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Abstract
Transport and deposition of aerosols in human respiratory tract is an active area of research.
Aerosol inhalation is one method for delivering medication to the human body. On the other
hand, inhaled air sometimes contains harmful particles like particulate matter. Besides spherical
aerosols such as droplets or dust also fibrous particles are investigated. Due to their irregular
shape, they can penetrate deeper into the respiratory system and may be more efficient for medical
purposes. Nevertheless, the complex shape poses challenges for simulation because the drag force
depends on the current orientation to the flow. Furthermore, in the area of bifurcations fibrous
particles tend to change the orientation or start flipping. The Euler-Lagrange Euler-Rotation
(ELER) method computes particle movement via Lagrangian tracking and particle rotation via
Euler kinematical equations. These equations are computationally more expensive than the stan-
dard Lagrange approach of effective diameter but yield more accurate results.
The primary objective of this thesis was to extend the ELER method into the Lattice Boltzmann
Method (LBM), a mesoscopic approach that models fluid dynamics based on the statistical be-
haviour of fluid particles. This integrated framework was then applied to simulate fibrous particle
transport within a realistic anatomical model of human airways, extending down to the seventh
generation of branching. The findings confirm that the deployed ELER method provides higher
accuracy in predicting deposition fractions compared to the effective diameter approach, as vali-
dated against experimental data. Nevertheless, a comprehensive analysis of the rotational motion
of fibers against high-speeed camera experimental measurements still revealed significant discrep-
ancies. As a potential source of them, the observed fibers in the experiment indicate asymmetrical
deformations, created during the fabrication procedure. To account for these real-world shape
changes, a novel approach for particles with inhomogeneous mass distribution was derived and
implemented. While these inhomogeoneities were shown to significantly disturb rotational mo-
tion compared to homogenous ones, their impact on particle trajectories was less substantial.
Consequently, fully resolving the complex rotational behavior of fibrous particles in realistic air-
way flows remains an area for further investigation.

Abstrakt
Transport a depozice aerosolů v lidském dýchacím traktu jsou aktivní oblastí výzkumu. Inhalace
aerosolů je jednou z metod dodávání léčiv do lidského těla. Na druhé straně však vdechovaný
vzduch může obsahovat také škodlivé částice, jako jsou pevné prachové částice. Kromě sférických
aerosolů jsou zkoumány také vláknité částice. Díky svému nepravidelnému tvaru mohou pronikat
hlouběji do dýchacího systému a mohou být účinnější pro lékařské účely. Nicméně jejich složitý
tvar představuje výzvu pro simulace, protože odporová síla závisí na aktuální orientaci částice vůči
proudění. Navíc v oblasti bifurkací mají vláknité částice tendenci měnit orientaci vůči proudění.
Metoda Euler-Lagrange Euler-Rotation (ELER) počítá pohyb částic pomocí Lagrangeovským
přístupem a rotaci částic pomocí Eulerových kinematických rovnic. Tyto rovnice jsou výpočetně
náročnější než standardní Lagrangeovský přístup metodou efektivního průměru, ale poskytují
přesnější výsledky. Hlavním cílem této práce bylo implementovat metodu ELER do Lattice
Boltzmannov metod (LBM), což je mezoskopický přístup modelující proudění kapalin na základě
statistického chování částic tekutiny. Tento integrovaný rámec byl následně aplikován na sim-
ulaci transportu vláknitých částic v realistickém anatomickém modelu lidských dýchacích cest,
sahajícím až do sedmé generace větvení. Výsledky potvrdily, že použitá metoda ELER poskytuje
vyšší přesnost při predikci depozičních frakcí ve srovnání s přístupem založeným na efektivním



průměru, jak bylo ověřeno na základě experimentálních dat. Nicméně podrobná analýza rotačního
pohybu vláken pomocí vysokorychlostní kamery odhalila stále přetrvávající nesrovnalosti. Jako
jejich možný zdroj byly identifikovány asymetrické deformace vláken, vzniklé během výrobního
procesu, které byly pozorovány v experimentech. Pro zohlednění těchto reálných tvarových změn
byl navržen a implementován nový přístup pro částice s nehomogenním rozložením hmotnosti.
Zatímco bylo prokázáno, že tyto nehomogenity významně ovlivňují rotační pohyb ve srovnání
s homogenními částicemi, jejich dopad na trajektorii a depozici částic byl méně výrazný. V
důsledku toho bylo prokázáno, že metoda ELER ve spojení s LBM je přesným nástrojem pro
predikci klíčových depozičních charakteristik v biomedicíně a dosahuje přesnějších výsledků než
metoda efektivního průměru. Určité nesrovnalosti v rotačním pohybu však zůstávají předmětem
budoucího výzkumu.
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1 Introduction
Exponential growth of the computational performance and capacity in recent decades has ex-
panded the deployment of Computational Fluid and Particle Dynamics (CFPD) in the biomedicine.
The main CFPD research in the respiratory tract could be divided into two substantial types:
research on the harmful in�uence of toxic particles and drug delivery by inhalation.

Fundamentally, CFPD helps to gather information about the penetration of particles into
the lungs [50]. One of the important parameters governing how deep the particle reaches is the
size. While particles larger than 10µm are typically captured in the oropharyngeal region and
larynx, particles around 1 µm large can reach the alveoli [24]. Simulation of droplet spread during
exhalation or coughing enables the estimation of possible infection, a highly relevant task during
the SARS-Cov-2 pandemic in 2020.

