg.
Therefore, to estimate the required absolute tidal volume for a specific subject/patient,
the tidal volume values in Tab. 2.1 must be multiplied with the individual’s body
mass. Breathing frequencies are usually not given in the SI unit Hz but rather in a
more practical way as breaths per minute. Corresponding to Tab. 2.1 the applied
tidal volumes are in a range from 10-20 ml kg−1 but also smaller and even values up to
28 ml kg−1 are reported. For a better understanding of these values, an average person
with a body weight of around 65 kg and a total lung volume of 6 l can be imagined,
which would result in an applied tidal volume of approximately 0.5 - 1.8 l. Therefore,
only 10 -30 % of the whole lung volume is directly exchanged per ventilation cycle. In
order to theoretically exchange the complete volume, a total number of 4 -10 cycles
would be required. This may be a very simplified calculation, since the fluid in the
very lower generation is not exchanged due to the very low flow velocities and the
domination of diffusive mass transport, but it should give a rough understanding about
the applied volumina during the liquid ventilation strategies.
With 2-10 breaths per minute, the ventilation frequency covers an equally broad parameter range. The main advantage of TLV is the precise control of all important ventilation
parameters, such as the oxygen concentration, temperature, pressure and dosing of the
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Table 2.1: Overview of selected studies covering either Total Liquid Ventilation (TLV)
or Partial Liquid Ventilation (PLV). In addition to the treated subjects, the employed
specific tidal volumes (in relation to body mass) and breathing frequencies are given.
Strategy

TLV

Author

Subject

Greenspan et al. [41]

preterm neonates
with ARDS
newborn lambs
rabbits after
cardiac arrest
rabbits with ARDS
newborn lambs
with surfactant
deficiency

Bossé et al. [18]
Chenoune et al. [21]
Rambaud et al. [91]
Sage et al. [98]

Leach et al. [70]

PLV

Mates et al. [80]
Hirschl et al. [48]
Zobel et al. [126]
Kacmarek et al. [62]

premature infants
with ARDS
healthy piglets
adults with ARDS
piglets with ALI
adults with ARDS

Tidal
Volume
[ml/kg]

Frequency
[breaths/min]

15

2-3

28
7 - 10

5.6
6

8 - 10
11 - 14

9
6 - 10

8

N.A.

16 - 17
10
9 - 12.5
8-9

20 - 24
15
24
19 - 20

PFC. But in order to perform the TLV, a large amount of liquid is necessary as well as
specialized ventilation machines. To overcome these shortcomings, the partial liquid
ventilation technique has been developed with the aim of preserving the advantages
of TLV but by reducing the technical effort. This is achieved by filling just the lung’s
residual volume (~1 l) with PFC (see Fig. 2.1) and perform the actual ventilation with
the aid of conventional mechanical ventilators. Therefore, the delivered fresh oxygen has
to be dissolved at the resulting liquid-gas interface. Since only the gaseous phase can
be controlled and monitored, the properties of the PFC during ventilation are unknown.
It becomes clear, that despite of seemingly being quite similar to the TLV approach,
PLV involves more complex physical effects, which complicates it’s optimal operation.
Tidal volumes and ventilation frequencies are reported to be in a range of 8-17 ml kg−1
and up to 15-24 breaths per minute, respectively (see Tab. 2.1).
There are still no general recommendations for optimal ventilation parameters, as it is
indicated in Table 2.1 by the broad ranges of applied tidal volumes and frequencies. This
makes the findings of favorable ventilation parameters for TLV and PLV an ongoing
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Table 2.2: Physical properties of perfluorocarbon (PFC) liquids used in the research of
liquid ventilation (based on [104]) and exemplary studies incorporating the different
liquids along with physical properties of water and air.
Name

Formula

FC-77

(C8 F18 )n
.(C8 F16 O)m
Perfluorodecalin
C10 F18
Perflubron
C8 F17 Br

Water
Air

H2 0
-

Kin.
Oxygen
Density
Viscosity
solubility
[g/cm3 ]
[m2 /s]
[mlgas /100 mlliq ]

Studies

1.77

0.8·10−6

50

[59, 60]

1.95
1.93

2.9·10−6
1.1·10−6

49
53

[7, 18, 101]
[20, 62, 98]

997
1·10−3

1·10−6
15·10−6

8
-

-

subject of current research. But it is notable, that the ventilation frequencies are
significantly higher for PLV applications than for TLV therapies.
As far as the choice of the specific PFC liquid goes, a major concern for the clinical
application of liquid ventilation is the availability of medical grade compounds. There
are just a few producers, which offer these but a variety of PFC liquids have been
tested and characterized for their theoretical application [105]. An overview of some of
the most important PFCs with their physical properties are given in Table 2.2. The
densities are approximately twice as high and the amount of soluble oxygen is around
twenty times higher as compared to water. These high densities improve the removal of
meconium from the airways [20, 78]. The viscosities tend to vary across the different
perfluorocarbons. Depending on the chemical formula, similar values than for water
have been measured but especially Perfluorodecalin has a viscosity around three times
higher than the other PFC liquids. But when comparing the viscosities with air, they
are much smaller. This can lead to lung flows with higher turbulent intensities during
LV as compared to normal breathing or CMV strategies.

2.2

In vitro modeling

A major problem in the advancement of the research about liquid ventilation is the lack
of a full understanding of all involved physical effects. Especially the flow conditions
inside the lungs are not completely understood in every detail, yet. Despite having
access to modern medical imaging methods, such as magnetic resonance tomography
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(MRT) or computed tomography scans (CT), the spatial and temporal resolution of
such systems are still too coarse for detailed flow studies. In addition, they are also
very expensive, when an investigation of a larger parameter set has to be considered.
Nevertheless, they are the only possibility to actually measure in an in vivo approach.
Another path, with which more insight into the flow can be gained, is the in vitro
modeling. Within such an in vitro approach, the physical problem is not observed within
the living organism but outside of it. For the context of the research of the human lung
this can be translated to the growing of lung tissue outside of the body or, especially
within the fluid dynamic research community, the modeling and building of idealized or
realistic representations of the airways. For this latter approach, the term in replica has
been introduced recently [75] but within this thesis it will be used interchangeably with
the term in vitro. Nevertheless, it should be emphasized, that different research fields
may draw a more strict distinction between both terms. Additionally to experimental
investigations and with the increasing power of modern computers it became possible
to conduct high resolved numerical simulations by means of Computational Fluid
Dynamics (CFD) of the flow within the human respiratory system (e.g. [67, 88]). With
CFD techniques it is possible to gain new insights into the flow physics. But as it is a
very broad field for itself and this work focuses only on experimental methods, CFD
studies will not specifically be considered in the following sections.
The most obvious drawbacks to accompany in vitro modeling approaches are, that
it is impossible to recreate all realistic boundary conditions, to consider all involved
mechanisms or to get a direct feedback of the whole biological system. But on the
other hand it enables the incorporation of a variety of different measurement techniques,
which could otherwise not be utilized. While important research with respect to the
applied measurement techniques will be discussed in the sections 2.3 and 2.4, past
studies will be reviewed by their use of different lung models/replicas, in the following.
A few of the first in vitro studies have already been performed in the 1960s by Dekker [29]
along with Hyatt and Wilcox [51] and Schroter and Sudlow [103]. From then on many
research works covered different flow aspects, airway models and breathing/ventilation
parameters. With respect to the incorporated lung models, these research works can
be differentiated by their use of either idealized/simplified lung geometries or realistic
replicas. A vast amount of studies (e.g. [92, 35, 52, 15]) incorporated physiological
data obtained by Weibel [114]. The work of Weibel includes a thorough morphological
analysis of various real lung casts. Based on this analysis, Weibel suggests mathematical
approximations of different geometric parameters, such as the airway diameter or the
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cross-sectional area in dependence of the lung generations. According to this study,
Weibel exemplary found, that the airway diameters di can be approximated as a function
of the branching generation i and the diameter of the trachea d0 with
di = d0 · e−0.388i

for i ≤ 3

(2.1)

di = d00 · e−(0.2929−0.00624i)i

for i > 3.

(2.2)

Studies using Weibel’s approximations can be interpreted to model an idealized flow
without taking patient-specific alterations into account. Since most works reproducing
lung geometries with Weibel’s data also limit their replicas to be symmetrical, a further
degree of abstraction with respect to the real lung is reached. In a similar approach to
Weibel, Horsfield and Cumming [49], performed morphological measurements. Their
main contribution can be seen as the proposal of statistical data for the airway branching
angles and diameters. With these data, it is possible to construct idealized geometries
with asymmetric branching, such as Adler and Brücker [1] did.
Within the totality of all idealized lung airway models, they can further be differentiated
by their number of branching generations. Experiments covering a single bifurcation
[45, 71, 73, 103, 112] or a double bifurcation [52, 92, 97] have been performed as well
investigations with multi generation models [1, 15, 35, 64]. But as Jalal et al. showed,
larger flow structures can persist within more than one generation and therefore multi
generation models should be preferred [52]. Despite the simplified geometrical features,
the Weibel and Horsfield geometries offer the advantage of limiting the occurring flow
phenomena to the most representative ones. This eases the interpretation of the results
and as the models are based on well defined mathematical formula, it is easy to share
these geometries and to compare and match them with previous studies.
When reviewing the past research work with realistic lung replicas, this becomes
important. Since different research groups use different patient-specific replicas and flow
parameters their inter-study comparability is very limited. Within the investigations
of Grosse et al. [42] a realistic geometry from the trachea down to the sixth airway
generation was created but no further information on the data’s origin can be found.
The studies of Banko et al. [10] and Banko et al. [11] both used the same replica. It
incorporates the whole upper airways from the mouth, pharynx, larynx and trachea
down to a maximum of eight airway generations. As the authors described, the model
originates from the numerical work of Zhang et al. [125] and is obtained from a 47
year old, healthy male via CT scans. A similar model was used by Elcner et al. [32]
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but the model covered a smaller part of the upper airways (throat to fourth bronchial
generation). Furthermore the whole replica consists of CT scans from two different
adults. Originally, the used airway geometry has firstly been proposed by Lizal et al.
[74], which does also include the mouth cavity and pharynx. Up to this point, the used
lung geometries of all research groups have nearly exclusively been used within the
same group and no independent studies have been performed on the same geometry
from other persons. Only recently, the SimInhale benchmark case has been proposed
by Koullapis et al. [67] with the aim of providing a freely accessible patient-specific
airway model, which can be analyzed by different researchers. The model is based on
the already cited study of Lizal et al. [74].
Next to all described lung models, there are certain geometric features, which cannot
be represented easily and have only be investigated in a handful of studies. These are
for example the cartilaginous rings found in the trachea and the very first generations
of the bronchial tree. As found by Evans et al. [17] and Segnini et al. [84], these
rings impact the flow and may have a major influence of particle transport within the
human airways but are neglected in most studies. Most parts of the human airways
are furthermore covered with mucus, which changes the occurring flow resistances [65].
Since the modeling of the mucus layer is very difficult in complex models, the mentioned
study could only be performed in a single circular tube. As a last point the missing
elasticity of all aforementioned models shall be mentioned. The real lung inflates and
deflates throughout the breathing cycle, which drastically changes the cross-sectional
area of the airways and supposedly the flow conditions. Airway replicas incorporating
a realistic compliance are very hard to manufacture and these effects may be best
investigated by means of CFD such as in the work of Xia et al. [122].
The previous overview should cover all major developments of the recent use of in
vitro/in replica models for the research of human lung flows but it can by no means
mention every past research work. For a broader review of the development of different
lung models the review articles of Lizal et al. [75] and Ahookhosh et al. [4] are
recommended.

2.3

Flow measurements

Up until now, no dedicated studies covering the flow characterization during liquid
ventilation have been performed to the knowledge of the author of this thesis. But,
as it will be described later in section 3.1.2, the conditions during liquid ventilation
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can be compared with previous work conducted under similar parameters if certain
hydrodynamic characteristic numbers are equal. With this in mind, a brief overview
of recent experimental fluid dynamic studies, covering the human lung flow, shall be
presented within this section. A more extended review on experimental methods can
be found in Lizal et al. [75].
Various different measurement techniques have been utilized in the past. They range
from one-component & one-dimensional (1C1D) to advanced three-component & threedimensional (3D3C) measurement methods. Within the 1C1D approaches, Elcner et
al. [32] incorporated the Phase Doppler Anemometry (PDA) technique with the aim
of determine mean velocity profiles at several cross-sections within a realistic replica
of the human airways. A similar technique, the Laser Doppler Anenometry (LDA),
has been used by Kerekes et al. [64] to measure mean velocity profiles within the first
generations of the bronchial tree. The advantage of these 1C1D techniques is the high
sampling frequency with which the velocity data can be acquired. But, as LDA and
PDA rely on an exact positioning of at least two laser beams in a small volume (less
than a millimeter in width and height), it can be really difficult and time consuming
to set up a proper alignment of all optical components. Especially, in the case of a
complex geometry, such as the human lungs, the crossing of several media interfaces
and curved boundaries, hinders the application of LDA and PDA even further.
Since the first application of the Particle Image Velocimetry (PIV) in the 1970s [12, 43],
it has found a widespread use for the investigation of the flow within the human airways.
The main advantage of the PIV technique over the aforementioned 1D1C methods is,
that it results in a global velocity field across a whole measurement plane (2D2C). The
set up of all optical components is more convenient as just a single camera has to be
positioned perpendicular to the illuminated field of view. An exemplary study utilizing
the PIV method is the work from Fresconi and Prasad [35]. Their main focus within
this research was set on the evolving secondary flows (Dean vortices) within the curved
airway branches. Another, more recent work is from Bauer et al. [15], who studied
the flow properties during high frequency oscillatory ventilation (HFOV) inside the
neonatal conductive airways. With the aim of investigating emerging flow patterns
during the breathing cycle, Große et al. [42] applied a time-resolved PIV set up and
they have been able to resolve mean velocity fields as well as main vortical structures
for a various number of bulk velocities and breathing frequencies.
By incorporating a second camera to the experimental set up and a laser-sheet scanning
unit, Soodt et al. [107] could utilize the stereo-scanning PIV technique and obtain quasi
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three-dimensional and three-component measurements. A drawback of the scanning
light sheet approach is the limited temporal resolution, which is determined by the
number of mirror facets and the rotation speed of the polygon mirror. Because of this,
the flow velocity for the oscillating flow case described by Soodt et al. are very low and
not representative for the realistic flow within the main carina.
Some of the first real 3D3C measurements have been achieved by using the Magnetic
Resonance Velocimetry (MRV) technique. With this approach, the flow field is reconstructed by using a Magnetic Resonance Imaging (MRI) scanner, which makes
it necessary to choose special working fluids with suitable magnetic properties. The
expenses of such an instrumentation are also very high but insightful results can be
obtained. As Jalal et al. [52] could show with the MRV technique, the strength of the
secondary flows within a simple branching model does not increase indefinitely as the
main flow velocity increases but reaches a plateau at a certain flow rate. A MRV study
with a more realistic lung replica was conducted by Banko et al. [10] and Banko et
al. [11]. Each of the studies only covered just a single flow rate, which makes it not
possible to obtained overall trends with increasing of decreasing flow velocities.

2.4

Gas transport

In contrast to CMV, where the gaseous oxygen is carried within the gaseous phase (air),
the oxygen is carried by the perfluorocarbon liquid during liquid ventilation. This adds
new complexity and physical effects to the oxygen transport during these ventilation
strategies. It is therefore important to understand the exact transport paths and
influences on the dissolved oxygen distributions to also understand the whole ventilation
procedure. But very few studies actually tried to visualize the dissolved oxygen during
liquid ventilation. First studies tried to determine the performance of liquid ventilation
via indirect methods. Mates et al. used the multiple inert gas elimination technique
(MIGET) to characterize shunt and ventilation-perfusion distributions in healthy piglets
undergoing PLV [80]. During the MIGET procedure the blood is enriched with six
inert gases. The concentration of these gases are monitored within the blood and the
ventilated air. From these readings, ventilation-perfusion ratios and other pulmonary
values can be calculated. But this cannot be done for separate lung areals as the results
only deliver overall averaged results. Another measurement technique to quantify the
effect of liquid ventilations, which is based on the characterization of the pulmonary
blood flow, is the use of radio-labeled microspheres. Doctor et al. applied this technique
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to observe changes of local blood flow patterns during the transition from CMV to PLV
in lambs [30]. Differently labeled micro spheres are injected in an hourly interval in order
to obtain time dependent results. After the injection protocol, the lung is divided in
smaller segments and the deposited micro spheres are measured with a gamma counter.
This procedure allows a rough spatial analysis of the PLV’s performance. But since
the lung has to be dissectioned, no observation during the actual ventilation is possible.
A more detailed view on the impact of PLV on the perfusion-ventilation distribution
has been achieved by Harris et al. [44]. In their experiments, the positron emission
tomography (PET) technique was used. Global maps of perfusion and ventilation could
be captured by the PET scans. From the last mentioned previous measurements a
clear difference of blood flow patterns can be marked between CMV and PLV. But
nevertheless, the actual oxygen distribution within the lung itself could not be identified.
Only recently, medical imaging techniques have become powerful enough to measure
oxygen concentrations in the lung area during different ventilation strategies. Especially,
advancements in magnetic resonance imaging (MRI) enabled the determination of
gas transport mechanisms during liquid ventilation [47, 69, 102] by the application
of 19 F-MRI. With 19 F-MRI technique it is possible to reconstruct three-dimensional,
high-resolution (≈ 300 µm) oxygen concentration fields [115]. The spatial resolution is
sufficient to image the largest airway generations but may be to coarse for an observation
of the alveolar regions. Furthermore, time-resolved image acquisition procedures have
been proposed as well.
All in all, medical imaging techniques have made great advancements in the past years
and will even improve further. Nevertheless, the investigations are expensive, time
consuming and often limited on animal models of the human airways. As already
mentioned in Sec. 2.3 engineering approaches with in vitro/in replica measurement
techniques can help to reduce the effort of such experiments and to minimize the
use of laboratory animals. A suitable measurement technique to expand the medical
measurement procedures is to take advantage of fluorescent, oxygen quenchable dyes
to determine dissolved oxygen concentrations [23, 38, 81, 95]. Such dyes are used in
aqueous solutions and can be excited by a suitable light source. Their intensity response
and fluorescent lifetime is dependent on the dissolved oxygen concentration within the
investigated liquid. One of the earlier works utilizing this technique was performed
by Ware [113] with the aim of measuring diffusion coefficients and rate constants of
oxygen quenching of different aromatic hydrocarbons in different solvents. From then
on, the use of similar fluorescent compounds has been applied to image dissolved
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oxygen concentrations fields near rising air bubbles [96] or to study the oxygen transfer
across air-water interfaces [121]. Both of these research works utilized pyrene butyric
acid (PBA) as the sensor liquid. Jimenez et al. incorporated the metallic complex
Dichlorotris(1,10) -(phenanthroline)ruthenium(II) ([Ru(phen)3 ]2+ ) to investigate oxygen
mass transfer in waste water [61]. But up until now, these measurement approaches
have not been used in the context of in vitro/in replica flow studies of the human lungs.
Therefore, the later presented measurements presented in Sec. 4 shall give new insights
into the transport of respiratory gases within the human conductive airways.

3
Flow field measurements
3.1
3.1.1

Hydrodynamic Model
Lung replica

Two different lung replicas are investigated within this chapter (see Fig. 3.1). Both
models feature a complex, three-dimensional branching and are sized in a 1:1 scale.
But whereas the first lung geometry (artificial lung: AL) is based on a mathematical
description of the human airways, the second replica is derived from patient specific
data (realistic lung: RL).
The artificial geometry is based on data proposed by Weibel [114] but is additionally
altered to include research results from Horsfield and Cumming [49]. The replica has
been introduced and manufactured by Adler and Brücker [1] at first. The model is
made of a transparent silicone (Elastosil, RT 601), with a refractive index of n = 1.4095
(25 ◦C), and incorporates six airway generations. In order to get the final model, a
removable core of a low melting point metal had been manufactured. The diameter of
the trachea is d0 = 18 mm and every following generation’s diameter (see Tab. 3.1) is
derived from the equations given by Weibel [114]. Whereas most of the Weibel models
reported in the literature are symmetrical, the artificial geometry, investigated here,
features asymmetric branching. The branching angles are proposed by Horsfield and
Cumming [49]. An overview of the exact geometrical data of this model is given in the
work of Adler and Brücker [1].
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Figure 3.1: CAD renderings of the two complex branching lung models (a) artificial
lung (AL) and (b) realistic lung (RL)) from a dorsal (I), lateral (II) and anterior view
(III) and from an isometric perspectives (IV).
The realistic replica corresponds to a model, which has been introduced by Lizal et al.
[74] at first and recently suggested as the SimInhale benchmark geometry by Koullapis
et al. [67]. The geometry is merged from computer tomography (CT) data of two
patients. In contrast to the ideal geometry, the SimInhale model features the mouth
cavity as well as the pharynx and larynx. Therefore, this models provides a more
realistic inlet condition for the flow into the trachea. The mean hydraulic diameter of
the trachea for this model is given as d0 = 16.3 mm [74].
In the same way as the idealized complex model, the patient specific replica is made
Table 3.1: Geometrical parameters (airway diameter d and branching angle β of the
first three airway generations for the artificial lung (AL) [1] and the realistic lung (RL)
[74].
artifical lung (AL)
d [mm]
G0
G1
G2

18
12.2
8.3

β [ ◦]
Left Right
47
31

35
7

realistic lung (RL)
d [mm]
Left Right
16.3
10.2
12.1
6.5
8.3

β [ ◦]
Left Right
48
64

60
57
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of transparent silicone (Elastosil, RT 601). But instead of using a low melting point
alloy for creating the casting core, acrylonitrile butadiene styrene (ABS) was chosen.
This material can easily be used in additive manufacturing. Therefore, the casting
core for this model is manufactured by the 3D printing technique fused deposition
melting (FDM). Due to a limited manufacturing volume, the core is made out of thirteen
separately printed pieces. From all the single segments, two larger parts are created.
Before joining the parts together, they are sanded in order to provide a smooth surface
and coated with a water solvable glue for an easier removal after the casting procedure.
The first final part incorporates the mouth cavity, the larynx and pharynx as well as
the upper trachea, whereas the second piece includes the lower trachea, the main carina
as well as the following airway generations. Once the silicone is casted and completely
cured, the cores are removed by submerging the parts of the model in acetone to dissolve
the ABS. Afterwards, the model pieces are washed in water to remove the residual
coating of the core.

3.1.2

Flow parameter

Liquid ventilation utilizes a periodic flow rate for the administration of the PFC with
different tidal volumes and frequencies as described in section 2.1. In order to mimic
these conditions within the in vitro experiments, a sinusoidal main flow through the
model is created. In addition to a comparable overall flow type, certain characteristic
hydrodynamic numbers have to be equal or at least have to be in a similar order. For
most fluid dynamic problems, the Reynolds number Re is one of the most important
similarity numbers and it is defined as
Re =

u·L
ν

(3.1)

with L being a characteristic length scale, u the expected bulk velocity and ν the fluid’s
kinematic viscosity. The Reynolds number expresses the ratio of inertial to viscous
forces and can be used as an indicator, whether the observed flow is in the laminar,
transitional or turbulent regime. For internal flows the characteristic length L is often
defined as the hydraulic diameter dh of the considered cross-section. The hydraulic
diameter for a pipe flow is equivalent to the pipe’s diameter d. As the human airways
can be approximated as a network of pipes, the Reynolds number within a specific
airway generation Rei can be calculated using the generation’s diameter di and the
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theoretical bulk velocity ui within this generation
Rei =

ui · di
.
ν

(3.2)

For the special case of an oscillatory flow with constant frequency f and absolute
tidal volume VT , the bulk velocity ui is defined to be the maximum velocity at peak
inspiration/expiration umax,i and can be expressed as
ui = umax,i =

4 · VT,i · f
.
d2i

(3.3)

Therefore, the Reynolds number for the investigated cases in this work will be referring
to the following equation
4 · VT,i · f
Rei =
.
(3.4)
di · ν
When investigating oscillatory flows, not only the Reynolds number plays a crucial role
in defining the overall flow properties, but also the Womersley number α
di
αi =
2

s

2πf
.
ν

(3.5)

In the same manner as Re, the Womersley number can be defined for every airway
generation i. But in contrast to the Reynolds number, which just takes constant inertial
forces into account, α is defined as the ratio of the inertial forces due to the cyclic flow
characteristic to the viscous forces. For large values of α, the velocity profiles differ
largely from the shape, which would be expected when just considering a constant
non-oscillatory flow state. Especially during flow reversal at wall-near regions the flow
cannot follow the core flow and typical M-velocity-profiles occur. In table 3.2, both of
the aforementioned characteristic numbers are presented for the conducted experiments.
For the following it will be defined, that characteristic numbers without an index will
refer to the largest airway generation G0 . As a last important hydrodynamic number
the Dean number Dn is introduced. This number is defined as
s

Dni = Rei

di
2 · ri

(3.6)

and is based on the work of Dean [28], who analytically described the development of
flow instabilities in a long curved pipe. These flow instabilities results in the evolution
of a double vortex pair (Dean type vortices) in stream wise direction. The occurrence
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Figure 3.2: Sinusoidal modeling of the oscillatory breathing and labeling of the different
investigated flow states. The targeted peak flow velocity û is generated by a linear
actuator with a maximum stroke of ŝ, whereat the oscillation frequency f is set by the
actuators period time T .
of such instabilities is dependent on the Reynolds number Re, the pipe diameter d and
the curvature radius r of the pipe. Therefore, the higher the Re and the tighter the
curvature r, the higher is the resulting Dean number Dn. When a certain critical Dean
number is exceeded, the double vortex pair emerges. The human lung can be considered
as a system of curved branches and the flow within the human upper bronchial tree
was found to be largely dominated by these Dean vortices [1, 34, 52]. In a thorough
analysis Fresconi and Prasad [35] investigated the secondary flow fields in a branching
network with the aim of characterize the critical Dean number. They found it to be
approximately Dn ≈ 10. All in the experiment covered parameter combinations lead
to Dn values larger than the critical value and the observation of Dean type vortices
during the measurements will be expected.
Instead of a perfluorocarbon liquid, a water-glycerin mixture will be used as the working
fluid during the experiments (see Sec. 3.3). This is necessary in order to fulfill the
requirement of the incorporated measurement techniques to minimize any possible
optical disturbances. Since the refractive index between PFC and the silicone models
greatly differ, it would lead to strong deflections of the light rays. The use of a waterglycerin mixture (43:57 mass ratio) allows to precisely match the refractive index of the
models. When applying such a refractive index matching technique, the similarity of
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the experiment with water-glycerin ((·)wg ) and of the real flow ((·)PFC )
RePFC =
αPFC =

uPFC · dPFC
νPFC
dPFC
2

s

2πfPFC
νPFC

=

uwg · dwg
νwg

= Rewg

v
u
dwg u
t 2πfwg = α
=
wg

2

νwg

(3.7)
(3.8)

has to be met to ensure comparability of the results. Since the used lung models
are scaled 1:1 and both the viscosities of the perfluorocarbon and the water-glycerin
mixture are fixed, the only remaining adjustment parameters to match the characteristic
numbers are the bulk velocity u and the oscillation frequency f , which can be calculated
as
νwg
νPFC
νwg
= fPFC
νPFC

uwg = uPFC
fwg

(3.9)
.

(3.10)

Based on typical ventilation parameters (see Sec. 2.1) the Reynolds number lies in a
range of RePFC ≈ 4000 - 10000 and the Womersley number in a range of αpfc ≈ 3 - 5
within the trachea. Further downstream and with decreasing diameter and flow rates of
the following generations, Re and α decrease as shown in Figure 3.3. Within this figure,
the flow conditions for typical ventilation parameters used during TLV are presented
as a function of the airway generation. In order to calculate these curves, the mean
values of the reported tidal volumes and breathing frequencies are calculated. Since
the values show a rather large scatter and no global optimal parameters have been
recommended, yet, the lower and upper bounds of the parameters are estimated by an
increase/decrease of a half of their respective calculated mean. Further, a body mass
of 65 kg is assumed to reflect the average human body mass. Such an estimation can
only be a rough estimate but should be sufficient to classify the overall flow conditions
for a broad range of applications. As already approximated, the Reynolds number
(Fig. 3.3 left) indicates a highly turbulent flow within the first generations. At around
the eighth bifurcation generation, Re falls down below 250, even for the greater tidal
volumes. In addition, the evolution of the Womersley number in dependence on the
airway generation is also illustrated (Fig. 3.3 right). Within both graphs, the light
blue shaded region indicates the covered parameter range of the performed velocimetry
measurements. Under the assumption, that the flow in the bifurcating models is self
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Figure 3.3: Theoretical evolution of the Reynolds number Re (left) and Womersley
number α (right) with increasing airway generation (solid lines) for typical reported
tidal volumes and ventilation frequencies (see Sec. 2.1). The dashed lines represent the
operational range of the experimental set up. The combined area of all curves (light
blue shading) shows the relevant ﬂow conditions, which can be covered within the here
presented work under the assumption of a self similar ﬂow behavior.
similar, the results can be translated to smaller generations according to the adjusted
Re and α.

3.1.3

Limitations

All in vitro studies come with certain limitations with respect to their real in vivo
applications. For the here presented ﬂow ﬁeld measurements, the drawbacks are mainly
caused by the requirements of the measurement method (see Sec. 3.2). A very important
precondition for the experimental set up is the optical accessibility. This requires not
only the measurement tank to incorporate glass windows but also the model and the
working ﬂuid to be transparent with matching refractive indexes. This limits the choice
of available materials to create the replicas and sets certain boundaries when casting
the models. Both investigated models are manufactured with the same silicone raisin
and are constructed to have very thick and rigid walls in order to withstand the acting
hydrodynamic forces. The real lung in contrast, is elastic and can inﬂate and deﬂate
itself during the breathing cycle. The following change in cross-sectional area of the
airways will most likely have a severe impact on the occurring ﬂow structures, which
cannot be replicated with the current models. In addition, not all physiological features
of the real human lungs are incorporated in the silicone models, e.g. the cartilaginous
rings of the trachea. These rings can alter the downstream ﬂow conditions [17] and may
also change particle deposition eﬀects [84].
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Table 3.2: Overview of the chosen parameters frequency f and tidal volume VT and their
corresponding dimensionless numbers Re, α and Dn for the performed measurements
in both models (partly reprinted from [55]).
f [Hz]

VT [ml]

Re [-]

α [-]

Dn1,R [-]

Dn1,L [-]

artifical lung (AL)
0.06
0.06
0.06

156
313
469

248
496
744

1.9
1.9
1.9

24
48
71

19
39
58

0.15
0.15
0.15
0.15

125
250
375
500

496
992
1488
1984

3.0
3.0
3.0
3.0

48
95
143
190

39
78
116
155

0.30

187

1484

4.3

142

116

0.45

125

1488

5.2

143

116

236
472
944

257
514
1028

realistic lung (RL)
0.075
0.15
0.30

500
500
500

1095
2191
4382

1.9
2.7
3.7
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During the experiments, the temperature of the working fluid is constant. Such an
isothermal behavior of the investigated flow may not be representing the real flow.
Especially, when ultra-fast cooling is considered, the temperature of the liquid and the
surrounding tissue may change rapidly. As a result, temperature dependent properties,
such as the viscosity and density, may change along the airways and change the flow
characteristics.
If the flow through the whole lung should be described, a large range of scales needs
to be respected. Most of the times, this is not possible for specific measurement
approaches as they have a limited dynamic spatial range. Therefore, compromises must
been made. For the measurements here, this results in an observed Re range from
approximately 250 to 4000. The Reynolds numbers during a real liquid ventilation
procedure can still be higher and the velocities within the lowest airway generations
decrease to nearly zero, where diffusion starts to dominate. The flow states within
these regions may just be approximated with the results of this thesis but cannot be
resolved fully. Furthermore, the investigated state of ventilation is assumed to be quasi
stationary, therefore the phases of the initial filling of the lung and the back transition
to conventional mechanical ventilation are not modeled either. Especially, the initial
filling of the lungs may influence the optimal outcome of the liquid ventilation strategy
as it is important to reach every lung areal.

3.2
3.2.1

Particle Tracking Velocimetry (PTV)
Measurement principle

In order to characterize the flow within the lung models, velocity fields are measured
by means of Particle Tracking Velocimetry (PTV). PTV is an optical, non-intrusive
measurement technique, based on the detection and tracking of small particles. These
particles are immersed within the observed fluid and are following the fluid’s motion
with ideally no or at least neglectable small slip. This can be achieved by choosing
particles matching the fluid’s density exactly and with typical particle diameters in
the order of micro meters. Once these condition are fulfilled, the particle’s velocity
represents the local flow velocity and can be derived from the particle’s motion easily.
As one of the earliest measurement techniques, PTV has been used to characterize a
fluid’s motion ever since. But with modern upcoming measurement hardware, such as
laser illumination, CCD and CMOS cameras and their automatic control via PCs, large
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increases of the amount of obtained information about the flow could be achieved in
the last three to four decades [2]. Nowadays, PTV is commonly used to extract two
components of the velocity vector within a planar region of interest (2C2D), also known
as 2D-PTV, but it can also be extended to even measure all three components within
all spatial dimensions (3C3D), shortly called 3D-PTV. Furthermore, the technique
can be differentiated by the processing of whole time series (time-resolved PTV) from
which one can extract particle trajectories or by the processing of single image pairs
(double-frame PTV), which results in an instantaneous velocity field, similar as it is
known from the Particle Image Velocimetry (PIV) method.
Within the work presented here, the double-frame 2D-PTV method is used to extract
velocity fields within the realistic geometry and a time-resolved 3D-PTV approach is
incorporated for the investigations on the artificial lung model. For both of the methods
a separate MATLAB (Mathworks Inc.) program is developed. As both algorithms differ
in their image processing methodology, they will be covered separately in the following
sections.