Furthermore, CFPD helps optimise medical treatment of respiratory diseases by inhalation,
overcoming the clearance mechanism of the airways. They provide valuable information on how
these aerosolised particles spread and deposit in di�erent parts of the respiratory tract.

CFPD methods can be divided into two fundamental groups based on the understanding of
�uid and its structure: the Eulerian and Lagrangian approaches [73].

In the Eulerian approach, the �uid is considered a continuum described by the conservation
laws of mass, momentum, and energy involving macroscopic variables such as �uid velocity,
pressure or density. This approach is commonly applied in CFPD.

Conversely, the Lagrangian approach considers the structure of the �uid and approximates
the �uid atom and molecules as rigid spheres or more complex shapes described by the forces
acting on using Newton's second law. This approach can only solve domains with signi�cantly
fewer particles � typically dilute aerosols or gases (vacuum physics).

Non-convetional approach used in this work, the Lattice Boltzmann method (LBM), is a meso-
scopic method considering statistical motion of �uid particles gathered in classes with the same
discrete velocities, called populations and solves their time evolution (convection and collisions)
based on the Boltzmann equation [37].

Recent research on particle deposition has also focused on irregularly shaped particles. Elonga-
ted particles, �bres, pose a signi�cant health risk [3]. Fibre transport is crucial in many industrial
sectors such as civil engineering or the paper industry, and proper treatment increases the pro-
tection of workers. In recent years, not only droplets and spherical particles could be used for
drug inhalations, but also cylindrical particles such as biodegradable �bres could be e�ciently
deployed as carriers [63]. Due to the complex shape of these particles, an accurate computation
of their movement is more challenging than that of spherical particles.

This work is focused on the development of the Euler-Lagrange-Euler-Rotation (ELER)
method for transport and deposition of �bres coupled into the LBM and investigates the �-
bre transport and deposition in the entire human respiratory tract up to the seventh generation
of the tracheonbronchial tree.

2 Human respiratory tract
This chapter brie�y outlines the theoretical foundations of the human respiratory tract: its
anatomy, physiology, and morphology. This dissertation builds on the work of colleagues J.
Elcner [16] and F. Lízal [48], who explored this topic in their dissertations.

The primary function of the respiratory system is breathing � the exchange of respiratory
gases. Oxygen (O2) enters the respiratory system through the respiratory tract into the alveoli,
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di�uses into the pulmonary capillaries, and is replaced by carbon dioxide (CO2). The respiratory
system consists of individual organs with speci�c functions (see Figure 2.1).

2.1 Anatomy of the respiratory tract

Anatomically, we di�erentiate between the upper and lower respiratory tracts. The upper respi-
ratory tract includes the nasal and oral cavities, pharynx, and larynx, while the lower respiratory
tract consists of organs within the thoracic cavity (trachea, bronchi, bronchioles, and alveoli).
The respiratory tract is visualised in Figure 2.1.

Figure 2.1: The respiratory system, adapted from [78].

2.2 Physiology of respiration

From a functional perspective, the respiratory tract can be divided into the conducting zone
(including organs arranged between the oral and nasal cavities up to the bronchi; called external
as well), which serves to transport air, and the respiratory zone (alveoli and alveolar sacs; called
internal as well), where the gas exchange process occurs. The air �ow through the conducting
zone is called external respiration, whereas the gas exchanges internal respiration. In this work,
only external respiration is relevant.
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Inhalation is initiated by the contraction of the diaphragm. This movement increases the
internal volume. This leads to a decrease in the pressure within the pleural cavity which in turn
reduces the pressure within the lungs relative to the atmospheric pressure, allowing air to �ow
into the lungs. During exhalation, the diaphragm and chest return to their equilibrium position,
reducing lung volume [26].

2.2.1 Qualitative parameters of the respiration

Depending on the mode of breathing (resting, light exercise, etc.), the following numerical quan-
tities are important and essential for the speci�cation to set the initial and boundary conditions
of CFPD as depicted in Figure 2.2.

Figure 2.2: Schematic of lung volumes of an adult, adapted from [26].

2.3 Reconstruction of the respiratory tract

The geometry of the respiratory tract is an essential input for a successful CFPD. Due to their
complexity, many simpli�ed models of lung and airway geometry were developed throughout the
20th century, such as the models by Weibel [77] and Hors�eld [31].

Although these models are simpli�ed, the limitations of capturing bifurcations beyond the
ninth generation through Computer Tomography (CT), Magnetic Resonance Imaging (MRI) or
other screening methods make simpli�ed models still relevant and under continuous development
[74]. In addition, understanding the impact of respiratory diseases provides information on more
e�ective treatment. Medical imaging methods can study the morphological di�erences between
healthy and diseased airways. Simulations and experiments on particle deposition in geometries
from individuals with diseases such as Chronic Obstructive Pulmonary Disease (COPD) or asthma
can optimise drug delivery by inhalation, enhancing treatment e�ciency.

In this work, two realistic geometries, spanning from the cavities to the tracheobronchial tree,
based on the Ercoftac BUT benchmark human lung model [46] were utilised. The �rst model
was rescaled to mimic the lungs of a 5-year-old child to represent the same individual at the age
of �ve years based on dimensional evolution of the body sizes available in the literature, cut o�
the second generation of branching [57].
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The second model was rescaled to mimic a representative female geometry based on the human
body dimensional studies. To evaluate the e�ciency of drug delivery into the tracheobronchial
tree, only the mouth route was considered. The tracheobronchial tree was kept in the original
extend down to the seventh generation of branching [56].