3.2.2

Double-frame 2D-PTV

As stated above, the double-frame 2D-PTV technique calculates an instantaneous 2C2D
velocity field from a given pair of images. A simplified schematic of the implemented
algorithm is presented in Figure 3.4. The procedure starts with already pre-processed
images. Therefore, the raw images, as recorded by the camera, have to be manipulated in
a way, that preferably only the tracer particles appear. For this task a dedicated software
package is used [79]. These algorithms perform a Proper Orthogonal Decomposition
(POD) based image filtering, with the aim of removing the high energetic first modes,
which contain the background signal [82].
The first actual processing step of the PTV algorithm is the detection of the seeding
particles in all images. As typical particle images are bright spots in front of a dark
background, the detection is mainly a problem of finding local intensity peaks. Many
different methods have been proposed for a sub-pixel accurate peak detection in the
past [120, 89, 24]. The method used here is based on the work of Crocker and Grier
[27] and has been implemented for MATLAB by Blair and Dufresne [16]. Their toolbox
incorporates several functions, from which three are used. The first one is an image band
pass routine, which only allows a defined range of spatial frequencies. The second and
third function detects particle centroids with pixel and sub-pixel accuracy, respectively.
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Figure 3.4: Basic ﬂow-chart of particle tracking velocimetry evaluation from raw images
to ﬁnal vector ﬁeld.
Two important input parameters have to be deﬁned, which are the minimum particle
diameter dp and a minimum particle intensity Ip . Objects, which do not meet these
restrictions, are discarded in the detection process.
Following the determination of the particles’ position, the algorithm tries to match
particles in image one/A with their counter-parts in image two/B. The most simple
and earliest method to perform this step is a Nearest-Neighbor-Search (NNS). Within
this approach a particle in image A is connected to the nearest (in a spatial sense)
candidate in image B (see Fig. 3.5 a)). Whereas this method is easy to implement,
it fails in predicting correct correspondences, when high seeding densities or strong
velocity gradients occur. A more recent technique has been introduced by Fuchs and
Kähler [36] to overcome these limitations. The main idea of this method, which will
be called Histogram Matching in the following, is to ﬁnd the most probable particle
displacement by evaluating all possible shifts of a whole particle neighborhood (see
Fig. 3.5 b)). All these displacements are used to create a histogram. Its maximum
is used to predict the position of a particle in the next time step. Further reﬁnement
of this prediction is done by using a 3-point Gauss ﬁt around the maximum value to
achieve sub-pixel accuracy. In the case, that a possible candidate is within a tolerance
range of the predicted position, they will be matched successfully. In comparison
to the Nearest Neighbor Search, this method needs two (size of ﬁeld of search F OS
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Figure 3.5: Schematic of two particle matching techniques for Particle Tracking Velocimetry. a) Nearest Neighbor Search links a particle to it’s nearest candidate in the
next time step. b) Histogram Matching [36] predicts a particle’s shift based on all
possible displacements of it’s local neighborhood.
and number of neighboring particles nn ) instead of just one (size of field of search)
input parameters and is also computationally more expensive but provides superior
results in the cases investigated here. Whereas the method was originally proposed as a
non-iterative technique, where the majority of particles are already correctly matched
after just one processing step, two wrapped iteration cycles are implemented here. The
yielded data density can be further increased this way. For the inner iteration cycle
muod an Universal Outlier Detection (UOD) [117] step is performed after the Histogram
Matching in order to reject velocity vectors, which magnitude and direction differs from
the median of a chosen neighborhood nuod (same as for the Histogram Matching). A
number of three iterations was found to be sufficient to reach a good trade-off between
convergence and computational costs. The second/outer iteration mfos is a step-wise
increase of the field of search radius. Within this approach, the detection of small
displacements is conducted at first and larger displacements are added afterwards as
the field of search increases. How often the field of search has to be increased until
its maximum, depends on the investigated flow but a three-step approach shows again
a good trade-off between computational effort and the quality of the reconstructed
velocity fields.
After finishing the particle matching, the algorithm returns a scattered particle displacement field δ. In order to convert it to a physically meaningful velocity field v, it has to
be multiplied with the scaling factor m and has to be divided by the time separation dt
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Table 3.3: Processing parameters for the 2D-PTV measurements.
Parameter

Variable

particle diameter
particle intensity
tracking algorithm
field of search
matching neighborhood
UOD neighborhood
UOD iterations
FOS iterations

dp
Ip
F OS
nn
nuod
muod
mfos

binning area
IW overlap

IW
-

Value
3 px
3000 counts
histogram matching
25 px
25 particles
25 particles
3
3
16 px
50 %

between the two images

m
.
(3.11)
dt
The value dt is given as a fixed parameter during image acquisition and the value of m
can be obtained by a camera calibration prior to or after the experiment. As a very
last step, the scattered velocity field is interpolated onto a regular, equidistant grid via
a polynomial interpolation approach. This method will be described in more detail in
Section 3.2.4. An overview of all important, previously described processing parameters
is given in Tab. 3.3.
v=δ·

All main processing routines are implemented in the open-source software package
Part2Track [53, 58], which has been developed within the context of this thesis, and
can be used freely for future research work. Its comparable performance against an
established PIV algorithm could have already been demonstrated in Janke et al. [57].

3.2.3

Time-resolved 3D-PTV

The employed time-resolved 3D-PTV algorithm is based on a photogrammetric, step-wise
particle reconstruction, followed by a four-frame trajectory linking with a subsequently
predictive extrapolation to continue longer particle tracks. All major steps of this
algorithm are illustrated in Figure 3.6 and shall be described in the following.
Similar to the two-dimensional processing, the first step of the developed 3D-PTV
algorithm marks the particle detection with the same methods mentioned as previously.
But instead of processing just a single image set, three time series have to be processed,
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since the flow field is observed by a total number of three cameras (see Fig. 3.10
(a)). This allows a photogrammetric reconstruction of a particle’s position in the threedimensional object space. Such a reconstruction technique has been proposed by Maas
et al. [76] as one of the first. Within this approach, the 2D image position of a particle
in one camera is projected onto the other two cameras. As the line of sight of one camera
is seen as a line crossing the field of view of the other cameras, the particle position
can be projected only along the so called epipolar line. This condition can lead to the
situation, that several particles are located along the epipolar line and the true location
of the particle cannot be detected unambiguously. In order to reduce the number
of possible particle locations, the intermediate 3D positions for all combinations are
reconstructed with the information of two cameras. Now, the estimated world position
is back projected onto the third camera image plane and it is checked, whether there
is a matching particle position. Ideally, only a single combination is left, from which
the final 3D location can be calculated. But, especially for densely seeded flows, this is
very unlikely and the particle matching results in numerous particle correspondences,
from which one is the true solution and the remaining ones are so called ghost particles.
Without any further information it is impossible to distinguish the true location from the
ghost particles. A small number of ghost particles can be handled and do not influence
the measurement results largely but as their number increases, the signal-to-noise ration
can decrease drastically and the results cannot be interpreted satisfyingly. Different
techniques have been proposed to overcome the occurrence of ghost particles, such as
the Iterative Particle Reconstruction (IPR) [119] or the multiset triangulation [5]. The
reconstruction method incorporated here, is mainly inspired by the IPR approach of
creating synthetic particle images and comparing these against the real measurement
data. But instead of applying a single reconstruction error tolerance  and a following
rejection of particles not fulfilling a specific restriction criterion, the maximum allowed
reconstruction error is step wise increased to minimize the occurrence of ghost particles
at higher .
Prior to the whole reconstruction of three-dimensional scene, the camera system needs
to be calibrated. Therefore, the extrinsic and intrinsic parameters of each camera must
be determined for each set up configuration. While the extrinsic parameters (position
and rotation) define the relative location of the camera coordinate system towards
the world coordinate system, the intrinsic parameters (e.g. focal length, pixel pitch,
projection origin) cover all values necessary to recover the camera coordinate system
from the image coordinate system. By using the pinhole camera model, both extrinsic
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and intrinsic parameters can be integrated in a single projection matrix P of the size
3 x 4 with
P = K R[I| − T ].
(3.12)
Within this equation K is the intrinsic camera matrix (3 x 4), T the translation matrix
(3 x 1), R the rotation matrix (3 x 3) and I the identity matrix with a dimension of 3 x 3.
Since the matrix operation [I| − T ] leads to a 3 x 4 matrix, P has the same dimension
and a total number of 12 parameters for each camera have to be defined through the
calibration step.
Various methods have been proposed to calibrate such a camera system, e.g. [111, 124,
99]. The one used in this work utilizes the imaging of a planar, checkered calibration
target at different positions along the depth direction. Based on the known geometry of
this target (defined position of the corner points in this case), known correspondences
between image and world coordinates can be established for each camera. With these
correspondences a linear equation system can be solved to retrieve all extrinsic and
intrinsic camera parameters.
For a further improvement of the camera calibration, a global self-calibration routine is
performed after the conduction of the experiments. This self-calibration is adopted from
Wieneke [118] and improves the calibration results by incorporating the reconstruction
results obtained during the experiments.
Regarding the temporal tracking of the reconstructed particles, the main ideas of
the ’Shake-The-Box’ method from Schanz et al. [100] are used to build the particle
trajectories. The major contribution of this work is the advantage of reducing the
particle reconstruction problem by using the particle’s temporal information, and
therefore the particle’s prior locations to estimate their new position in the next time
step. As this method requires already established trajectories, a four-frame particle
matching scheme, as proposed by Malik et al. [77], is utilized to initialize all particle
trajectories.
Once the particle tracking is completed and all time frames are processed, a further
post-processing of the particle paths is performed. For this, every trajectory undergoes
a smoothing of its spatial coordinates. The smoothing is done by the use of B-splines
as proposed by Gesemann et al. [39]. In addition to the smoothing effect, the use of
B-splines has the advantage of obtaining a continuous representation of the discretely
sampled particle paths. In the following, time derivatives of the spatial curve, such as
the velocity or the acceleration, can easily be calculated based on the spline construction.
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Figure 3.6: Basic steps of the 3D-PTV evaluation process.
Furthermore, it is possible to gain data at arbitrarily chosen points along the whole
trajectory, which can be used to upsample/super sample the measured signals.

3.2.4

Phase-locked ensemble PTV

Whenever an oscillating ﬂow is observed, it is possible to take advantage of phase-locked
measurements to characterize the phase-averaged ﬂow conditions. In this context, the
term phase-locked is deﬁned as taking several repeating measurements at a ﬁxed phase
position during the observation of several cycles of a periodic ﬂow. But this is only
possible, if a suitable trigger signal is available, which synchronizes the measurements
with respect to the ﬂow. Such trigger signals can be obtained in various ways, e.g. with
the use of an additional velocity or pressure probe. In all cases presented within this
work, the trigger signal is provided by the control unit of the linear actuator (see Sec.
3.3), which indicates its stroke position and therefore dictates the position within the
ﬂow cycle.
The main advantage of phase-locked measurements is the possibility to obtain statisti-
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Figure 3.7: Schematic of the phase-locked ensemble PTV technique.
cally independent measurements of equal flow conditions. Another advantage, which
arises from the phase-locked measurement approach, is the possibility to incorporate
ensemble averaging methods. These have been proposed especially for the evaluation of
PTV measurements and have shown to increase the spatial resolution of the statistical
means and derivatives in comparison to window-based approaches, such as PIV [3, 63].
With the ensemble averaging method, the scattered velocity information from all single
measurements are collected to interpolate a dense averaged velocity field instead of
averaging single sparse velocity fields.
The basic principle of such a phase-locked ensemble approach is illustrated in Figure 3.7.
Starting from a periodic signal, velocity measurements are performed at a defined phase
position ϕ = ϕ0 and after ϕ = ϕ0 + k · 2π, with k equal to the number of repeated cycles.
The obtained scattered velocity fields are separately saved. After the last observation is
made, the single fields are collected and merge into a single, dense scattered velocity
field with high-spatial resolution.
In order to provide an easier and more convenient data post-processing, the scattered
velocity field is interpolated onto a regular and equidistant grid with a spacing of ∆X.
Two interpolation schemes are implemented, one for the 3D-PTV approach and one for
the 2D-PTV algorithm. The first interpolation scheme, is based on a Gaussian-weighted
bin averaging. Whereat the velocity v X at a grid point X is the weighted average of all
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scattered velocity vectors v i within the range of r = n ·
P

vX =

i

wi · v i

P

wi

√

2 · ∆X as calculated by

.

(3.13)

i

The weight wi for each vector is calculated with respect to its distance to the sampling
point and is defined as
−kxi − Xk2
1
2σ 2
wi = √ · e
(3.14)
σ 2π
with σ = 0.5 · r. Therefore, velocities in close proximity to the grid node contribute
stronger to the average than vectors farther away.
The second interpolation scheme utilizes a two-dimensional second-order polynomial as
proposed by Agüera et al. [3]:
v i = a0 + a1 ∆x2i + a2 ∆yi2 + a3 ∆xi ∆yi + a4 ∆xi + a5 ∆yi

(3.15)

to express the scattered velocity v i as a function of the distance ∆xi . This distance
is the difference between the scattered vector position xi from the center point X of
the interrogation bin. With at least six reconstructed velocity vectors v i it is possible
to determine all six coefficients a0 to a5 and to finally determine the velocity at the
structured grid point v X , where ∆xi is equal to zero.

3.3

Experimental set-up and measurement procedure

3.3.1

Lung flow facility

The velocity measurements are conducted at a re-designed lung flow facility (see Fig. 3.8),
which originates from the work of Bauer [13]. In her work, it has been used to perform
planar PIV and shadowgraphy measurements to investigate the flow inside the human
lung. Therefore, the facility has been designed to match the requirements for these
measurement technique. During the now presented work, more advanced measurement
methods shall be introduced, which makes a re-design of the facility necessary. This
mainly affects the construction of the model containing tank and the position and
number of optical accesses. The linear actuator (G400 series, MOOG), driving a
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piston-diaphragm pump, is transferred unaltered as it has proofed its capabilities of
providing repeatable flow conditions [1, 14]. Independent measurements using the same
experimental rig proofed, that the difference between targeted and observed oscillation
frequency is 0.01 % [56].
The newly constructed liquid container (V ≈ 60 l) allows an unobstructed view on the
model from six different angles. With this configuration, it is still possible to utilize
planar measurement techniques but it also offers the possibility to use a multi-camera
set up for a three-dimensional reconstruction of the flow field. The lid of the container
is interchangeable and one lid is manufactured for each of the models introduced in Sec.
3.1.1. Since the models are made out of silicone, strong optical distortions would occur,
when using air. In order to minimize these distortions, a mixture of water and glycerin
(43:57 mass ratio, ρ = 1150 kg m−3 , ν = 8.4 Pa s), which matches the refractive index
of the silicone with n = 1.4095 [50], serves as the working fluid.
The previously described measurement techniques (see 3.2) are based on imaging small
seeding particles, which follow the local field. Nearly neutrally buoyant polyamide
particles (ρ = 1150 kg m−3 , Vestosint, Evonik Degussa) with either a diameter of d =
50 µm (planar measurements) or d = 100 µm (volumetric measurements) are used in
this specific set-up. Their capabilities of following local flow changes can be estimated
by calculating the Stokes number St
St =

ρp · d2p u0
tp · u0
=
·
.
d0
18 · ηfl d0

(3.16)

Within this equation ρp and dp denotes the density and the diameter of the tracer particle,
u0 and ηfl the bulk velocity and the viscosity of the fluid and d0 the characteristic length
scale of the flow, e.g. the diameter of the airway. For laser-diagnostic measurement
techniques the particle’s Stokes number should stay well below 1 to ensure a good
behavior of the tracer particles and below 0.01 to keep the lag induced error smaller than
one percent [31]. The Stokes number for the particles with d = 50 µm is approximately
0.002 and for the particles with d = 100 µm it is around 0.0074. These values indicate a
good suitability of the used particles to act as tracer objects during the measurements.
All flow cases reported in Tab. 3.2, which are mainly defined by the tidal volume VT
and the ventilation frequency f , are experimentally achieved via a position controlled
programming of the linear actuator. In order to match the targeted ventilation frequency
f , the frequency of the sinusoidal stroke signal (see Fig. 3.2) is directly adjusted. For
the correct value of the tidal volume VT the following conversation calculation is needed
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Figure 3.8: CAD renderings of the human lung ﬂow facility. a) Mechanical construction
of the measurement tank and peripheral equipment. b) Artiﬁcial lung model and its
connection to the measurement tank. c) Realistic lung model and its connection to the
measurement tank.
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to translate VT to the corresponding maximum piston stroke ŝ
ŝ =

VT
,
2·A

(3.17)

where A denotes the cross-sectional area of the piston with A = 7088 mm2 .

3.3.2

2D-PTV configuration

A charged coupled device (CCD) camera (pco.1600, PCO), capable of performing doubleframe image recordings, images the seeded flow field during the 2D-PTV experiments.
The sensor chip has a size of 1600 px x 1200 px and each pixel measures 7.6 µm in length
and width. By using a 28 - 135 mm zoom lens (f # = 5.6), the scaling factor m is set
to m = 0.034 mm/px. The area of interest is illuminated by a dual cavity Nd:YAG
laser (λ = 532 nm, MinilitePIV, Continuum). By equipping the laser guide with a laser
sheet optics, the creation of a planar measurement field is achieved. Its thickness is
approximately one millimeter in depth. Both, the camera and the laser, are positioned
perpendicular to each other (see Fig. 3.9 (a)).
The synchronization of all measurement components is achieved by the use of an in-house
developed sequencer device. It starts to record an image pair, when receiving a trigger
impulse signal trig in from the linear actuator’s controller (see Fig. 3.9 (b)). This
trigger signal is programmable by the linear actuator’s control software with respect to
its position. It is therefore possible to repeatedly acquire double-frame images at several
pre-defined phase-locked positions per ventilation cycle. Measurements are taken for a
total number of 500 cycles. While 64 phase positions are acquired at each cycle for the
case of Re = 2191, a reduced number of eight positions are captured for Re = 1095
and Re = 4382. In order to obtain a pixel shift of about 8-10 px between the images at
peak flow conditions, dt is adjusted to 320, 200 and 80 µs for the measurements at Re
= 1095, 2191 and 4382, respectively.

3.3.3

3D-PTV configuration

As described in Section 3.2.3, a multi-camera set up is required for the three-dimensional
reconstruction of the particle’s position . Therefore, three high-speed complementary
metal-oxide-semiconductor (CMOS) cameras (resolution: 1280 px x 800 px, pixel pitch:
20 µm, Phantom v12.1, Vision Research) are placed in-plane at an angle of 45◦ around
the measurement container. Their field of views overlap and they are focused at the
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Figure 3.9: Schematic of the 2D-PTV set-up with signal paths indicated by arrwos
(left). Signal-time diagram depicting the trigger sequence after the actuator sends the
initializing pulse trig in (right).
middle plane of the lung model. Each of the cameras is equipped with a 50 mm lens
(Nikkor 50mm 1:1,8D, Nikon). In contrast to the planar PIV measurements, a volumetric
illumination of the whole model is necessary. For this purpose, three high-power lightemitting-diodes (LEDs, λ = 490 nm, PT-120, Luminus Devices), each combined with
a Fresnel lens, deliver a parallel light beam to the measurement volume. The three
light sources are positioned in an in-plane conﬁguration perpendicular to the camera
placement plane, so that the emitted light overlap at the center of the lung model. A
schematic illustration of this optical set-up is provided in Fig. 3.10 (a).
All cameras and light sources are synchronized by a sequencer unit, which itself is
triggered by the linear actuator. The corresponding signal diagram is shown in Fig.
3.10 (b). At each input pulse, the sequencer sends a burst of trigger signals to the
cameras and light sources. The number of bursts is adjusted according to the oscillation
frequency and is set to cover an angular area of 6/40 π. This equals to approximately
7.5 % of the cycle. Within this short time, the ﬂow is assumed to be quasi-stationary
and the results to be representative for the chosen phase position. The repetition rate
within the burst is ﬁxed at 500 Hz for all cases. While the high-speed cameras’ shutter
is opened for 500 μs, the LEDs emit a light pulse of 450 μs length.
For the calibration of the multi-camera set up, the lung model is removed and a
checkerboard calibration target (square length of 5 mm) is placed inside the measurement
volume instead. The target can be positioned along the orthogonal axis of the center
camera plane by using a translation stage. For all measurement series, the calibration
board is positioned at nine diﬀerent planes with an inter-plane separation of 10 mm.
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Figure 3.10: Schematic of the 3D-PTV set-up with signal paths indicated by arrwos
(left). Signal-time diagram depicting the trigger sequence after the actuator sends the
initializing pulse trig in (right).