3 Aerosols
An aerosol is a suspension of �ne solid particles or liquid droplets in air or another gas. A
particle is understood as a homogeneous mass unit with a density equal to that of the material
it comprises. Particles can be classi�ed by various criteria such as size, shape, phase, or origin.
Examples include particulate matter (PM), smoke, liquid mist droplets, or more complex shapes
like �bres or bacteria. They can also have diverse shapes; this work focused on spherical and
�brous particles � cylindrical particles where the length exceeds the thickness, in the microscale
range larger than 0.1µm.

3.1 Deposition mechanisms

The inner walls are covered by mucus, a slippery aqueous secretion. Particles that come into
contact with these walls are likely to be captured to prevent them from travelling into the lungs
and inhibiting their harmful e�ect on human health. The shape of the airways is highly complex,
and di�erent deposition mechanisms dominate in various sections (see Figure 3.1). Primary
mechanisms include inertial impaction, gravitational sedimentation, and Brownian motion, with
lesser contributions from turbulent mixing, electrostatic deposition, and interception [12], which
play a crucial role in particle transport and deposition. Inertial impaction occurs typically for
heavier particles larger than 5 µm, when inertial forces are greater than drag forces, for large
Stokes numbers Stk. Sedimentation is caused by the gravitational force occuring in the central and
lower airways and becomes signi�cant near the walls. Particles smaller than 0.5µm are in�uenced
by random motion occuring due to collisions with surrounding air particles called Brownian
motion. Turbulent mixing occurs as a result of turbulent �ow in the laryngeal jet. To involve
them into the numerical simulations, Large Eddy Simulations (LES) should be deployed showing
higher accuracy than Reynolds Averaged Navier-Stokes (RANS) simulations [52]. Interception
is relevant for non-spherical particles and may play an important role for elongated particles,
such as �bres. Whether interception occurs depends on the particle's orientation while �ying
near the wall. Especially particles orientated perpendicular to the streamlines have the greatest
chance of depositing by interception. Electrostatic capture is governed by electrostatic forces
acting between electrically charged particles and electrically charged walls, and between particles
themselves and is negligible compared to other mechanisms [13].

3.2 Quanti�cation of deposition

To determine particle deposition in individual segments, the following quantities are generally
used in the literature:

The deposition fraction (DF) expresses the ratio of particles deposited in a speci�c segment
to the total amount of particles entering the volume of the model. The deposition e�ciency (DE)
expresses the ability of a segment to� �lter� passing particles. It is expressed as the ratio of
particles deposited in the segment to the amount of particles entering the segment. Deposition
density (DD) indicates the ratio of the deposition fraction to the total surface area of the segment
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Figure 3.1: Schematic of dominant deposition mechanisms in di�erent regions of the respiratory
tract, adapted from [12]

S. In the case of polydisperse particles of various sizes, it is often advantageous to determine
DF and DE in terms of mass, because experimental deposition data are typically reported as the
total mass of particles deposited in individual segments.

An important measure of the in�uence of the shape on the deposition is a proper comparison
with spherical particles. Several types of equivalent diameter are introduced in the literature;
the equivalent volume diameterdn de�ned as the diameter of a sphere with the same volume; or
the equivalent aerodynamic diameterdae de�ned as the diameter of a particle with the density
of water that has the same terminal sedimentation velocityut as the particle considered.

For comparing particle deposition of di�erent shapes in deposition caused mainly by inertia
(Stk � 1), the inertial parameter (also called Impaction Parameter) is used. For comparison of
deposition between di�erent realistic geometries of di�erent ages or genders, comparison based on
the Stk number yields better results accounting for the characteristic dimension of the geometry.

4 Numerical methods in CFPD
CFPD in the lungs allows for a more detailed analysis of processes occurring in the airways.
Fundamentally, the �uid phase and the discrete particle phase of low concentrations may be
modelled separately, connected via a speci�ed type of coupling as will be discussed in Section
4.1.3 later.
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4.1 Fluid phase

From the perspective of �uid treatment, we distinguish two basic approaches [37]:
1.) The Lagrangian approach considers the structure of the �uid (microscale) and treats

individual particles (atoms and molecules) of which the �uid consists and tracks their movement
in space and time using the Newton's second law:

d2x p

dt2 =
X

i

F p;i

mp
; (4.1)

where F p;i represents the individual forces that act on the particles. This approach can only be
used for a small number of particles (rare�ed gases, microscopic scales).

2.) The Eulerian approach considers the �uid as a continuum and does not treat the �uid's
internal structure (macroscale). This approximation is su�ciently accurate if the characteristic
dimension of the geometrydc is signi�cantly greater than the mean free path of the molecules
lmfp . This ratio is expressed by the Knudsen number

Kn =
dc

lmfp
� 1;

and the problem can then be approached from the macroscopic scale. Numerically, the conserva-
tion laws are solved1, describing the dynamics of the �ow.
Conservation of mass:

@�
@t

+ r � (� u ) = 0 ; (4.2)

where u denotes �uid velocity, � �uid density and t time.
Conservation of momentum:

�
@u
@t

+ � u � r u = �r p + � � u + F ; (4.3)

where p is pressure,� is the dynamic viscosity of the �uid.
The energy conservation equation is redundant for isothermal �ows, which is assumed here

and need not be solved.
These equations are implemented in conventional CFPD solvers (Ansys Fluent, OpenFOAM,

etc.) in a discretised form (e.g., the �nite-volume method FVM).

4.1.1 Lattice Boltzmann Method

In this work, the computation of the �uid phase will be performed using the Lattice Boltzmann
method . This method is a compromise between the two aforementioned approaches (a mesoscale
simulation, see Figure 4.1), which does not track the trajectories of individual particles but rather
clusters (populations) of particles moving along discrete trajectories.
The fundamental is the probability distribution function

f (x ; � ; t) (4.4)

1The equations presented here are already in a form valid for Newtonian �uids, which is ful�lled by air.
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Figure 4.1: Division of simulations according to the size of the characteristic dimension, adapted
from [37].

which denotes the mass of particles at a given positionx in the considered domain with micro-
scopic velocity � at time t. The conversion from this immeasurable quantity f to macroscopic
quantities is performed using integral moments, e.g. the density is given as follows:

� (x ; t) =
Z

f (x ; � ; t) d� ; (4.5)

These equations represent the connection between microscopic and macroscopic quantities,
which are experimentally measurable. The considered system of particles in the computational
domain evolves over time, with particles moving and colliding. This evolution was derived and
described by Ludwig Boltzmann in 1872 as follows:

@f
@t

+
@f
@xi

� i +
@f
@�i

Fi

�
= 
( f; f ): (4.6)

This equation is now known as theBoltzmann transport equation . The term 
( f; f ) is the
collision operator, often simpli�ed, here by the collision operator BGK derived by Bhatnagar,
Gross, and Krook [5].

Chapman and Enskog [8] used perturbation theory to demonstrate the equivalence of the
Boltzmann equation with the Navier-Stokes momentum equations, thus forming an essential link
between the microscopic, Lagrangian approach and Eulerian approach for slightly compressible
�uids at Mach number below 1=3.

In the purpose of numerical simulation, the equation (4.6) must be discretised in the inde-
pendent variables - velocity u , spacex , and time t. This process is elaborated and detailed
in the author's Master thesis, see [55]. The result of this procedure is the discretisedLattice
Boltzmann equation :

f i (x + ci � t; t + � t) =
�

1 �
� t
�

�
f i (x ; t) +

� t
�

f (eq)
i (x ; t):

which is determined at each node of the computational domain for the individual componentsf i

of the considered velocity set.
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For algorithmic implementation, it is convenient to split the process captured by the equation
into two steps, collision and propagation . By introducing the initial and boundary conditions,
we obtain the algorithm for the computation; see Figure 4.2.

Figure 4.2: Algorithm of the Lattice Boltzmann method, adapted from [37].

4.1.2 Turbulence and its modelling

Fluid motion with characteristic sudden velocity and pressure changes, unpredictable in time,
enabling mixing of transported quantities and involving a wide range of spatial wave lengths is
called turbulent �ow [41]. A criterion used for predicting the �ow character is the dimensionless
Reynolds number.

Regarding turbulence treatment, three major types of simulations are classi�ed:

1. Direct Numerical Simulations (DNS) solve all scales of turbulence up to the smallest
dissipative scale (Kolmogorov scale).

2. Large Eddy Simulation (LES) models vortices smaller than the smallest chosen spatial
scale using a low-pass �lter. These vortices are modelled using a selected numerical model.

3. Reynolds-Averaged Navier-Stokes (RANS) Equations divide quantities into time-
averaged values and �uctuations.

The �ow �eld in the respiratory tract with increasing �ow rate is distrupted by the highly curved
geometry features of nasal cavity, extra-thoracic area and lung airways and turbulent �ow condi-
tion can be observed as proven by experimental measurement. An approach used for turbulent
modelling needs to be chosen. For the LBM simulations in this work, the Smagorinsky subgrid-
scale model [65] adapted to the BGK operator according to S. Hou [32], which belongs to the
LES family, is used.

4.1.3 Phase interaction

Depending on the nature of the �ow and the concentration of particles, di�erent types of inter-
actions between the �uid and the particles are possible based on the volume fraction� [73].

In the case of dilute fractions, the momentum of the particles compared to the �uid is negli-
gible. This is known asone-way coupling , where the in�uence of the particles on the �uid is
neglected and the volume fraction is typically less than10� 3. This is used in this work.
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4.2 Particle phase

The following methods are suitable for the numerical simulation of the transport and deposition
of particles in the respiratory tract [35] and are reviewed subsequently.

4.2.1 Complete Numerical Simulation

Complete Numerical Simulations (CNS) are characterised by integration of all the forces acting
on individual particles of �nite size over their surface. Drag, lift, and inter-particle forces are
directly calculated by integrating the stress and pressure tensor over the surface of each particle,
without using any empirical relationships [35].

A major drawback of this method is the enormous computational power demand, making it
currently impractical for engineering problems involving a large number of particles [9].

4.2.2 Euler-Lagrange methods

The Euler-Lagrange method uses Lagrangian tracking for the particle phase, while the �uid
phase is solved using the Eulerian approach. The following types of simulations are classi�ed:
the Discrete Element Method, Euler-Lagrange with Euler-Rotation method (ELER), and the
E�ective Diameter Method. The motion of each particle p is solved using Newton's second law
of motion (4.1):

mp
d2x p

dt2 = F d + F g + F b + F l (4.7)

where F d is the drag force depending on the particle Reynolds number,F g is the gravity force,
F b is the buoyancy force andF l is the dynamic lift force de�ned by Sa�man [59]. Other forces
are negligible for this kind of application.