3.4
3.4.1

Results & Discussion
Artiﬁcial lung

Before starting with the description of the ﬂow measurement results, the quality of
the ﬂow reconstruction shall be discussed at ﬁrst. A good measure of how well the
photogrammetric reconstruction performs is the disparity δ [118]. It is deﬁned as
the diﬀerence between the detected two-dimensional image coordinate of a particle
and its back projected coordinates from the reconstructed three-dimensional position.
Averaged values of the disparity for each camera are given in Table 3.4 for the four
performed measurement series. Within this table, the disparity of the calibration
procedure δcal as well as the disparities calculated from a representative run of each of
the measurement series δrun are separately presented. Looking at δcal , values well under
0.3 px are achieved during calibration. Since it has not been possible to calibrate the
cameras with the lung model in place, additional optical errors are introduced during
the measurements, probably due to local inhomogeneities in the refractive index of the
model. This results in increasing disparity values of up to 2 px. As the seeding densities
during the measurements are not very high, such a disparity value does not have a
great impact on the reconstruction step but may lead to uncertainties in the position
estimation and the derivation of the particles velocity.
Another indicator, showing the overall quality of the reconstruction step, is the number
of successfully tracked particles and their corresponding tracked length in terms of
number of time steps. Such an overview is given in Table 3.5 for the diﬀerent investigated
Reynolds numbers at α = 3.0. The maximum length of all reconstructed trajectories is
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Table 3.4: Averaged disparity δ of the different measurement series right after the
calibration using the calibration points δcal and calculated with reconstructed particles
of an exemplary single measurement run δrun (reprinted from [55]).
δcal [px]
measurement
measurement
measurement
measurement
mean

series
series
series
series

1
2
3
4

δrun [px]

cam 1

cam 2

cam 3

cam 1

cam 2

cam 3

0.16
0.14
0.14
0.10

0.28
0.17
0.15
0.11

0.20
0.21
0.17
0.12

1.75
1.65
1.35
1.29

1.48
2.13
1.28
0.56

1.02
1.52
0.91
0.37

0.14

0.18

0.18

1.51

1.36

0.96

over 100 time steps for nearly all cases. At least 70 % of all trajectories are longer than
five steps, meaning that a found trajectory could be extrapolated successfully after it’s
initialization. For all following analysis, only trajectories meeting the minimum length
of five time steps are considered.
As first results and to show the capabilities of the 3D-PTV velocity field reconstruction,
all recovered trajectories for the case of Re = 2000 and α = 3.0 at peak inspiration
(ϕ = 2/4π) and peak expiration (ϕ = 6/4π) are illustrated in Fig. 3.11. The colorcoding represents the local stream-wise velocity. Flow information within the whole
main carina are obtained. Furthermore, particles can be tracked down to the fourth
bifurcation generation for single branches along the right main bronchus.
When looking in more detail at the results, the pathlines reveal important flow structures
without any further post-processing. During peak inspiration (Fig. 3.11 (a) & (c) ) a
pipe like flow profile within the trachea can be marked with a high velocity core in
the middle and low velocities in the vicinity of the walls. Right after the bifurcation,
near-wall particles in both the main bronchi start to migrate towards the airway center
line on a helical path. This is a result of a developing Dean vortex pair due to the airway
curvature. These Dean vortices appear throughout all reconstructed lower branches
and show the overall importance of the secondary flow structures during inspiration.
For the case of peak expiration (Fig. 3.11 (b) & (d) ), the flow field is very different in
comparison to peak inspiration. But the flow structures are as well a result of evolving
Dean vortices. This becomes clear, when looking at the trajectories within the trachea
(Fig. 3.11 d)). A system of four vortices can be identified there. One counter-rotating
vortex pair originates from one of the main bronchi each. They merge in the trachea
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Table 3.5: Overall statistics of reconstructed trajectories for maximum inspirational
(ϕ = 2/4π) and expirational flow (ϕ = 6/4π) at α = 3.0, including the total number
of reconstructed trajectories n, the number of particle paths tracked for longer than
five time steps n>5 , as well as the averaged track length ltr , the averaged length ltr>5
for trajectories tracked for more than five time steps and the maximum length of all
particle paths ltr,max as units of the time step dt (reprinted from [55])
Re = 500 α = 3.0
ϕ

n [-]

n>5 [-]

n>5 /n [-]

ltr [dt]

ltr>5 [dt]

ltr,max [dt]

2/4π
6/4π

9420
17979

8335
7814

76%
71%

24.98
19.68

31.36
25.93

124
124

Re = 1000 α = 3.0
ϕ

n [-]

n>5 [-]

n>5 /n [-]

ltr [dt]

ltr>5 [dt]

ltr,max [dt]

2/4π
6/4π

9418
12286

8335
7814

79%
78%

19.42
18.71

23.42
22.74

124
124

Re = 1500 α = 3.0
ϕ

n [-]

n>5 [-]

n>5 /n [-]

ltr [dt]

ltr>5 [dt]

ltr,max [dt]

2/4π
6/4π

11288
11633

8640
8865

77%
76%

14.57
13.86

17.68
16.79

109
124

Re = 2000 α = 3.0
ϕ

n [-]

n>5 [-]

n>5 /n [-]

ltr [dt]

ltr>5 [dt]

ltr,max [dt]

2/4π
6/4π

11573
11074

8335
7814

72%
71%

11.85
11.59

14.74
14.58

96
152
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Figure 3.11: Reconstructed particle trajectories within the lung model AL for Re =
2000 and α = 3.0 at ϕ = 2/4π and ϕ = 6/4π, color-coded with their local stream-wise
velocity. (a) & (b) perspective view, (c) & (d) top view (reprinted from [55]).
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leading to a more complex flow in the largest generation during expiration than during
inspiration. But as already seen during the inspirational phase, the particle trajectories
indicate the presence of Dean vortices throughout all reconstructed generations.
It can be seen in Fig. 3.12, that the four vortex patterns within G0 are not universal
across different Reynolds and Womersley numbers but change with different flow states.
For the lowest investigated velocity at Re = 250, two counter-rotating, very symmetrical
and equal sized vortex pairs can be identified. With an increasing Reynolds number
(Re = 500 - 1000), the Dean vortices originating from the left main bronchus vanishes,
and only the pair developing within the right bronchus is present. The flow between
this vortex pair is accelerated and forms a high velocity jet, which deflects from the
incoming flow of the left bronchus. After a further increase of the flow velocity above
Re ≤ 1500 the four vortex pattern re-emerges. This time, the vortex structure shows
irregular sized vortices and resembles the one already identified in Fig. 3.11. When
comparing all cross-sections with an equal Re but different α, no significant influence
of the Womersley number can be stated. But since the shown data is from the peak
exhalation phase, where the unsteady effect of the oscillatory main flow is very small,
this independence is expected.
Since the previously described change of the appearing vortices within G0 must origin
from the lower branches, a further analysis of the Dean vortices within the whole model
shall be conducted. For the analysis, the scattered velocity data from the trajectories is
interpolated onto a structured grid (see Fig. 3.13 (b)) as explained in Sec. 3.2.4. Here,
the grid spacing is chosen to be 0.6 mm. After this conversation, the helicity H
H=

Z
V

u · (∇ × u) dV .

(3.18)

of the three-dimensional velocity field u is calculated for each cell V . Isosurfaces of
this scalar quantity H with a value of ± 10 % of the maximum occurring helicity are
plotted in Fig. 3.13 (c) for four different Re at peak expiration. The area covered by
the measurement data is highlighted in Fig. 3.13 (a). All vortex structures colored in
blue posses a negative helicity and therefore a clockwise sense of rotation in streamwise
direction and vice versa for the surfaces colored in red. Looking only on the structures
within G1,R , they stay rather consistent for all Reynolds numbers. But greater changes
of the evolving vortices can be marked within the left main bronchus. Throughout
the different Re, four distinctive large scale vortices (labeled 1 - 4 ) dominate the flow
in this branch. Whereas only the first three structures can be seen at Re = 250, all
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Figure 3.12: Detail top-to-down view showing reconstructed particle trajectories for
different Re and α, color-coded with their normalized local stream-wise velocity at
ϕ = 6/4 π. For chosen parameter values, vortices are highlighted for identifying different
vortex regimes (reprinted from [55]).
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four of them are present at Re ≥ 750. At the lowest Re vortex 1 and 3 form the
counter-rotation Dean vortex pair stretching into the trachea G0 . But where only vortex
3 is generated directly in the branch G1,L , vortex 1 already starts at the previous
upstream bifurcation. At this position, the smaller vortical structure 2 evolves as well
but vanishes again after a short distance.
As the flow rate is increased to Re = 750 vortex 1 gets relocated and enters G0 at
the frontal/anterior side of the lung, where it merges with the vortex of same rotation
coming out of G1,R . Structure 3 shrinks in size and vortex 2 persists now up into
the main carina. There it connects with the vortex from the right main bronchus in
the lower part of the trachea, similar to vortex 1 . This restructuring of the helicity
field leads to the observed two vortex regime as shown in Fig. 3.12. Furthermore,
the secondary flow structure 4 can be identified here for the first time. The helicity
isosurfaces for Re = 1000 resembles mostly the ones from Re = 750. Only vortex 4
starts to grow and to disturb structure 2 . At Re = 1500, where the four-vortex pattern
reoccurs (see Fig. 3.12), this disturbance is now strong enough, that vortex 4 can
persist up to the trachea. Due to this, structure 2 and 3 merge and this in turn
prevents vortex 1 from reaching into G0 . As a short summarize of this investigated it
can be stated, that although similar flow structures occur at different Reynolds numbers,
their origin and development differs significantly from each other. In addition, the
local curvature and geometry plays a crucial role in the propagation of secondary flow
structures as seen in the differences between the two main bronchi. It could further
be proofed, that the Dean vortices can persists across several branching generations as
stated by Jalal et al. [52].
In the following, the Lagrangian properties curvature κ and τ shall be evaluated. As no
Lagrangian measurements have been performed within a human lung model, previously,
there are also no information about these properties. Therefore, the here presented
3D-PTV measurements introduce new insights about the flow characteristics during
ventilation. Based on the coordinates x(t) of a particle trajectory, κ and τ are defined
as
|ẋ × ẍ|
|ẋ|2

(3.19)

...
ẋ · (ẍ × x )
τ=
.
|ẋ × ẍ|2

(3.20)

κ=

Generally, these both measures can be used to describe a three-dimensional curve
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Figure 3.13: Visualization of the helicity field H in dependence of the Reynolds number
Re. (a) Isosurfaces of helicity H for Re = 250, 750, 1000 and 1500 at ϕ = 6/4 π reveal
different vortex patterns for different Re. The important vortices in G1,L involved in
this development are marked with 1 - 4 (b) Measurement volume, in which the helicity
H is calculated (dark gray). (c) Interpolation of unstructured Lagrangian velocity
vectors using a Gaussian-weighted averaging scheme (adopted from [55]).
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Figure 3.14: Evaluation of exemplary trajectories during quasi-stationary ﬂow conditions
at peak inspiration ϕ = 2/4 π (left) and peak expiration ϕ = 6/4 π (right). The
trajectory locations are illustrated within the reconstructed volume (middle). Diagrams
show particle path in x-z-plane, corresponding curvature values κ and torsion values τ .
with the help of the so called Frenet-Serret equations [19]. Within these equations the
curvature represents how tight the curve bends within the curvature plane. The torsion
gives an information of how strong the curve bends away from the actual curvature
plane. Both variables κ and τ are scalar values within the Frenet-Serret formulation.
In order to get a better understanding of what diﬀerent curvature and torsion values
correspond to in the here investigated cases, two exemplary trajectories at Re = 2000
and α = 3.0 are illustrated in Fig. 3.14. The particle path traveling through the right
main bronchus is recorded during peak inspiration and the second one, reconstructed
within the left main bronchus, occurred during peak expiration. Both reconstructed
particles can be tracked nearly through the whole lung model and enables an analysis
of diﬀerent underlying ﬂow structures aﬀecting the particles’ path.
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Alongside the particles’ location within the lung model, their position in the x-z-plane
is plotted, as well as the curvature and torsion against the recorded time. Chosen
positions along the trajectories are marked to link equal positions in the different plots.
For the curvature and torsion two time series are plotted each. The light blue curve,
represents the raw signal after directly calculating the values directly from the discrete
particle coordinates. After smoothing the particles’ positions, the dark blue curves are
obtained. As the calculation of the torsion requires the third derivative of a particle’s
position, the results are still very noisy due to the discrete nature of the measurement
signals.
The illustrated particle during inspiration (Fig. 3.14 (left)), is reconstructed in the
trachea at first and could be tracked to the beginning of the second branching generation.
In the tracheal area, the particle follows a near straight line. Correspondingly, the
curvature κ remains at zero. After reaching the main carina, the particle gets forced
on a lateral motion around the main bronchus cross-section. At the beginning of this
direction change 1 , the curvature peaks for a short time of about 20 ms. After reaching
the opposite side of the airway, the particle gets redirected again as it is influenced by
the developing Dean vortex. This turn is sharper than the previous one and a maximum
curvature value of around 0.2 1/mm is reached. At the end of the time series, the
particle enters the next generation and seems to be redirected again but could not be
tracked any further. During the whole time, the torsion does not change significantly
and stays at around zero.
For the trajectory during peak expiration (Fig. 3.14 (right)), a different evolution of the
torsion can be observed. Here, a clear trend towards positive values exists. This can
be explained, when looking at the trajectories features. The increase starts at around
50 ms 2 . At this point, the particle is captured directly in the center of a Dean vortex.
Following the trajectory to the next positions, the trajectory forms a spiral/helical
curve. The highest curvature values can be observed at position 3 , where the particle
starts to spiral towards the carina. During the next turns, the curvature decreases
again and the torsion increases as the spiral gets stretched. At around position 4 , the
maximum torsion value is reached. Afterwards, both torsion and curvature decrease
towards zero and the trajectory straightens again.
With the previous analysis, it becomes clear, that the Lagrangian properties curvature
and torsion can highlight at least two important flow characteristics. On the one hand,
areas of strong flow redirection are marked by high curvature and near-zero torsion.
Whereat on the other hand, helical trajectories caused by strong and large vortical
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structures are revealed by both high curvature and high absolute torsion values.
With these findings in mind, all reconstructed trajectories for Re = 2000 and α = 3.0
at accelerating and decelerating inspiration and expiration are illustrated in Fig. 3.15.
The color-coding of the trajectories is based on the sign of the local torsion value. To
investigate the flow structures in the different branches, the reconstructed volume is
cut along the indicated planes.
Inside the largest airway G0 , representing the trachea, the flow is very uniform (T.a) and
T.b)). But the value of torsion already indicates the beginning of a curved motion. A
symmetrical pattern of the four quadrants can be seen furthermore. During expiration
(T.c) and T.d)), the aforementioned Dean vortices occur during accelerating (T.c)) and
decelerating (T.d)). The counter-rotating nature of these vortices is captured by the
opposite signs of torsion. But while at first, just a single vortex pair is present, the
second pair arises from the peak phase on (see. Fig. 3.11) and persists even during the
decelerating phase. In addition with the results of the effect of different Re on the flow
structures during peak expiration phases (see. Fig. 3.12), this leads to the conclusion
that there are critical flow parameters at which different Dean vortex regimes develop.
But once they are fully evolved, inertial forces keep them from vanishing again, even
when the flow falls below these critical values.
For the lower generations G1,R and G1,L , such a vortex regime change can not be seen.
In both branches, a single vortex pair exists during inspiration and two vortex pairs
during expiration. But the size and orientation of these vortices differ greatly between
the left and right main bronchus. Inside G1,R , the counter-rotating vortex pair are
pushed towards the outer wall and occupying just a small area. The main part of the
flow is undisturbed and follows the geometry directly. A more prominent Dean pair can
be identified within the left main bronchus. Here, both vortices are roughly a quarter
of the size of the whole cross-sectional area. Since the left branch is significantly longer
than the right one, the Dean vortices have more time to develop and the secondary flow
field is much stronger.
At the expirational half of the breathing cycle, a four vortex pattern evolves in both
G1,R and G1,L and no significant change between the accelerating or decelerating phase
can be marked. The orientation of the vortex system is determined by the orientation
of the upstream (lower) branches.
After introducing and utilizing the Lagrangian flow properties to highlight the flow
features, a more global analysis shall be made in the following. Therefore, the probability
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Figure 3.15: Detail top-to-down view showing reconstructed particle trajectories in
different cross-sections for Re = 2000 and α = 3.0, color-coded with their local sign of
torsion τ at a) ϕ = 1/4 π, b) ϕ = 3/4 π, c) ϕ = 5/4 π and d) ϕ = 7/4 π. Separation
areas are marked with bold lines. Dean vortices are highlighted by dashed circles
(reprinted from [55]).
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Figure 3.16: PDFs of the normalized local particle acceleration a/ a2 (left) and the
local trajectory torsion τ ·d0 (right) within the main carina at peak inspiration ϕ = 2/4 π
for different Reynolds numbers. Re = 250 ( ), Re = 500 ( ), Re = 750 ( ), Re = 1000
( ), Re = 1500 ( ), Re = 2000 ( ) (reprinted from [55]).
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density functions (PDF) of the torsion τ and, in addition, of the particle stream-wise
acceleration a are calculated. In order to calculate these, all local discrete values within
G0 , G1,R and G1,L from all reconstructed trajectories are gathered and used.
The resulting PDFs for acceleration and torsion at peak inspiration ϕ = 2/4π are
plotted in Fig. 3.16 for Re = 250 - 2000. As it can be seen, the curves of the normalized
particle acceleration are very close together, especially near the center of the graph.
Just at the tails of the curves, a slight trend towards more extreme accelerations with
increasing Re can be marked. A tightening of the PDFs with increasing Reynolds
number is indicated for the normalized torsion (Fig. 3.16 right). Higher torsion values
for lower Re corresponds to more elongated helical trajectories. Therefore, the particle
travels further in stream-wise direction per single spiral turn. Thus, being less influence
by secondary flow motions. As Re increases, the Dean vortices get stronger, which
forces the particles on more compressed helical paths. This corresponds to the lower
observed torsion values.
As well as the torsion, the curvature is assumed to be effected strongly by the Re
number and by an increasing influence of the secondary flow field. In order to proof this,
the normalized curvature PDFs for various measured Reynolds numbers are plotted
in Fig. 3.17. For this analysis, it shall also be investigated whether different airway
branches show different Lagrangian characteristics. Therefore, the PDFs are separately
calculated for the volumes inside the trachea G0 and the two main bronchi G1,R and
G1,L .
Differences between the different interrogation volumes and Reynolds numbers stand
out but a general shape of all functions is identifiable. Lower curvature values (wide
turns) can be associated with higher probabilities than higher curvatures (sharp bends).
The maximum of each PDF can be found in a range of around 10−1 to 100 , with a clear
tendency of higher curvature values for lower Re. Furthermore, the peaks are more
pronounced and narrower for higher velocities. The falling slopes can be approximated
by exponential functions with exponents starting from -3/2 at Re = 250 to -5/2 for the
highest Reynolds numbers. Coincidentally, similar values have been found by analyzing
the Lagrangian properties of homogeneous, isotropic turbulence [19, 72, 123]. Whether
this can be interpreted as an increasing turbulent behavior of the human lung flow or as
some data analysis artifacts, it needs to be investigated more thoroughly in the future.
Further than this, a converging behavior of all PDFs towards the final shape of Re =
2000 can be assumed further, based on the diagrams.
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Figure 3.17: PDF of the normalized local trajectory curvature κ · d0 in the branches
G0 , G1,R and G1,L at peak inspiration ϕ = 2/4 π and peak expiration ϕ = 6/4 π for
different Reynolds numbers. Re = 250 ( ), Re = 500 ( ), Re = 750 ( ), Re = 1000 ( ),
Re = 1500 ( ), Re = 2000 ( ) (reprinted from [55]).
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With respect to the different lung areas it can be stated, that the shapes of the PDFs
differ larger during peak inspiration (ϕ = 2/4π) than during peak expiration. A very
sharp peak appears in the curvature PDF within G1,L for the higher Reynolds numbers.
This is assumed to be the result of a very uniform development of the Dean vortex pair
within this branch (compare with Fig. 3.15). The vortices within G1,R are smaller and
less symmetrical, which leads to broader peaks of the curvature distribution. During
peak expiration, more complex vortical structures develop, which are very similar
within each airway generation. Therefore, no larger deviations are found in between
the different functions.

3.4.2

Realistic lung

Within this section, the results of the flow field measurements within the realistic model
shall be presented. The focus for these measurements are set to identify the evolution
of the flow field throughout the whole breathing cycle within the main carina as well as
to determine quantitative velocity profiles and turbulent kinetic energies.
As first results, eight phase-averaged vertical velocity fields v/u0 are presented in Fig.
3.18 for the parameter set of Re = 2191 and α = 2.7. In the upper row, the inspirational
half of the ventilation cycle is shown and in the lower row the expirational one. From
the acceleration phase over the peak phase until the decelerating phase, the overall
flow structure does not change during inspiration (ϕ = 1/4 π - 3/4 π). For the case of
expiration (ϕ = 5/4 π - 7/4 π), alterations of the flow field are recognizable in the left
and right main bronchus as well as in the following generation. At the two points of
flow reversal ϕ = 4/4 π and 8/4 π a bidirectional flow is present with velocities of still
up to ten percent of the bulk velocity u0 at peak flow rate.
In order to investigate the influence of the Reynolds number on the evolving flow fields,
four of the previously shown phase positions are chosen and compared with respect
to their Re values (see Fig. 3.19). During peak inspiration (ϕ = 2/4 π) no drastic
change of the velocity field can be marked here as well. But with an increasing Reynolds
number the maximum normalized velocity values v/u0 decrease slightly. At ϕ = 6/4 π
(peak expiration) the impact of an increasing peak velocity and therefore an increasing
turbulent character of the flow can be seen more clearly. Whereas for Re = 1095 clear
and sharp velocity transitions occur, more smoother and smeared velocity gradients are
present at the two other Reynolds numbers.
When comparing the flow fields at the flow reversal points ϕ = 4/4 π and ϕ = 8/4
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Figure 3.18: Phase averaged vertical velocity field v/u0 at different phase positions
within the breathing cycle at Re = 2191 and α = 2.7.
π, no overall clear trend can be concluded. As the flow reversal velocity fields change
drastically around the point of flow reversal, a slight mismatch between the targeted
and the actually acquired and observed phase position can lead to larger differences
in the results. Although the measurements were adjusted iteratively to capture the
exact flow reversal point, there seems to be a small mismatch, still. Despite this fact,
a major difference of the flow field structure can be seen at ϕ = 8/4 π between Re =
1095 and 2191. This corresponds with the observation made in Sec. 3.4.1, where the
flow characteristics alter during expiration with an increasing Re.
Within Fig. 3.20, velocity magnitude profile lines across G0 , G1,R and G1,L are shown
for all measured Re during peak inspiration and peak expiration. For the state of peak
inspirational flow all considered velocity profiles exhibit a near perfect scaling with
u0 . Only a slight decrease of the maximum normalized velocities with an increasing
Reynolds number is observable, which the previous figure already indicated. During peak
expiration, the velocity profiles differ stronger with an increasing flow rate. Whereas a
successive transition from one profile to another can be marked within the generations
G0 and G1,R , there is a more impactful change of the flow in the left main bronchus
G1,L from Re = 1095 to Re = 2191. Across all profiles, the normalized velocities are
the lowest for the middle Reynolds number and the highest for the lowest flow rate. An
universal scaling behavior may not be present for the expirational half of the ventilation
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Figure 3.19: Phase averaged vertical velocity field v/u0 at different phase positions for
three different Re.
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Figure 3.20: Phase averaged absolute velocity |u| profiles across G0 , G1,L and G1,R at
peak inspiration (top row) and peak expiration (bottom row) for Re = 1095 ( ), Re =
2191 ( ) and Re = 4382 ( ).
cycle.
In order to gain a deeper insight into the flow characteristics, the turbulent kinetic
energy fields for the three Re are presented in Fig. 3.21, again for peak inspiration
(ϕ = 2/4π) and peak expiration (ϕ = 6/4π). Since the PIV data only contains two
velocity components and therefore only the two fluctuation components u0 and v 0 , the
third component w0 is assumed to contribute equally [106] and the kinetic energy is
calculated as
k = 3/4 · (u0 u0 + v 0 v 0 ) .
(3.21)
Once again, the obtained fields are very similar during peak inspirational flow. In all
Re cases, two distinct lines of high k are present. They each start at the walls of the
trachea G0 and propagate downstream into the next daughter branch. As a minor
difference between the three flow rates, the high k line within G1,L smears out in the
lower part of the branch and the high k line within G1,R shifts slightly towards the
outer wall of the branch and also towards the upper wall of G2,R . When comparing the
turbulent kinetic energy fields at ϕ = 6/4π, the different flow features, as already seen
above, can be identified here as well.
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Figure 3.21: Turbulent kinetic energy field k/u20 at peak inspiration ϕ = 2/4π and peak
expiration ϕ = 6/4π for three different Re.
When comparing the turbulent kinetic energy field closely with the velocity fields in Fig.
3.19 the areas of high k can be well connected to regions of large velocity gradients. At
most of these positions, high-speed flow passes fluid elements of nearly zero velocity,
which results in the development of strong shear layers. Such shear layers are prone to
flow instabilities and result in higher velocity fluctuations, which can be identified by
the turbulent kinetic energy fields. Regarding an expected overall increase of turbulent
fluctuations with an increasing Reynolds number, Fig. 3.22 helps investigating this
assumption. Within this figure, normalized turbulent kinetic energy profile k/u20 lines are
plotted accordingly to Fig. 3.20. As for the case of peak inspiration (ϕ = 2/4π), k scales
nearly perfectly with u20 , therefore no sudden change in the turbulent characteristics of
the flow can be marked, here. At peak expiration (ϕ = 2/4π) the maximum values for
k are found for Re = 1095. But as these values can be connected with the formation of
the aforementioned shear layers, they should not correspond to a stronger turbulent
flow. In the few areas without pronounced shear layers, the normalized values of k for
Re = 1095 are in a similar range of the values of the higher values. At Re = 2191, the
turbulent kinetic energy values are the lowest of all three Reynolds numbers in the free
stream regions.
Since the last results only covered peak inspiratory and expiratory flow, the evolution
of the velocity magnitude |u| and the turbulent kinetic energy k over the whole cycle
shall be evaluated now. Therefore, the averaged values along the previously introduced
profiles G0 ,G1,R and G1,L are plotted against the phase angle ϕ in Fig. 3.23. In addition,
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Figure 3.22: Turbulent kinetic energy k/u20 profiles across G0 , G1,L and G1,R at peak
inspiration (top row) and peak expiration (bottom row) for Re = 1095 ( ), Re = 2191
( ) and Re = 4382 ( ).
such curves are also presented for the branches G2,R and G2,L of the second branching
generation in Fig. 3.24.
With respect to the velocity magnitude |u|, the signals follow the sinusoidal motion
of the linear actuator. Most curves collapse into one another over the whole cycle,
when scaled with the bulk velocity u0 . The largest differences occur around the peak
expiratory phase of ϕ = 5/4π − 7/4π, where the values of the intermediate Re tend to
be lower. For this Reynolds number (Re = 2191), the peak velocities during inspiration
also exceed the peak velocities of expiration within the G0 , G1,R and G2,L . Furthermore,
a similar trend can be seen for the other two flow rates within G0 and especially in G2,L .
In contrast to this observation, the peak velocities are greater during expiration in the
branch G2,R . Within the left main bronchus G1,L , the velocity magnitude indicates
an equal flow of inspiration and expiration. The comparison of the velocity signals
of G1,R and G1,L reveals an skewed split of the flow between the two branches with
velocities being nearly three times as high in G1,R as in G1,L . Such an asymmetrical
flow division can also be seen in the second branching generation G2 . But within this
generation, the flow is split more uneven during the inspirational half. Furthermore,
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Figure 3.23: Phase averaged in-plane velocity magnitude |u|/u0 (left column) and
turbulent kinetic energy k/u20 (right column) at G0 , G1,L and G1,R during the whole
cycle for Re = 1095 ( ), Re = 2191 ( ) and Re = 4382 ( ).
the highest observed normalized velocity magnitude does not occur within the largest
airway generation but can be found in G2,L with around one and a half times the bulk
velocity u0 .
When looking at these two figures, there is one thing to notice. One might come
to the conclusion that the graphs show a violation of the mass continuity, since the
averaged inspiratory and expiratory velocity do not always show the same magnitude.
Hence, one could assume that an non-equal volume/mass of liquid is transported during
both phases. But this assumption is misleading since the PTV measurement only
resolved two components of the velocity vector in the middle plane of the model. As it
could already be seen in the previous sections and subsections, the velocity profile can
become very non-symmetric and the flow in the lung models is highly three-dimensional
with strong secondary flow motion. Therefore, the here shown averaged velocity over
a cross-sectional profile is a poor estimator for the liquid flow rate and no accurate
statement about the flow rate distribution should be drawn from these results.
The scaling of the turbulent kinetic energy k with the squared bulk velocity u20 does not
results in equally overlapping curves as for the velocity magnitude. The only branch,
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Figure 3.24: Phase averaged in-plane velocity magnitude |u|/u0 (left column) and
turbulent kinetic energy k/u20 (right column) at G2,R and G2,L during the whole cycle
for Re = 1095 ( ), Re = 2191 ( ) and Re = 4382 ( ).
where k scales uniformly, is G1,L . Within the remaining branches, the tendencies pointed
out in the paragraphs above do also appear, here. Namely, the averaged turbulent kinetic
energy is larger during expiration than during inspiration and the highest normalized
k values occur for the case of Re = 1095 during peak expiration, whereas the lowest
values belong to the case of Re = 2191. The largest difference of k/u20 between the two
main phases occur in the branch G2,R . This is also the branch with the overall highest
values for the turbulent kinetic energy.

3.5

Conclusion

After the previous analysis of the experimental data from the velocity measurements
within the artificial and the realistic lung, the most important findings shall be collected
and summarized within this section.
In general, the flow within the human lung at the investigated Re and α numbers
is dominated by large structures formed due to strong secondary flows. This can be
directly seen from the 3D-PTV results within the artificial lung or it can be derived
from the planar velocity fields obtained within the realistic replica. But whereas the
flow structure does not change significantly across all Re for the inspirational half of
the ventilation cycle, these structures undergo noticeably strong transformations during
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expiration with changing Reynolds numbers. A change in the Womersley number α has
no overall impact on the flow evolution, at least in the investigated range, here.
The employment of the 3D-PTV technique enables new analysis techniques to describe
the human lung flow. With this approach it is possible to directly track fluid elements
or particles throughout a complex geometric model. In the future, this could be used
to determine flow paths in dependence of the initial starting point and might be used
in the research specialized in targeted drug delivery. Furthermore, with the analysis of
the Lagrangian properties acceleration a, curvature κ and torsion τ , the geometry of
single trajectories can be evaluated in a novel way. By dividing the lung model into
several sub-geometries and building PDFs of these Lagrangian properties it is possible
to describe the flow in a more general approach than looking at single particle paths.
For a further improvement of the reconstruction quality, it is advised to implement
more sophisticated camera calibration models, which can handle the strong optical
distortions introduced by the use of such complex models, as seen here.
With respect to the 2D-PTV measurements the most remarkable result is the nonuniform scaling of the turbulent kinetic energy. As the evaluation of these measurements
suggest, the highest normalized turbulent kinetic energy occur for the lowest Re = 1095.
By closely comparing the turbulent kinetic energy fields it becomes apparent, that this
is not due an overall stronger turbulent flow but is due to the development of many
strong shear layers. These shear layers evolve at the boundaries of the secondary flow
structures. As the Re (Re = 2191) increases these structures get larger and can merge
as seen in the 3D-PTV measurements. This leads to lesser shearing effects and the
level of the normalized turbulent kinetic energy does not increase accordingly. With a
even higher Reynolds number (Re = 4382), the strength of the Dean vortices declines
again, caused by a stronger turbulent dispersion [52]. This can also be seen in the
corresponding k fields of Re = 4382, where the high k regions seem to be smeared out
and higher k values are also present in free stream regions.

4
Oxygen transport
4.1
4.1.1

Hydrodynamic Model
Lung replica

In contrast to the previous experiments, the investigated lung geometries within this
chapter are more simplified. The reduced models incorporate three in-plane bifurcations
as it can bee seen in Fig. 4.1 (b) and (c). The proportions of these model are based on
the data proposed by Weibel [114]. Both models share the same basic layout but differ
in their cross-sectional shape. Whereas the first model (planar flat PF) incorporates
a rectangular cross-section (Fig. 4.1 (b) & (d)), the flow channels within the second
model (planar round PR) are circular (Fig. 4.1 (c) & (e)). The width/diameter of the
largest channel G0 is 10.48 mm for both models and the depth of all channels is constant
with 4 mm for the rectangular one. The width/diameter of the following generations
Gi , with i being the generation number, can be calculated according to Weibel [114]
(see Sec. 2.2). As the models are constructed to model the flow within the mid to lower
conducting airways, the diameter decrease ratio is calculated based on Eq. (2.2). The
branching angles βi are 32◦ , 33◦ and 34◦ for the generations G1 - G3 , respectively.
Both lung replicas are manufactured out of two pieces of polymethyl methacrylate
(PMMA) each. For the rectangular model, the airways are CNC milled into the lower
part of the model and the upper plate is adhered flat on top. For the circular model, the
airways are symmetrically split in half by both PMMA plates. An additional PMMA
piece, attached at the top of each model, provides a connection to the external tubing.
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Figure 4.1: Illustration of the planar branching lung models. a) Skeleton sketch of the
Weibel geometry, b) photograph of the rectangular PMMA model (planar ﬂat PF), c)
photograph of the round PMMA model (planar round PR), d) cross-section geometry
of the rectangular model, e) cross-section geometry of the round model.
At the distal ends, eight brass tubes connect the airway channels with the external
tubing.
A scaled down version of the round model has previously been used by Bauer et al.
[15] to model the ﬂow during CMV and HFOV in the neonatal conductive airways.
Based on similar hydrodynamic properties between this study and this thesis, some
conclusions between the ﬂow and concentration ﬁelds can be drawn later.