Discrete Element Method

The Discrete Element Method (DEM) was originally designed for modelling �ows with a large
number of particles, where interactions occur (�uidised bed). Although implementations of the
method vary across the literature, it is primarily designed to simulate larger and heavier particles
and is focused on their interactions. Therefore, the method often does not account for rotational
in�uences caused by velocity and pressure �eld gradients. Furthermore, the complex shapes of the
particles, their exact positions, orientations, and collision detection lead to a signi�cant reduction
in performance [80].

Euler-Lagrange Euler-Rotation

For the calculation of �bre dynamics, the Euler-Lagrange Euler-Rotation (ELER) method was
used, which involves solving the rotation of particles using Eulerian rotational equations [69].
Fibre particles in the shape of cylinders are approximated as prolate spheroids (ellipsoids having
two equal semi-minor axes), which signi�cantly simpli�es the solution of these equations. For an
e�cient calculation of dynamics, three coordinate systems are introduced for each particle.

To express the orientation and rotation of particles, Euler quaternions (x-convention, as de-
tailed in [22]) ("1; "2; "3; � ) are used here. Transformation matrix A is used to migrate between
the coordinate systems [69].
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For the calculation of individual forces on particles, the above relations are modi�ed [35]:
Drag force acting on an ellipsoidal particle is given by the relation [7]

F d = � f �b K 0(u f � u p) (4.8)

where b is particle semi-minor axis of the �bre, and K is the stress tensor in the laboratory
coordinate system.

Dynamic lift for spherical ellipsoids is given by the relation [10]:

F l = � 2� f
p

�b2l (4.9)

where l is the lift parameter depending on the lift tensor and particle and �uid velocity gradients.
Alternatively, corrections proposed by Harper and Chang [27] or Drew et al. [15] can be included.

Rotational motion of particles is given by the Euler equations (in the double-primed coor-
dinate system x00y00z00):

I x 00
d! x 00

dt
� ! y 00! z 00(I y 00 � I z 00) = Tx 00; I y 00

d! y 00

dt
� ! x 00! z 00(I z 00 � I x 00) = Ty 00; I z 00

d! z 00

dt
� ! y 00! x 00(I x 00 � I y 00) = Tz 00

(4.10)

where (I x00; I y00; I z00) are the moments of inertia with respect to the principal axes of the
ellipsoid, (! x00; ! y00; ! z00) are the angular velocities with respect to the particle coordinate system,
and (Tx00; Ty00; Tz00) are the corresponding torque components. Linear shear velocity approximation
is considered here.

After solving the Euler equations, the current orientation in the laboratory system is recalcu-
lated using Euler quaternions [69].

E�ective diameter method

This method involves replacing a non-spherical particle with a spherical particle of a chosen
'e�ective' diameter and calculating the Lagrangian tracking using modi�ed relations for the drag
force, particularly the value of the drag coe�cient Cd. Many such empirical correlations can be
found in the literature:

Haider-Levenspiel (H-L) correlation is one of the commonly used models to calculate
the drag coe�cient for isometric particles is the empirical correlation developed by Haider and
Levenspiel [25]:

Cd =
24

Rep
(1 + HaReH b

p ) +
HcRep

Hd + Rep
; (4.11)

where Ha; Hb; Hc; Hd are the interpolation coe�cients and � is the sphericity.
Tran-Cong (T-C) et al. [71] derived an empirical correlation which is signi�cantly more

robust, as more diverse shapes were used for validation. This empirical function also takes into
account the orientation of the particle relative to the �ow. It is de�ned:

Cd =
24

Rep

dA

dn

 

1 +
0:15
p

c

�
dA

dn
Rep

� 0:687
!

+
0:42

�
dA
dn

� 2

p
c

�
1 + 42500

�
dA
dn

Rep

� � 1:16
� ; (4.12)

where dA is the surface equivalent diameter,dn the volume equivalent diameter andc the cross-
sectional sphericity.

Further correlations can be found, for example, in [35]. In this work, the Haider-Levenspiel
and Tran-Cong correlations were utilised.
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5 State of the art
The research of �bre transport and deposition is a highly relevant research area.1 This chapter

provides a comprehensive summary of recent research over the last decade, primarily focusing on
Computational Fluid Particle Dynamics (CFPD) of �brous particle transport and deposition in
the respiratory tract.

As outlined in the previous Chapters and mentioned by e.g. Tian et al. [70], the Euler-
Lagrangian framework is widely employed for resolving the trajectory of non-spherical particles
as mentioned by mentioned by e.g. Tian et al. [70].

The e�ective diameter method is one of the commonly applied approaches that neglects the
current particle orientation. The essential in�uence on the trajectory and on the accuracy of
the method depends on the expressions of the forces and torques describing the �uid-particle
interaction. The greatest impact results from the drag force, speci�cally the drag coe�cient Cd.
Many expressions for calculatingCd have been derived for various particle shapes, but they are
often designed for speci�c �ow conditions or, conversely, are too general. A general consensus
on the drag expression for non-spherical particles has not yet been reached within the scienti�c
community. In the H-L model, the shape dependence of drag coe�cientCd is on solely one
parameter - the sphericity � - which proves to be insu�cient for capturing the drag forces on
particles with more complex shapes (e.g., non-isometric particles that can have di�erent shapes
but the same sphericity) [21]. With an increasing aspect ratio� of the �bre, the accuracy of the
H-L model decreases. In contrast, the dependence of the shape factorc of the T-C model can
account for the rotation of the particle relative to the �ow, as the cross section perpendicular to
the �ow is incorporated into the empirical relationship. These theoretical assumptions, suggesting
greater accuracy of the T-C model were also demonstrated in experiments on particle deposition
in the respiratory tract [18].