4.1.2

Flow parameter

Two diﬀerent ﬂow cases are investigated with respect to their oxygen transport characteristics. The ﬁrst case represents a constant ﬂow rate through both models (PF and
PR) in both inspirational and expirational direction. An oscillating, sinusoidal ﬂow is
modeled as a second case but will be limited to replica PR.
During the constant ﬂow experiments, three diﬀerent ﬂow rates V̇ are investigated.
These are V̇ = 20, 40 and 80 ml min−1 . An overview of the corresponding hydrodynamic
characteristic numbers is given in Tab. 4.1. Based on the Reynolds number (see Eq.
(3.1)), where the length scale L is equal to the diameter d0 in this case, the ﬂow is
expected to be laminar for each ﬂow rate. Note, that for the model PF the hydraulic
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diameter dh
dh =

4 · crosssectional area
4 · d0 · h
=
,
wetted perimeter
2 · d0 + 2 · h

(4.1)

is used instead of the channel width and Re slightly differs between both models.
According to Fig. 3.3, the investigated flow cases are representing the flow characteristics
within the lowest conducting airways. The values of the Dean number Dn suggest the
presence of Dean type vortices within both models. But, due to the flat construction
of the planar flat model, the Dean number might not be as representable to predict
secondary flow motion as it is in the round model.
Since the experiments primarily aim at resolving the oxygen transport paths, the Peclet
number P e is given in the overview as well. This number is defined as
P e = Sc · Re

(4.2)

and gives a measure, whether convective (P e > 1) or diffusive (P e < 1) mass transport
dominates. As all Peclet numbers are in the order of 104 to 105 , the effect of diffusion
is expected to be negligible small. Within the calculation of P e, not only the Reynolds
number is taken into consideration but also the Schmidt number Sc
Sc =

ν
.
DO2

(4.3)

In contrast to the other characteristic numbers, Sc is independent of the flow rate
and only represents a specific fluid property. The number denotes the quotient of the
fluid’s kinematic viscosity ν and its oxygen diffusion coefficient DO2 . As this number
is constant (Sc = 400) for all experiments, it is not separately presented in the above
mentioned table. The working fluid in the oxygen visualization measurements is an
aqueous sensor solution (see Sec. 4.2). Since, its main component is water, the sensor
solution’s properties are assumed to be close to these of water. Therefore, in the
aforementioned calculations of the hydrodynamic characteristic numbers, the kinematic
viscosity is ν = 1 · 106 Pa s and the oxygen diffusion coefficient is DO2 = 2.5 · 10−9 m2 s−1 .
This coefficient is approximately twice as small as the coefficient for a PFC liquid (DO2
= 5.6 · 10−9 m2 s−1 ) [108]. But, based on the very high P e and equivalent orders of
magnitude between water and PFC, this difference should not introduce any significant
differences between the working fluid and the real PFC liquid.
For the measurements, where an oscillatory main flow is imposed, higher Reynolds
numbers are investigated in order to model a more similar flow behavior as within the
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Table 4.1: Overview of the investigated flow rates V̇ during the constant flow experiments
and their corresponding dimensionless numbers Re0 , Re1 , Dn1 and P e0 in both models.
Model
PF

PR

V̇ [ml/min]

Re0 [-]

Re1 [-]

Dn1 [-]

P e0 [-]

20
40
80
20
40
80

46
92
183
40
108
215

28
56
112
27
54
108

14
29
58
11
22
44

18400
36800
73200
21600
43200
86000

Table 4.2: Overview of the investigated parameters tidal volume VT and ventilation
frequency f with their corresponding dimensionless numbers Re0 , Re1 , Dn1 , P e0 and
α during the oscillatory flow experiments within model PR.
VT [ml]

f [Hz]

Re0 [-]

Re1 [-]

Dn1 [-]

P e0 [-]

α [-]

30
40
50
60
80

0.05
0.05
0.05
0.05
0.05

573
763
954
1145
1527

382
509
636
763
1018

155
206
257
309
100

229200
305200
381600
458000
610800

2.9
2.9
2.9
2.9
2.9

flow velocity measurements. A total number of five different ventilation parameter sets
is investigated (see Tab. 4.2). Within these, the tidal volume VT is varied between
30 and 80 ml and the ventilation frequency f is set constant to 0.05 Hz. As a result,
the covered Re0 range is between 573 and 1527 and the flow within the upper and
intermediate conducting airway branches can be modeled. With Dean numbers above
100 for every case, a larger impact of secondary flow motions is expected as compared
to the constant flow rate measurements. The Peclet number P e is in the order of 106 .
The Womersley number α is further calculated (see Eq. (3.5)) and equals to α = 2.9.
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Limitations

As with the velocity measurements, the physical interpretation of the following results
and their transfer to in vivo liquid ventilation are restricted by certain limitations.
The very simplified lung replica may be one of the greatest differences between the
experimental study and the real application. As more complex models show more
complex flow phenomena, not all transport and mixing mechanism may be represented
in the recent lung geometry. But in order to conduct first measurements with the
oxygen sensitive dyes in this research context, a more simplified geometry seemed more
suitable.
During all experiments, no perfluorocarbon liquid is used. Instead, a water-ethanol-dye
mixture acts as the working fluid. Despite considering the hydrodynamic characteristic
numbers and showing that the experiments are within a reasonable range, some unknown properties, when using PFC, cannot be excluded. Especially the large oxygen
concentration gradients within a PFC liquid cannot be matched, when it is replaced
with water. The effect of diffusion may be underestimated as a result. As PFCs cover a
whole family of complex liquids, they also posses a great variety of physical properties,
e.g. the oxygen diffusion coefficient can be very different as one PFC may be replaced
with another [86, 90, 110].
An important problem during the application of liquid ventilation is the removal of
carbon dioxide. All of the following experiments are only focused on the transport
paths of oxygen and no explicit conclusions about other ventilation gases can be drawn.
Furthermore, as LV gained more research interest when combined with ultra-fast
cooling, the fluids properties can be different with changing temperatures [33, 108].
Common temperatures during ultra-fast cooling are around 20-30 ◦C and around body
temperature, else wise. Since the experiments are conducted at room temperature,
the different physical properties may influence the results in details but a drastically
different flow field is not expected. Future research may be conducted to cover these
effects as well.
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Oxygen Sensitive Dye

As descriebed earlier in section 2.4 different chemicals have been used in the past to
measure dissolved oxygen (DO) concentrations. The oxygen quenching compound
used for the here presented experiments is the metallic complex Dichlorotris(1,10)
-(phenanthroline)ruthenium(II) ([Ru(phen)3 ]2+ ). When the powder is dissolved in a
liquid, it is possible to determine the dissolved oxygen concentration [O2 ] of the fluid
based on it’s fluorescent intensity. The relationship between the intensity I and the
dissolved oxygen concentration [O2 ] is described by the Stern-Volmer equation
I0
= KSV · [O2 ] + 1 .
I

(4.4)

Within this equation the DO concentration is not directly linked to the intensity I but
to the quotient of I0 /I, where I0 is commonly defined as the fluorescent intensity at the
state of complete absence of oxygen. Additionally, there is the proportionality factor
KSV , the so called Stern-Volmer constant. This constant is a measure of the sensitivity
of the sensor solution and has to be determined by a separate calibration procedure,
where the intensity I is measured at various known oxygen concentrations [O2 ].
In order to use the relationship in Eq. (4.4), it is necessary to deoxygenate the liquid
completely and to acquire the value I0 prior or after each measurement run. This is
not easily achievable in most cases. Another definition can be made, when choosing a
different reference concentration [O2 ]ref and capturing the intensity Iref instead of I0
Iref
= KSV · [O2 ] + A .
I

(4.5)

When doing so, the additional parameter A has to be considered or the equation has to
be scaled properly to achieve the formulation given in Eq. (4.4). The exact calibration
routine will be presented in a later paragraph. At this point a short overview of the
utilized image processing schemes shall be given for a better understanding of the
measurement technique.
Since the experimental approach aims at the determination of fluorescent intensities to
determine the DO concentrations, an optical receiver unit is needed. This can either be
a single photodiode for point-wise measurements or a digital camera for the acquisition
of whole concentration fields. Within this work a CCD camera will be used to measure
the values of I (see Sec. 4.3). Every pixel of the recorded image contains a separate
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reference image Iref

mask
deﬁne

measurement image I

divide Iref /I

apply

calibration curve

xx
xx

[O2]
mapped values of dissolved oxygen
Figure 4.2: Processing steps in order to calculate dissolved oxygen concentration from
raw images (reprinted from [54]).
I value. The whole image can then be considered as an intensity matrix and the
Stern-Volmer equation can be evaluated pixel-wise. Following this definition, I will now
be used to describe the intensity distribution of a whole image.
Two different evaluation approaches are used for the processing of the raw data, one for
the constant flow and one for the oscillatory flow experiments. All image processing
steps for the first approach are illustrated in Fig. 4.2. These steps basically follow
the calculation of the Stern-Volmer equation. At the beginning of the experiment a
reference image Iref is recorded along with it’s dissolved oxygen concentration [O2 ],ref
(using a reference probe). From this reference recording Iref an image mask is manually
extracted. This mask excludes regions outside of the model from the later calculations.
During the actual experiment, measurement images I are continuously acquired in
a time-resolved mode. Now the quotient Iref /I can be calculated for each time step
and the pre-defined image mask is applied. With the help of the calibration curve
the intensity quotient can be translated into an absolute value of the dissolved oxygen
concentration [O2 ], which will be presented as a false color image, finally.
For the oscillatory flow measurements, an image processing procedure is chosen, which
results in the determination of relative DO concentration fields with respect to the
cycles mean [O2 ]rel . This procedure is depicted in Fig. 4.3. Throughout a measurement
run, images are recorded at i phase positions ϕi for a total number of n flow cycles.
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Figure 4.3: Processing steps in order to calculate dissolved oxygen concentration from
raw images for the oscillatory flow case.
After the image acquisition is completed, the phase averaged images Ii (average of Ii,1 Ii,n ) are calculated at first. From all phase averaged positions (I1 - Ii ) the mean image
is calculated to obtain the mean image of the phase locked cycle Iref . As it’s name
indicates, this image will then be used as the reference image for the calculation of the
intensity quotients Iref /Ii . After applying the pre-defined image mask, the calculated
values of the relative dissolved oxygen concentration [O2 ],rel are shown as false color
images. When comparing this procedure with the image processing of the constant flow
cases, it has to be noted, that no absolute concentration values can be obtained from
this image evaluation technique. But it has the advantage, that for every single pixel a
correct referencing can be performed, which improves the quality of the final results.
The above mentioned sensor calibration with the aim of determine the Stern-Volmer
coefficient KSV will be presented now. The calibration is performed by filling the
models with the aqueous sensor solution at different known oxygen concentrations. The
reference oxygen probe to determine the dissolved oxygen concentration is a galvanic
oxygen sensor (GMH 3611, Greisinger) with a measurement uncertainty of ± 1.5 % of
the reading ± 0.2 mg l−1 at a nominal temperature of 25 ◦C. In addition, the calibration
is conducted twice, since the sensor solution is freshly prepared before the measurements
within PF and PR. For each calibration point 100 images are recorded and averaged.
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Figure 4.4: Characterization of the optical measurement set up. (a) Emission spectra
of the blue LED: · · · , absorption spectra of the sensor dye solution: −−, emission
spectra of the sensor dye solution − · −, idealized cut-on wavelength optical filter λcut :
−. (b) Absolute intensities I as a function of the dissolved oxygen concentration [O2 ]
as recorded by the 14 bit CCD camera. (c) Final calibration curve/ Stern-Volmer plot
with referenced intensities I0 /I over [O2 ]. Data points with errorbars indicate averaged
intensities across the whole image with their corresponding standard deviation (model
PF: , model PR: ). Bold black lines represent regression curves (left: quadratic,
right: linear) (adopted from [54]).
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The mean intensity of all pixels inside the model’s boundaries is determined afterwards.
In Fig. 4.4 (b), the resulting dependency of the image intensity and the dissolved
oxygen concentration is shown. A quadratic regression curve is additionally plotted
to illustrate the overall trend. The different offsets of both curves are due to different
illumination situations between the experiments. Large standard deviations of the
measured intensities are observable and can mainly be attributed to an inhomogeneous
illumination of the field of view. Furthermore, the spreading of the intensity is wider for
model PR. Since the measurement approach integrates the fluorescent signal over the
channel depth and model PR features different channel diameters, the aqueous sensor’s
response is also a function of the branching generation, which results in larger intensity
differences across the whole model. As the used measurement technique utilizes a
referenced intensity to determine the oxygen concentration, the effect of the uneven
illumination can be canceled out under the condition of a time-stable illumination set-up
during the measurements. The generation dependent response of the sensor solution
within model PR could be corrected by a pixel-wise determination of the Stern-Volmer
constant. This on the other hand would require a very precise positioning of the model
in between all measurement runs, which is not very practical. Therefore, the calibration
coefficient is determined from the averaged image intensities across the whole model for
PR as for PF equally. In order to determine the referenced intensity curve, the absolute
intensity values, such as shown in Fig. 4.4 (b), are divided by the intensity at the
lowest oxygen concentration. The calibration curve can now be calculated by a linear
regression. Since the Stern-Volmer constant KSV (calibration constant) is typically
identified by a calibration curve with an offset of 1, the calculated regression curve
is finally normalized with the referenced intensity quotient at 0 mg l−1 . This results
in the Stern-Volmer plot as shown Fig. 4.4 (c). It is noticeable, that the standard
deviations have become significantly smaller as compared to the absolute functions,
which indicates a uniform response of the sensor system. A summary of the obtained
calibration results for both models is given in Tab. 4.3.
Despite being prepared with the same concentrations of [Ru(phen)3 ]2+ , the difference of
the calculated Stern-Volmer coefficients is around 25 % between both calibrations. But
since the confidence intervals of the coefficient determination are very narrow and R2
indicates a very good fit of the regression function both values can be assumed to be
the true representation of the real value. A reason for the different sensitivities of the
two sensor solutions can be the different ambient temperatures during the calibration
procedure. Whereas the calibration for the model PF was performed at 22 ◦C, the
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Table 4.3: Calibration results for the aqueous sensor solution in model PF and PR. In
addition to the Stern-Volmer constant KSV and it’s 95 % confidence interval CI, the
goodness of the linear fit as expressed by the coefficient of determination R2 and the
root mean square error RM SE is presented.
Model
PF
PR

KSV [l mg−1 ]

CI [l mg−1 ]

R2 [-]

RM SE [-]

0.085
0.112

± 0.004
± 0.002

0.9913
0.9954

0.063
0.039

temperature was at 18 ◦C for the other model. Such a temperature depending sensitivity
of [Ru(phen)3 ]2+ dyes is known from the literature as for example reported by Baleizao
et al. [9]

4.3

Experimental set-up

As described in the previous sections, dissolved oxygen concentration maps are determined for the cases of constant and oscillatory flow. For both flow cases, a separate
experimental set-up is needed to provide the desired flow characteristics. A schematic
illustration for the installed set-ups is shown in Figure 4.5.
During the case of constant inspiration/ expiration (see Fig. 4.5 (a)) a syringe pump
(Perfusor IV, Braun), holding up to eight syringes (perfusor syringe, V = 50 ml, Braun),
delivers the constant flow rate. Since the syringe pump is not freely programmable but
can just be adjusted to discrete speeds, the number of syringes is varied in order to
match the desired flow rate. While the syringe pump is connected directly to the largest

(a)

(b)
[O2]
[O2]

[O2]

[O2]

Figure 4.5: Flow chart illustrating the hydraulic connections of the set up for providing
a constant inspiratory (a)) or an oscillatory (b)) flow through the model.
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generation during inspiration, the flow enters the model through the eight distal ends
during expiration. After passing the model, the fluid is collected in a separate storage
container. A total volume of 160 ml is pumped through the model for all measurements
with this set-up.
The flow paths for the investigations of the oscillating flow are shown in Figure 4.5 (b).
Instead of the piston pump used before, a linear actuator (P04-48, LinMot) drives two to
four syringes during the oscillatory experiments. The actuator is position controlled and
enables the creation of an oscillatory main flow by imposing a sinusoidal stroke signal
(see Fig. 3.2). In an equal procedure as in the velocity measurements, the targeted
tidal volumes and ventilation frequencies can be matched by changing the actuators
stroke and period time. Two of three liquid storage containers (each with a volume
of V = 2 l) supply the syringes with oxygenated or deoxygenated liquid, while a third
container collects all residual fluid after it has passed the model. Several non-return
valves control the flow direction as indicated in the illustration.
The used measurement equipment is the same for both experimental configurations. A
CCD camera (resolution: 1600 px x 1200 px, pco.1600, PCO) is placed perpendicular to
the flat side of the model. Due to the weak quantum efficiency of the fluorescent sensor,
2 x 8 pixel binning is enabled, which reduces the effective sensor resolution to 800 px x
150 px. But, this is necessary to obtain a good signal-to-noise ratio. The exposure time
of the camera is set constant for all experiments to texp = 500 µs. A blue high-power
LED (λ = 490 nm, PT-120, Luminus devices) illuminates the field of view with a pulse
length of tLED = 450 µs. The wavelength of the LED matches the absorption peak of
the luminescent dye (see Fig. 4.4 (a)). In order to separate the excitation light from
the emission light, an optical long-pass filter (λcut = 550 nm) is placed in front of the
camera sensor.
For the constant flow rate measurements a signal generator (Function Generator 4055,
PeakTech) synchronizes both the LED and the camera by providing a square-wave
signal with frequencies of 10,15 and 30 Hz for the three different flow rates of 20, 40
and 80 ml min−1 , respectively. Image acquisition is started simultaneously with the
perfusion pump and ends, when the total amount Vtot of liquid within the syringes has
been displaced. For all constant flow experiments Vtot equals to 160 ml.
During the oscillatory flow experiments, the camera and LED are synchronized with the
linear actuator. At pre-defined phase angles the control unit of the actuator sends short
TTL pulse in order to start the image acquisition of the camera and to pulse the LED.
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For every parameter set, images at eight phases are acquired throughout the ventilation
cycle. These points correspond to the indicated phases in Fig. 3.2. Since the storage
containers have a limited volume, only a limited amount of liquid could be prepared for
each measurement run. As a results, this limited the number of observable ventilation
cycles. For the experiments with a tidal volume of VT = 30 and 40 ml, 20 cycles could
be captured. With an increasing tidal volume, the observable cycles decreased to 15
and 10 for VT = 50 - 60 ml and VT = 80 ml, respectively.
In preparation of the measurements, the sensor solution needs to have a known DO
concentration for the reference images during the constant flow cases and for the
determination of the boundary conditions for each experiment. For these tasks the
same oxygen probe as already presented for the calibration measurements is used
(see. Sec. 4.2). All taken dissolved oxygen concentration readings are presented in
Tab. 4.4 (constant flow) and in Tab. 4.5 (oscillatory flow). Within these overviews
[O2 ],ref denotes the oxygen concentration at the beginning of the measurements. The
concentration [O2 ],syr in Tab. 4.4 characterizes the measured DO content in the syringes
prior to the measurement runs. The equivalent concentrations during the oscillation
case are [O2 ],l and [O2 ],h . They denote the dissolved oxygen concentrations in the
liquid storage containers from which the syringes drain the liquid during expiration
and inspiration. Since the differences between high and low oxygen concentrations
and therefore the obtained concentration gradients during the experiments presumably
have a effect on the results it is important to know this difference. The calculated
differences between high and low concentrated liquid are given as ∆ in both tables. As
the oxygen concentrations could not be adjusted precisely, the boundary conditions
could not be matched perfectly between each parameter set as well. In order to get
a quantification of the inter-measurement consistency the averaged DO concentration
difference with their corresponding standard deviation ∆ ± σ∆ is calculated. For the
constant flow experiments modeling inhalation this results to 5.42±0.45 mg l−1 and to
4.86±0.30 mg l−1 for the exhalation runs. The averaged difference for the oscillating flow
investigations (7.78±0.70 mg l−1 ) is set higher, mostly because of lower concentration
values within the liquid used during expiration.
According to Sec. 4.1.3, the liquid’s temperature ϑ is not controlled during the experiments but stays at ambient temperature. For the constant flow cases the mean
temperature ϑ is 19.4±1.1 ◦C. The temperature is lower for the oscillation measurements
with ϑ = 18.6±0.3 ◦C
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Table 4.4: Overview of flow parameters for the constant flow rate investigations.
Model
PF
Inhale
PR