Inthavong et al. [33] investigated the deposition of monodisperse carbon �bres with a diameter
of 3.66µm and various lengths in the right and left nasal cavities under a steady breathing regime
of 7.5 l min � 1 using both models. Simulations demonstrated a good agreement in deposition
between both methods for short �bres with a length less than 100µm; for longer �bres, the
results diverged signi�cantly and the di�erences reach up to 37%. Similarly, the comparison with
experimental data T-C also yielded results closer to the experiments than the H-L model.

Using typical �ow velocities in the respiratory tract, we obtain values of the particle Reynolds
number and Stokes number for particles in the micrometre range. Considering these values,
the deposition of particles in the human airways is determined by the inertial forces. These
forces deviate the �bres from the streamlines and potentially leading to contact with the wall
and deposit. Because the formulation of the acting drag force is identical in both H-L and T-
C, the individual models di�er only in the value of Cd. As Cd increases, the drag force that
acts against, the deviation of the particle from the streamlines decreases, thereby reducing the
number of particles that come into contact with the wall. Assuming the no-slip condition, which
means that any contact of the particle with the wall causes deposition, this results in a smaller
deposition fraction in the given area. As previously noted, the force acting on the �bre particles
depends on the orientation of the particle relative to the �ow. The di�erence in Cd between
both models for parallel and perpendicular �bres is illustrated in Figure 5.1, which helps to
explain the observed discrepancies between the models. It is evident that the drag coe�cient for
perpendicular particles is signi�cantly higher than for parallel particles in all relevant Rep values.

1Web of Science Collection returned 405 publications using the query ALL=(�ber* AND respiratory tract*)
and further 92 publications using the query ALL=(�bre* AND respiratory tract*) within the last 10 years.
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The article by Inthavong [33], does not provide detailed information on the orientation of the
considered particles.
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Figure 5.1: Comparison of drag coe�cient Cd from H-L and T-C models for parallel and perpen-
dicular �bres.

Fibre particle simulations using H-L and T-C were performed, for example, in the study
by Farkas et al. [18], who simulated the deposition of glass �bres in a lung model up to the
seventh generation for three inhalation modes (15l min � 1, 30 l min � 1 and 50 l min � 1). The study
compared the H-L and T-C models, initially considering random particle rotation to calculate
�bre transport in complex turbulent �ow. The results were validated against experiments where
mass deposition in 24 individual segments. For calculating the velocity �eld, conventional FVM
with the k- ! SST turbulence model was utilised.

The comparison revealed that the H-L method consistently exhibited a higher deposition
fraction across all considered geometry segments than the T-C method. Given that the drag
forces for the considered �ow regimes exhibit greater resistance for particles orientated parallel
to the �ow compared to those orientated perpendicular to the �ow, and that the values of Cd

for H-L are approximately in the middle of both orientations (5.1), one might expect similar
values. Numerical simulations were validated using experimental data from Belka et al. [4]
obtained on the same reconstructed oro-pharyngeal-laryngeal-tracheobronchial geometry and the
same breathing mode, using �bres of the same material and size distribution. The data from the
simulations correspond quite well with the measured data overall (see Figure 5.2), but di�erences
compared to the experiments [4] can be observed up to an order of magnitude (especially in the
second generation of branching). In the vast majority of the observed segments, the Tran-Cong
method demonstrated higher accuracy.

Dang Khoa et al. [11] numerically investigated the deposition patterns in two realistic human
respiratory models using monodisperse �bres. Two drag models - T-C and H-L - were adapted,
but an experimental comparison was limited to the nasal cavity. In this region, the di�erences
between both models are rather minimal. In common with the study by Farkas et al. [18], H-L
showed a higher deposition e�ciency.

Validation of the e�ective diameter method is primarily based on the deposition fractions,
which often show signi�cant di�erences, while the orientation of particles in�uencing the trajec-
tory, is often omitted. Several papers, e.g. [2, 53], emphasise the importance of �bre alignment
to streamlines in deposition and the tendency of symmetric �bres to align with the tube axis. In
contrast, Kulkarni et al. [38] mentioned the dominant perpendicular orientation during gravita-
tional settling. Rare experimental data by Lízal et al. [47], where �bres and their orientation
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Figure 5.2: Deposition fraction by H-L and T-C from [18] compared with experimental data from
[4], [66], [81].
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Figure 5.3: Ratio of parallel and perpendicular oriented particles in a straight tube and a single
bifurcation depending on Ref with corresponding standard deviations, conducted by Lizal et al.
[47]

in di�erent parts of the respiratory system were monitored, provided detailed information about
their movement.

Building on these facts, Lízal et al. [47] studied the behaviour of �bre-shaped particles under
stationary conditions at the �rst bifurcation for di�erent inhalation regimes. They analysed the
number of particles and their orientation relative to the �ow both before and after bifurcation.
The study indicated that particles orientated parallel to the �ow predominated, it was not to
the extent previously believed. The study further demonstrated a negligible in�uence of the
�ow Reynolds number Re on the particle orientation, but showed a dependence on rotational
movement downstream of the bifurcation (cf. Figure 5.3). This rotation is a crucial parameter
in�uencing the drag coe�cient that has a great impact on the trajectory. These phenomena
cannot be accurately captured by e�ective diameter methods.

ELER surpasses the e�ective diameter methods by considering the particle orientation and
its dynamics in linear shear �ow. This physical description was developed by the research group
of Fan and Ahmadi [17] and a computational framework was presented �rst by Shanley et al.
[64]. ELER approximates the particles by ellipsoids and resolves the translational and rotational
motion (for more details, see 4.2.2).

A subsequent study from the same research group by Tian et al. [70] also employed the
ELER method to simulate the transport and deposition of �brous particles in laminar �ow for
low Reynolds numbers in a straight circular tube. This study performed an accurate calculation
of deposition based on the current position and orientation of the particle, unlike most other
studies. The computation of the air velocity �eld was performed using the FVM. The results
were validated against experiments based on deposition e�ciency conducted as part of this study
and with an empirical relation, showing good agreement with other available data in the literature.
The established benchmark case was used for numerical validation in several studies [19].

Another paper by Tian et al. [68] simulated the transport and deposition of �brous particles
in the tracheobronchial tree of adult lungs under moderate exercise of 37l min � 1. The velocity
�eld was simulated using the RANS turbulent model. The deposition results show reasonable
agreement with available experiments, validating the presented model for simulating �bres in the
respiratory tract. According to the study, rotational movements occur mainly in regions with a
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high-velocity gradient near walls and at individual bifurcations, which may increase the likelihood
of interception. However, the article in question only utilised an idealised geometry up to the
third generation of bifurcation using the RANS turbulent model.

Among other studies employing numerical simulations of �brous particle transport and depo-
sition, a study by Schachar-Berman et al. [62] investigated �bre dynamics for transient regimes
under oscilatory �ow by means of ELER and FVM. The ELER method was used for a straight
circular tube under oscillatory �ow simulating inhalation and exhalation for �bre particles with
aspect ratio � ranging from 1 to 30. The results con�rmed existing knowledge about particle
rotation, the �bres remain predominantly orientated parallel to the streamlines and their orien-
tation does not change, which is consistent with the study by Marchioli et al. [51], who showed
a signi�cant di�erence compared to spherical particles speci�cally in the near-wall region. The
study demonstrated that even oscillations in the form of a variable velocity �eld did not have
a signi�cant impact on this behaviour. No dependence on the aspect ratio was observed, which
is inconsistent with other studies of this kind and the follow-up study, of Shachar-Berman et al.
[61]. In this study, the suitability of �bres of various thicknesses and aspect ratio were assessed
under physiologically inspired inhalation in silico, mimicking a dry powder inhaler. An upper
airways model up to the seventh generation and a bronchial tree model with generation 7th to
16th were investigated separately. Optimal particle sizes were suggested as carriers for targeting
deep regions.

Dastan et al. [14] applied the ELER method using FVM to simulate submicron ellipsoidal
particles in the nasal cavity under laminar conditions. Three realistic geometries were used to
study interpersonal variability. The results show the dependence of the deposition fraction on the
speci�c geometry of the nasal cavity. The introduction of pressure-based impaction parameters,
eliminates the in�uence of nasal cavity variability among individuals. The results of the deposition
fraction were signi�cantly lower than those for spherical particles. Tavakol et al. [67] further
simulated the transport and deposition of �brous particles in a turbulent regime for one of the
geometries of the nasal cavity geometries, using stochastic models to generate turbulence in FVM.
The results indicated the in�uence of turbulent dispersion for IP below 2000. These studies
focused only on the nasal cavity, not the entire geometry.

Li et al. have made signi�cant contribution in the development of ELER modelling. Their
initial work [43] simulated �bres in the nasal cavity. Occasional quick �ips were observed leading
to small deviations in the trajectory that could cause signi�cant di�erences in the deposition
pattern. A follow-up study [42] investigated the shear-induced lift force which may be a domi-
nant deposition force, emphasising the importance of its consideration. Their latest work, [44],
investigated an extended human airway model up to the 15th generation revealing di�erences
especially in the local deposition fraction.

Kiasadegh et al. [34] used ELER coupled with FVM to compare steady and cyclic inspiration
in the upper airways. They emphasised the importance of the deployment of realistic breathing
patterns, especially in the lower respiratory tract.

The LBM, a mesoscopic approach (cf. principles 4.1.1), has gained popularity in recent
decades as an alternative to conventional FVM. High-scalability and an e�cient parallel algo-
rithms make it suitable for a wide range of applications. A comparison by Hausmann et al.
[28] of OpenFOAM and OpenLB on a benchmark case showed up to32� faster performance.
Similar results showing that the LBM shows higher performance than the CFD were found by,
e.g., Manelil et al. [49] for a benchmark case of a �ow around a sphere. However, steady �ows
showed higher performance for FVM. Goodarzi et al. [23] simulated natural convection and
states that FVM requires less computational time while achieving more accurate results than

16



LBM. Furthermore, Aniello et al. [1], comparing the performance of a �ow inside combustion
chambers showed that the LBM are faster than FVM solvers by factor �ve.