PF
Exhale
PR

VT [ml/min]

[O2 ],ref [mg/l]

[O2 ],syr [mg/l]

∆ [mg/l]

ϑ [◦C]

20
40
80
20
40
80

2.50
3.00
2.40
2.92
3.30
2.83

8.20
8.50
8.60
7.95
8.18
8.01

5.70
5.50
6.20
5.03
4.88
5.18

18.1
18.5
18.9
21.2
19.0
21.5

20
40
80
20
40
80

7.60
7.60
7.90
8.10
7.97
7.98

3.00
3.00
2.90
2.68
2.72
2.80

4.60
4.60
5.00
5.42
5.25
5.18

19.0
18.4
18.5
20.1
19.4
20.1

Table 4.5: Overview of flow parameters for the oscillating flow investigations.
VT [ml]

f [Hz]

[O2 ],ref [mg/l]

[O2 ],l [mg/l]

[O2 ],h [mg/l]

∆ [mg/l]

ϑ [◦C]

30
40
50
60
80

0.05
0.05
0.05
0.05
0.05

7.30
6.71
7.30
6.23
6.23

1.09
1.06
0.93
0.72
0.68

8.70
8.81
7.84
8.54
9.62

7.61
7.75
6.91
7.82
8.94

18.1
19.0
18.5
18.4
18.7

Oxygen transport

4.4
4.4.1

75

Results & Discussion
Constant flow rate

At first, the results obtained from the constant flow rate investigation shall be presented. For this, global concentration maps, concentration profiles across different
airway generations and derived mean concentrations will be evaluated in the following
paragraphs.
In order to present the main features of the investigated flows, dissolved oxygen
concentration [O2 ] maps are shown in Figure 4.6 for V̇ = 40 ml min−1 within the flat
model PF. The depicted maps are captured for inspiration and expiration at three
time instants, each. These times corresponds to the beginning of the observed oxygen
increase/ decrease t0 (see Fig. 4.11), the end of the experiment tend and the quarter
time 0.25 · tend between end and start. As it will be later shown, the mean concentration
changes rapidly and the important oxygen concentration maps are most pronounced
right after the start of the experiments, therefore 0.25 · tend is exemplary chosen to
illustrate the transport paths. The dissolved oxygen concentration is given in absolute
values with dark blue indicating a high concentration and white the absence of oxygen.
At the beginning t0 and the end tend the dissolved oxygen is distributed homogeneously
throughout the model. This indicates, that the measurements endured long enough to
achieve a total replacement of the initial fluid with the high concentrated (inspiration)
or low concentrated (expiration) fluid. But the most interesting flow structures emerge
in the time between. For the case of inspiration, the areas near the symmetry line of the
model exhibit an increase in [O2 ], primarily. This leads to a concentration gradient from
the center line of the model to the outer walls. Furthermore, the most outer distal ends
show a later increase in the dissolved oxygen concentration. This effect can be explained
by looking at the velocity fields in such branched airway models. As exemplary shown
by Bauer et al. [15] in a similar model or as in Fig.3.18 in a more realistic lung replica,
the velocity field is strongly asymmetric in the downstream daughter branches. As a
result, high velocity areas can be observed in the more central airways and the velocity
magnitude strongly decreases towards the outer branches. Within the high velocity
areas, the branches can be supplied faster with the high concentrated fluid. Therefore,
a certain minimum inspiration time has to be covered to ensure an even distribution of
the outer distal ends as well.
During expiration, the intermediate time instant 0.25 · tend reveals a completely different

Oxygen transport

76

t0

tend

Expiration

Inspiration

0.25 tend

[O2] [mg/l]
0

2

4

6

8

10

Figure 4.6: Dissoled oxygen concentration maps during constant inspiration for the flow
rates of V̇ = 40 ml min−1 at three different time instances.
concentration map. Within each of the daughter branches G1 four distinct stripes
of low concentration, separated by thin lines of high [O2 ] are evident. Each stripe
originates from one of the eight distal ends of the model. Following the stripes from
these ends upstream to G0 , the clear separation layer becomes more and more diffuse.
But even though the concentration map at tend looks quite homogeneous, the distinctive
pattern of stripes is still recognizable. As already explained for the case of inspiration,
the concentration pattern is a result of the velocity profiles within the model. As the
Reynolds number is Re = 92 for this case (see Sec. 4.1.2), a laminar flow is assumed to
be presented. For laminar flows, separated fluid layers do not show any lateral transport
across their boundaries. This can be seen very well, here, where the different stream
tubes from each of the distal ends do not interact among one another. The slowly
vanishing of the clear separation can be explained by the parabolic velocity profiles
within the supply tubing towards the model. There, the velocity near the walls is
significant lower than at the center line. Due to this, near wall fluid elements take more
time to enter the model and therefore, the concentration drops slower at the edges of
the stripes.
With the help of Figure 4.7, the influence of the different flow rates and the effect of
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Figure 4.7: Dissoled oxygen concentration maps at 0.25 tend during constant inspiration
(left column) and expiration (right column) for the flow rates of V̇ = 20, 40 and
80 ml min−1 . Each concentration map is split in half, where the left side represents the
results from the planar flat (PF) model and the right side the results from the planar
round (PR) model.
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Figure 4.8: Temporal development of dissolved oxygen concentration profiles across
G0 for the three different flow rates of V̇ = 20, 40 and 80 ml min−1 during constant
inspiration in the planar flat (PF) and planar round (PR) model. The plotted profile
lines cover a range from the onset of the concentration change t0 until the end of the
experiment tend in five equidistant time steps.
the different cross sectional shapes between PF and PR shall be investigated. The
experiments conducted with a constant inspirational flow all show a similar oxygen
distribution. As a main difference the absolute values of [O2 ] differ, but this is not
a flow effect but due to the differences in the initial oxygen concentrations (see Tab.
4.4). A more subtle but still recognizable difference occurs in the comparison between
the model PF and PR. At all three flow rates, the gradient between high concentrated
liquid at the center and low concentrated liquid at the walls tends to be steeper within
the round cross sectional model.
During the cases of constant expiration, the previously identified stripe pattern can
be recognized in all [O2 ] fields. By increasing the flow rate, and therefore Re, the
separation of the different fluid layers vanishes more and more. Only the thin line at the
center line within G1 persists for every flow rate. When looking from the eight distal
ends of the model (branch generation G4 , the flow has to take slight curves in order to
reach G1 . After passing these turns, the separation lines quickly disappear. Therefore,
redirecting the flow several times can help to homogenize the concentration field, despite
being in the laminar regime. Such an effect, but mostly with more extreme curvatures,
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is technically used in many micro fluidic application and is known as a laminar mixer
[46]. When comparing the round model with the planar model, it becomes apparent,
that on one hand the stripe pattern is not as fully developed as in the other model
and on the other hand, the near wall areas show lower [O2 ] values for all flow rates. A
cause for this might be the constriction of the diameter within the airway branch in the
round model. This can lead to small recirculation areas, which the upstream coming
fluid cannot enter. As a results, the dissolved gas exchange in these areas is reduced.
For a better understanding of the temporal evolution of the dissolved oxygen concentrations, profile lines of [O2 ] are plotted for all three flow rates in Figures 4.8 (inspiration)
and 4.9 (expiration. The profile lines are taken across the largest airway channel G0
in both lung models. At the beginning (light blue lines) a nearly flat profile can be
marked for all experiments. The minor peaks are a result of the moderate signal to noise
ratios of the raw images. As the time progresses (transition to darker blue) the profile
lines indicate a rapid initial increase and decrease during inspiration and expiration,
respectively. Whereas during inspiration, the central areas exhibit a quicker increase
in concentration, the profile lines for expiration show a more uniform drop. This is
especially true for the model PF with the rectangular cross-section. Within the model
PR, the concentration shows a more wall influenced characteristic. This may indicate a
strong effect of the round cross-sections but could also be an artifact of the measurement
approach. Since the fluorescent signal is integrated over the whole depth of the model,
wall-near regions of the the PR model exhibit a shallower integration depth than the
central airway areas, which may also cause a difference in the measurement value. It is
recommended to tackle this question in future research works. The presence of separated
concentration areas during the expiration cases, as seen in Fig. 4.7, can be identified as
well, here. But in contrast to the concentration fields, where the difference between
high and low concentration values seem to be quite large, the largest differences shown
by the profile lines are in a range of only 1 mg l−1 for the planar flat lung replica. The
largest difference of [O2 ] within the model PR is approximately 3 mg l−1 . Overall, the
flow within the round airways exhibit stronger concentration gradients throughout the
experiments.
The evolution of the concentration values within the daughter generations G1,L and
G1,R are exemplary presented in comparison to the parent branch for V̇ =20 ml min−1
in Figure 4.10. Within this figure it becomes apparent, that the skewed flow field within
the lower generations also leads to shifted oxygen concentrations as already seen in the
previous figures.
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Figure 4.9: Temporal development of dissolved oxygen concentration profiles across
G0 for the three different flow rates of V̇ = 20, 40 and 80 ml min−1 during constant
expiration in the planar flat (PF) and planar round (PR) model. The plotted profile
lines cover a range from the onset of the concentraion change t0 until the end of the
experiment tend in five equidistant time steps.
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Figure 4.10: Temporal development of dissolved oxygen concentration profiles within the
planar flat (PF) model across G0 , G1,L and G1,R for V̇ = 20 ml min−1 during constant
inspiration (top) and expiration (bottom). The plotted profile lines cover a range from
the onset of the concentration change t0 until the end of the experiment tend in five
equidistant time steps.
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Based on the concentration profiles introduced in the previous paragraphs, the mean
concentration over time along these lines are deduced for each flow rate, each model
and in each branch of the generations G0 and G1 . An exemplary trend of this analysis
is depicted in Fig. 4.11. Here, the chosen data originate from the inhalation (V̇ =
80 ml min−1 ) and exhalation (V̇ = 20 ml min−1 ) experiments within the planar flat (PF)
model along the largest airway channel G0 . Both measurements curves include the total
observation time of each respective experiments. Since the sensor solution has to cover
the distance from the syringe pump to the model but the image acquisition is started
simultaneously with the pump, both curves start with a near constant plateau. At the
time instant marked with t0 , which is t0 ≈ 0.15 · tend for inspiration and t0 ≈ 0.17 · tend
for expiration, the oxygen concentration starts to rise or decline, respectively. For both
cases, the transition from [O2 ]0 to [O2 ]end can be well approximated by an exponential
function. In order to take the different time scales and oxygen concentration differences
between all experiments into consideration, the dimensionless variables t∗ and [O2 ]∗ are
introduced as followed
t∗ =
[O2 ]∗ =

t − t0
t99 − t0

(4.6)

[O2 ] − [O2 ]0
[O2 ]end − [O2 ]0

(4.7)

to normalize each measurement curve. Along with an ideal exponential function, some
exemplary normalized curves are plotted in Fig. 4.11.
Here, the normalized dissolved oxygen concentration is compared for the PF model ((c)
& (d)) against the PR model ((e) & (f)) as well as for inspiration ((c) & (e)) against
expiration ((d) & (f)). It is apparent, that all curves closely follow the ideal exponential
function and only small differences can be seen between the two different models. For
a more quantitative analysis, the measured oxygen concentrations are fitted with the
exponential functions
[O2 ](t∗ ) =



1 − e−t∗ /τ ∗

for inspiration


e−t∗ /τ ∗

for expiration.

(4.8)

at which the time constant τ ∗ is used as the fitting parameter. A summary of the
calculated time constants from all performed measurements, within the branches G0 ,
G1,L and G1,R is given in Tab. 4.6. Overall no absolute and concise statement can be
given from these values but the following general trends can be marked:
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Figure 4.11: Time development of the mean oxygen concentration [O2 ] across the profile
line G0 . (a) Oxygen concentration evolution for constant inspiration at 80 ml min−1 .
Indicated is the initial oxygen concentration [O2 ]0 , the onset of the concentration increase
t0 , the final oxygen concentration [O2 ]end as well as the time, at which 95 % of the final
concentration is reached. (b) Normalized plot of the oxygen increase during constant
inspiration for V̇ = 20, 40 and 80 ml min−1 . (c) Oxygen concentration evolution for
constant expiration at 20 ml min−1 . Indicated is the initial oxygen concentration [O2 ]0 ,
the onset of the concentration decrease t0 , the final oxygen concentration [O2 ]end as well
as the time, at which 95 % of the final concentration is reached. (d) Normalized plot of
the oxygen decrease during constant expiration for V̇ = 20, 40 and 80 ml min−1
.
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Table 4.6: Calculated time constants of the mean value’s rise and fall at a profile line
across generation one. τ ? [-]
Inspiration

Expiration

V̇ [ml/min]

planar flat
(PF)

planar round
(PR)

planar flat
(PF)

planar round
(PR)

G0

20
40
80

0.2226
0.1758
0.1310

0.2335
0.2541
0.2237

0.2150
0.1877
0.1995

0.2569
0.2196
0.1729

G1,L

20
40
80

0.2064
0.1479
0.1094

0.1872
0.1998
0.1602

0.2147
0.1921
0.2005

0.2610
0.2378
0.2233

G1,R

20
40
80

0.2197
0.1584
0.1261

0.2148
0.1891
0.1540

0.2134
0.1760
0.2035

0.2577
0.2368
0.1897

• smaller τ ∗ for inspiration compared to expiration
• smaller τ ∗ for PF compared to PR
• decrease of τ ∗ for higher flow rates
Smaller values of the time constant correspond to a faster increase/decrease of the mean
oxygen concentration. Therefore, the slightly smaller τ ∗ observed during inspiration
can be interpreted as a faster mixing of the high concentrated fluid entering the model.
Furthermore, the flat planar model tends to under predict the values obtained by the
more realistic planar round model. As the flow rate increases, the mixing seems to get
more effective, resulting in the decrease of τ ∗ . This might be due to the increase in the
Dean number Dn and stronger secondary flow motion.

4.4.2

Oscillatory flow

Within the next paragraphs the experiments with the oscillatory mean flow shall be
evaluated. But before presenting and discussing the actual results, the acquired data is
analyzed with respect to the methodology of the phase-locked measurement approach
at first. As described in Sec. 4.3 only a limited amount of flow cycles (10-20) could
be realized due to limitations in the experimental set up. The question, which arises
from this fact is, whether the phase averaged values can be expected to be converged in
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Figure 4.12: Development of the mean intensity I of a single pixel within G0 as a
function of the number of recorded ventilation cycles nϕ at flow reversal ϕ = 0/4 π (left)
and peak expiration ϕ = 6/4 π (right). The different tidal volumes VT are marked as
30 ml , 40 ml , 50 ml , 60 ml and 80 ml .
spite of the limited amount of repeating measurements. To answer this question, the
intensities I of the recorded raw images are examined with respect to their dependency
of the number of repeated flow cycles nϕ . As a first result of this investigation, the
convergence of the mean intensity I(nϕ ) of a single pixel within G0 is plotted exemplary
in Fig. 4.12 for all considered tidal volumes VT at the two phase positions ϕ = 0/4π
(flow reversal from expiration to inspiration) and ϕ = 6/4π (peak expiration).
In all cases the intensity reaches converged state or shows at least only very minor
changes. But with respect to the tested phase position, it becomes apparent, that
during flow reversal the mean intensity value rises within the first five cycles until it
reaches a near constant state. Such a behavior cannot be seen during peak expiration,
where the mean intensity does not change significantly with an increasing number of
cycles. Overall both curves indicate a sufficient number of observed flow cycles for a
further analysis of the data and a very constant flow field at single phase positions.
With the aim of quantifying the intensity deviations for all tidal volumes and phase
positions, the mean intensity of all recorded cycles will not only be considered for a
single pixel now but as the averaged value across the whole intensity field within the
lung model. The values for these mean intensities I are given in Tab. 4.7. Based on
the mean intensity, the standard deviations are calculated and summarized in the table
as well. Whereas the mean intensity I and the standard variation σI in absolute units
are dependent on the very specific illumination situation during the experiments, the
most interesting variable is the relative standard deviation σI,rel , here. In accordance
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Table 4.7: Summary of the mean image intensities I over all recorded cycles for every
phase position ϕ and tidal volume VT with their corresponding absolute σI and relative
σI,rel standard deviations.
ϕ
VT [ml]

Variable

0/4 π

1/4 π

2/4 π

3/4 π

4/4 π

5/4 π

6/4 π

7/4 π

30

I [counts]
σI [counts]
σI,rel [%]

8318
644
7.7

8182
644
7.9

6456
299
4.6

6007
130
2.2

5946
108
1.8

5973
118
2.0

6316
248
3.9

8120
237
2.9

40

I [counts]
σI [counts]
σI,rel [%]

8184
336
4.1

8105
503
6.2

6059
173
2.9

5496
67
1.2

5425
62
1.1

5440
58
1.1

6621
158
2.4

8068
91
1.1

50

I [counts]
σI [counts]
σI,rel [%]

9227
848
9.2

9089
804
8.8

6609
184
2.8

6153
118
1.9

6089
119
2.0

6076
110
1.8

8030
238
3.0

9293
164
1.8

60

I [counts]
σI [counts]
σI,rel [%]

9218
1014
11.0

9176
1029
11.2

6117
203
3.3

5689
92
1.6

5639
81
1.4

5599
68
1.2

8635
101
1.2

9422
102
1.1

80

I [counts]
σI [counts]
σI,rel [%]

8915
1216
13.6

8850
1258
14.2

5339
114
2.1

5095
67
1.3

5061
62
1.2

5046
56
1.1

8722
75
0.9

9278
75
0.8

to Fig. 4.12, the standard deviation during 0/4 π is far higher than for 6/4 π. With
values between 4-14 % the maximum standard deviations occur during 0/4 π and 1/4 π.
From peak inspiration ϕ = 2/4 π until accelerating expiration ϕ = 7/4 π the inter-cycle
intensity fluctuations are far less and σI,rel is on average around 1 - 2 %. After this
examination it can be concluded, that the intensity distribution and therefore the
dissolved oxygen concentration fields are very similar across all cycles.
For a first visualization of the obtained concentration results, relative oxygen concentrations maps [O2 ],rel at eight different phase positions are presented in Fig. 4.13. As
described in Sec.4.2 the oxygen concentration is not determined in terms of absolute
values but rather in relation to the cycle’s mean concentration. Therefore, the scale
of [O2 ],rel shows positive and negative values indicating a higher or lower oxygen concentration when comparing it to the cycle’s average. The phase positions are equally
defined as in the velocity measurements (see Fig. 3.2).
Within the upper half of the illustration (ϕ = 1/4 π - 4/4 π) the concentration fields
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Figure 4.13: Phase averaged dissolved oxygen concentration [O2 ]rel maps at eight
different phase positions within the ventilation cycle (VT = 40 ml, f = 0.05 Hz).
are depicted for the inspirational half of the cycle, starting from the accelerating flow
state to the point of flow reversal. At the onset of inspiration (ϕ = 1/4 π) the oxygen
concentration is well below the reference concentration in most parts of the model.
Only at the outer walls at the first bifurcation, areas with a higher concentration can
be observed. During the phases from peak inspiration (ϕ = 2/4 π) to flow reversal from
inspiration to expiration (ϕ = 4/4 π) the oxygen concentration gradually rises. Near
the center lines of the generations G1 -G3 the concentration exhibits higher values as
compared to regions near the channel walls. Furthermore a sharper step in the dissolved
oxygen concentration can be marked within the largest bifurcation.
At the phase of accelerating expiration (ϕ = 5/4 π) the oxygen distribution is overall
similar to the previous phase position. Only the aforementioned sharp step vanishes
and is evened out. During peak expiration (ϕ = 6/4 π) lower concentrated fluid enters
the model from the distal ends and separated areas of different concentrations emerge.
From the decelerating phase on (ϕ = 7/4 π) the relative oxygen values are below
zero and nearly the whole model is filled with low concentrated liquid. As the flow
transitions from expiration to inspiration (ϕ = 8/4 π), smaller regions of relative oxygen
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Figure 4.14: Dissolved oxygen concentration profiles [O2 ]rel across G0 during a whole
ventilation cycle and for different tidal volumes VT = 30, 40, 50, 60 and 80 ml (dark blue
to light blue). Top row: inspiration from accelerating flow ϕ = 1/4 π to flow reversal ϕ
= 4/4 π. Bottom row: expiration from accelerating flow ϕ = 5/4 π to flow reversal ϕ =
8/4 π.
concentrations near the cycle’s average can be marked. These regions are the near-wall
areas of G1 and G0 .
A more detailed analysis of the temporal oxygen concentration development is illustrated
in Fig. 4.14. Within this figure, relative oxygen concentration profiles [O2 ]rel across G0
are plotted during the whole ventilation cycle and for all measured tidal volumes VT =
30 - 80 ml. Overall, it can be seen, that the concentration extrema do not coincident
with the peak velocity phases ϕ = 2/4 π and 6/4 π but rather occur near the points
of flow reversal ϕ = 4/4 π and 8/4 π. Whereas, the maximum of the relative oxygen
concentration [O2 ]rel shows a strong dependency of the tidal volume, the minimum value
is equal for all tidal volumes with -20 %. For VT = 30 ml the maximum is at around the
same absolute concentration but as the tidal volume is increased the maximum shifts
towards 40 %.
Not only the concentration extrema are affected by an increasing tidal volume but
also the shapes of the profiles. A successive broadening of the profiles is observable
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Figure 4.15: Dissolved oxygen concentration proﬁles [O2 ]rel along two center airway
paths. The proﬁle lines are recorded at the end of inspiration ϕ = 4/4 π and expiration
ϕ = 8/4 π for all tidal volumes VT = 30, 40, 50, 60 and 80 ml (dark blue to light blue).
Top row: Airway path starting within G0 and terminating at the outer ﬁnal bifurcation
of G3 . Bottom row: Airway path starting within G0 and terminating at the inner ﬁnal
bifurcation of G3 .
with higher tidal volumes for both inspiration and expiration. This leads to higher
concentration gradients near the airway walls for the higher tidal volumes as compared
to the lower ones. Only near the ﬂow reversal point from expiration to inspiration at ϕ
= 8/4 π, the concentration is very homogeneously distributed at the highest VT , which
reduces the gradients in these cases.
Similar to the measurements under constant expirational ﬂow (see Fig. 4.9) and as
visualized in Fig. 4.13, traces of the stripey concentration patterns can be found in the
proﬁles at peak ﬂow (ϕ = 6/4 π) and decelerating ﬂow (ϕ = 7/4 π). Another unexpected
eﬀect can be observed at ϕ = 6/4 π, where the concentration values for the lower tidal
volumes lag behind the values for higher VT . This may indicate an inﬂuence of the ﬂow
unsteadiness with varying tidal volume although the Womersley number is constant for
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G0

G1

G2

Figure 4.16: Mean oxygen concentrations during a whole breathing cycle and mean
oxygen concentration gradient at f = 0.05 Hz and different tidal volumes VT = 30, 40,
50, 60 and 80 ml (dark blue to light blue) within G0 G1 G2 .
all cases with α = 2.9.
For a further analysis of the dissolved oxygen concentration distribution, concentration
profiles along the airway’s center line are considered. In detail, two airway paths are
selected. They are depicted in Fig. 4.15 and correspond to a flow path from the largest
branch G0 to the outer branch and to the inner branch of the generation G3 . The
concentration values along these lines are presented in the same figure and show the
distributions at the end of inspiration ϕ = 4/4 π and at the end of expiration ϕ =
9/4 π. In the same manner as in the previous analysis, all investigated tidal volumes
are considered here as well.
As already observed before, the tidal volume dependency on the distribution is different
for the inspirational and the expirational flow. During inspiration a clear tendency
towards higher [O2 ]rel can be marked as the tidal volume is increased. At the end of
expiration, the concentration profiles are more closely located. With respect to the
distribution along the profile lines, it can be stated, that lower VT lead to more unevenly
concentration values along the airway paths. This seems especially true for ϕ = 4/4 π,
where the largest differences can be found. At ϕ = 8/4 π, only the line of VT = 30 ml

Oxygen transport

90

shows higher steps in the concentration distribution. These steps, both for inspiration
and expiration, are located near the bifurcation points. When comparing the profile
lines with the concentration maps introduced in Fig. 4.13, the sharp transitions can
be found there for inspiration as well. For the case of expiration, the not perfectly
mixed flow layers and the crossing of the chosen profile line over these layers, seem to
be responsible for the smaller peaks and valleys. Between the two analyzed flow paths,
minor differences are present. The flow is not perfectly symmetrical between G1 and
G2 for the left and right branch, although the model would suggest so. But still, the
overall structure is the same. Between the outer most and the inner distal bifurcation,
the inner one exhibits minimal higher values at the highest tidal volumes.
Since the tidal volume seems to have a larger impact on the oxygen concentration,
phase dependent averaged concentration values across three airways generations are
depicted in Fig. 4.16 for all investigated tidal volumes. As already indicated above, the
maximum relative oxygen concentration [O2 ]rel exhibits higher values for higher tidal
volumes. The minimal values are nearly identical over all investigated VT . But not only
the peak to peak difference changes with the tidal volume but also the phase dependent
function. For the smallest tidal volume of VT = 30 ml, the curves within all generations
are nearly symmetrical around ϕ = π. With an increasing tidal volume the profiles get
steeper and more asymmetrical. The derivations with respect to the phase angle ϕ of
the curves are presented in the bottom row of the same figure. Based on these graphs
it can be found, that the oxygen concentration gradients are stronger for higher tidal
volumes. Furthermore, whereas all curves are synchronized from ϕ = 0-π, there is a
phase shift recognizable for the lowest tidal volumes during the expiration phase.

4.5

Conclusion

At this point, the presentation of the major findings of the previous sections and their
interpretations shall be ended and a conclusion be drawn, which highlights the most
important contributions of this dissertation with respect to the gas transport.
First and foremost, a successful application of the oxygen sensitive dye measurement
technique can be reported. With this experimental approach it is possible to obtain
global dissolved oxygen concentration data with high spatial and temporal resolution
when compared to established medical imaging techniques. Of course, this technique
cannot replace in vivo investigations but extends the possibilities to gain a deeper
understanding of the flow physics involved in liquid ventilation strategies.
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From the performed experiments it becomes clear, that there are significant differences
between the gas transport paths during inspirational and expirational flow. During
inspiration, the inner, central airway branches are primarily supplied with fresh oxygen.
But if the tidal volume is sufficiently large, the dissolved oxygen concentration in the
outer branches rises to equal levels as well. For the cases of expiration, the flow layers
with a low oxygen concentration, originating from the distal ends, are observed to stay
separated for several branching generations. This is especially true for low Re and/or
low VT . With an increasing flow rate and a flow regime near the turbulent transition
point, the mixing of the different fluid layers increases. The increase and decrease of the
dissolved oxygen concentration follows an exponential characteristic for both inspiration
and expiration, respectively. Whereas a near constant end level of [O2 ] is reached for all
of the constant flow experiments, the mean concentration values during the oscillating
flow measurements are strongly dependent of the chosen tidal volume. From these
measurements it can be seen, that lower tidal volumes lead to more symmetrical mean
concentration courses throughout the whole ventilation cycle.
When comparing the obtained concentration fields with the description of velocity fields
in similar models reported in the literature, it becomes apparent that their structures
match especially in the early phases. Therefore during the accelerating and peak flow
phase, the concentration fields resembles the velocity fields. With the onset of the
decelerating phase, the gas is further convected downstream, resulting in a broadening
of the concentration profiles and the structures of the concentration and velocity fields
are no longer comparable.
The differences between the two models, PF with a rectangular cross-section and
PR with a circular cross-section, shall be pointed out as well. All in all, the observed
concentration fields are very similar to each other and the most significant flow structures
are present in both models. But, when looking in more detail, the concentration fields
are more evenly and homogeneously distributed within PF. At near wall areas, stronger
concentration gradients are present within PR. This may not be completely attributable
to the round cross-section but also to the airway diameter change within a generation,
which model PF does not feature. For a simple analysis models with a rectangular
cross-section may be sufficient but they seem to not cover all relevant flow effects.

5
Summary
Despite being in research since the early 1960s, liquid ventilation could not yet have been
implemented as a routinely performed ventilation strategy. As the literature research
pointed out, there is a missing understanding of the fluid dynamic processes during
liquid ventilation, which may hinder the progress of these medical procedures. Many
alternative ventilation approaches, such as CMV or HFOV, have been investigated from
a hydrodynamic perspective but no dedicated study investigated the unique properties
of liquid ventilation, yet.
With the aim of providing first research data of this very promising ventilation strategy,
different advanced optical measurement techniques were utilized in various models of
the human airways. The investigated lung models varied in their degree of abstraction.
Simple, symmetrical and planar geometries, based on mathematical models were part
of the research as well as realistic patient-specific representations. Important flow
parameters were deduced from typical reported values of the tidal volume and the ventilation frequency. Based on the determination of important hydrodynamic characteristic
numbers, the flow within the largest bronchial tree generations can be expected to
be highly turbulent. As the airways branch further, the flow is assumed to enter the
transitional regime within the intermediate bifurcation generations. Considering all
presented experiments with their corresponding hydrodynamic properties the results
mostly resemble the flow state in these intermediate branching generations.
The chosen in vitro/in replica approach enabled the use of Particle Tracking Velocimetry
(PTV) measurements to obtain velocity data with high spatial resolution within the
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Summary

93

upper bronchial tree under sinusoidal ventilation patterns at different Reynolds and
Womersley numbers. For the first time, the 3D-PTV method was incorporated in the
context of human lung flow, which provided a unique and intuitive visualization of
the important flow structures. It was found, that the ventilation frequency did not
alter the flow properties significantly within the investigated range of α = 1.9 - 4.8.
A much stronger impact is seen for the variation of the Reynolds number. Especially
during the expirational half of the ventilation cycle, the flow structures are prone to
changes of the tidal volume. In addition to the characterizing of the flow field, the
Lagrangian properties curvature κ and torsion τ , were evaluated. These properties
have not been reported in the literature, yet but have shown in this dissertation, that
they may offer a unique approach in describing general flow features. With help of the
2D-PTV measurement technique, flow fields of Reynolds numbers up to 4000 could
be presented within a realistic lung replica. Similar to the previous 3D measurements,
the flow field during inspiration is equal across different Re and scales linearly with an
increasing bulk velocity. But during expiration, this scaling falls short, as important
flow structures alter with changing flow rates. In addition to the velocity fields, the
turbulent kinetic energy fields have been examined as well. This analysis revealed
that oppositely having the lowest velocities, the case of Re = 1095 shows the highest
normalized turbulent kinetic energies. Comparing this finding with the corresponding
flow fields, it can be stated, that these high values are located at the several occurring
shear layers and are not part of an overall higher fluctuating flow. With an increase of
the Reynolds number, the very distinct shear layers disappear and an increase of the
free stream fluctuations can be observed. Overall, the velocity measurements suggest a
flow highly dominated by secondary flow effects. Furthermore, large differences between
the flow fields of the inspirational and expirational half of the ventilation cycle can be
stated.
Another novel experimental technique has been utilized to the flow analysis. This
method used Oxygen Sensitive Dyes to visualize and quantify global dissolved oxygen
concentration maps. In contrast to the flow velocity measurements, where more complex
replicas were used, four-generation Weibel lung replicas with round and rectangular
cross-sections were incorporated in these investigations. In addition to an oscillatory
main flow, which mimics the ventilation cycle, a simplified constant flow has been
modeled as well. For the constant flow measurements three flow rates were investigated,
ranging from Re = 40 to 215. Higher Reynolds numbers were achieved during the
oscillatory measurements, with Re = 573-1527. Since only the tidal volume was varied,
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a constant ventilation frequency was chosen, which resulted in a Womersley number
of α = 2.9. It was found, that the obtained concentration fields of the constant
flow experiments are comparable to the ones recorded under oscillatory bulk flow.
Overall, the observed dissolved gas distribution resembles the underlying velocity field.
Therefore, very different gas transport paths were observed between inspirational and
expirational flow. During inspiration, the center airways are primarily supplied with
fresh oxygenated liquid. For the case of expiration, a distinctive stripe pattern occurs
due to an unification of the flow originating upstream at the distal ends of the model.
As the variation of the tidal volume and therefore of the Reynolds number showed, an
increase of the tidal volume leads to a more homogeneous distribution at the end of
the inspirational and expirational phases. In an one-dimensional sense, the averaged
dissolved oxygen concentrations followed an exponential characteristic to reach the
terminal concentration. Minor differences between the model with the rectangular and
the round cross-section were noticeable, which was assumed to be caused by a more
suppressed secondary flow motion in the replica featuring rectangular airway channels.
For future research work is it therefore suggested to avoid rectangular cross-section
models in order to capture more important flow features.

6
Outlook
Since this dissertation is one of the first in vitro studies covering the flow properties
inside the human airways during liquid ventilation and one of the major novelties of
this work was the introduction of new measurement techniques to this research field,
important questions concerning the flow physics are still unanswered.
Especially the gas transport within the terminal branches of the human lungs, where
diffusion dominates over the convective transport could not be covered within the here
presented research work. But a variety of necessary tools for working on this open
research topic, have been proposed. These are mainly the building of a suitable hydrodynamic model by utilizing characteristic hydrodynamic numbers and the utilization
of oxygen sensitive dyes, which enables spatially and time resolved measurements of
dissolved oxygen fields. An interesting point for the future is to incorporate oxygen
sensitive dyes within refractive index matched liquids and models. This would not
only open the door for the use of more complex and three dimensional models, such
as used in the velocity measurements, but it would also be possible to combine both
measurement techniques to simultaneously gather velocity and concentration fields.
Furthermore, a more in depth analysis of the measurement uncertainty of the technique
has to be performed for improving the quality of the results. Since the oxygen sensitive
dye approach is very similar to the pressure sensitive paint technique, which underwent
intensive research in the past years, there is a good foundation to build on.
As reviewed in Sec. 2.1, liquid ventilation starts to become very important during
ultra-fast cooling procedures. The effect of temperature has not been an object of
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investigation in this dissertation. But since the human lung basically acts as a very
efficient heat exchanger during ultra-fast cooling, it is important to understand, how
the fluid’s temperature distributes and changes along the airway paths. A possibility to
answer these questions might be the use of a bi-luminophor liquid sensor, where one
sensor dye measures the oxygen concentration and a second one is used to determine the
temperature. Such sensor systems have already been used for aerodynamic investigations
[66, 83] and seem to be a promising approach for bio medical in vitro studies.
With respect to a deeper understanding of the fundamental fluid dynamic properties, a
further investigation of the Lagrangian flow characteristics could be a promising task.
With the discovered universal shape of the particle trajectories’ Lagrangian properties
and their similarity to research findings about isotropic, homogeneous turbulence, a
closer look on these properties is recommended.
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