LBM has been used only in a few numerical studies focused on the respiratory tract. Lintermann
et al. [45] presented a study on the deposition of spherical particles, in a tracheobronchial tree up
to the sixth generation. Di�erent particle diameters (2.5�100 µm) were investigated. DNS was
applied to avoid the impact of modelled eddies. The e�ect of the �ltration mechanism of mouth
and nose cavities was not considered. Deposition of particles smaller than 10µm was negligible,
as they followed the streamlines, while larger particles deposited in bifurcations.

Henn at el. [30] conducted thermal LBM simulations in a realistic male nasal cavity model.
Micrometre-sized particles were released throughout the entire inspiratory phase, showing good
agreement with experimental data. Furthermore, the escape-capture rate was analysed in the
�rst bifurcation, primarily for convergence analysis.

A machine learning pipeline for the preprocessing work of the LBM simulation (e.g. CT scan
surface extraction, meshing) was demonstrated on a nasal cavity by Ruttgers et al. [58]. No
deposition was investigated in that study.

Fu et al. [20] presented a new immersed moving boundary coupled with LBM for unresolved
spherical particles. The accuracy and e�ciency of the method on GPU were demonstrated on a
nasal cavity, showing good agreement for the deposition fraction and approximately10� shorter
execution time compared to DEM performed on OpenFOAM.

Hebbink et al. [29] deployed a LES-LBM model coupled with an MRT operator in the human
upper airways under a cyclic regime, validated by experimental PIV measurements of pressure.
The numerical simulation was performed on an extremely �ne grid of 1 billion cells showing in
average good agreement. The branching with turbulent phenomena such as Dean vortices was
not included.

Borthakur et al. [6] presented a study of particle transport within a human nasal cavity,
utlising LBM for the �uid phase. Particle beads clustering of three spherical particle sizes (0.25
mm, 0.5 mm and 0.75 mm) respresenting droplets. The particle sizes used here are considerably
larger than typical aerosol dimensions.

Trunk et al. [72] used a complementary new stabilised Euler-Euler LBM approach for particu-
late �ow through a simple bifurcation, demonstrating less computational e�ort. For a benchmark
case, a simpli�ed bifurcation in the laminar regime of Re=50 was chosen, and the deposition
capture-escape curve was successfully validated. However, a low Re was prescribed and polydis-
perse particles are di�cult to simulate using this approach.

Summary of the research gap As was shown by this literature review, the ELER method
has been increasingly utilised in recent years to account for the actual orientation and rotational
movement of the particles in human airways. However, to the best of the author's knowledge, in
all of the reviewed studies, the results were validated in terms of deposition fraction or e�ciency.
This quantity is a statistical measure of the complex motion of the particle trajectories, in�uenced
by numerous factors. Furthermore, experimental data in these research area are often limited
by non-negligible experimental uncertainties, making the exact validation challenging. The lack
of detailed measurement of the �bre motion within the respiratory tract was partially �lled by
the study by Lizal et al. [47] conducting a high-speed camera measurements, providing valuable
information about rotational motion. These data can be used for a broader validation of the
ELER method, potentially addressing a source of discrepancies in experiments.

Additionally, the computation of the �uid phase for the �bre transport and deposition in the
reviewed literature was performed using solvers based on the FVM. The author is unaware of any
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study where the computation of transport and deposition of �brous particles in the respiratory
tract using ELER was performed by means of the LBM.

6 Objectives and aim of the study
The individual research aims and objectives were speci�ed as results of the mid-term evaluation:

(a) Analysis of �bre dynamics during passage through a bifurcation.

(b) Implementation of the ELER model into the OpenLB software.

(c) Validation of �bre transport and deposition in a bifurcation using experimental data.

(d) LB simulation of �ow and deposition of �brous particles in a realistic geometry of human
airways.

6.1 Scienti�c questions and hypothesis

1. What is the e�ciency and accuracy of LBM for particle transport and deposition in com-
parison with conventional CFD? Hypothesis: LBM computation applied within the res-
piratory tract leads to faster computational performance while maintaining the comparable
accuracy to FVM methods.

2. How precisely does the ELER method capture the rotational movement of �bres caused by
�ow in bifurcations? Hypothesis: The ELER method accurately captures the interaction
between �ow and �bres, accounts for the forces acting on the particles, and correctly models
their trajectories.

3. What e�ect do particle rotations, as modelled by ELER, have on deposition characteristics
in each segment of the respiratory tract? Hypothesis: The ELER method, by resolv-
ing rotations using linear shear �ow assumptions, provides higher accuracy in deposition
predictions compared to e�ective diameter approaches.

6.2 Structure of the thesis

The scienti�c objectives, along with their corresponding scienti�c questions and hypotheses, are
addressed in the following peer-reviewed publications, authored by the author:
Paper I Prinz, F. et al., 2024. Comprehensive experimental and numerical validation of Lattice
Boltzmann �uid �ow and particle simulations in a child respiratory tract. Computers in Biology
and Medicine 170, 107994. https://doi.org/10.1016/j.compbiomed.2024.107994(Related to Objec-
tive (b), Question and Hypothesis 1.)); Journal impact factor: 7.0, CiteScore: 13.0, Q1,
Author's contribution: 31%
Paper II Prinz, F. et al., 2025. Transport and deposition of inhaled �bres in a realistic fe-
male airway model: A combined experimental and numerical study. Computers in Biology and
Medicine 194, 110473. https://doi.org/10.1016/j.compbiomed.2025.110473(Related to Objective
(b,d), Question and Hypothesis 3.)); Journal impact factor: 7.0, CiteScore: 13.0, Q1,
Author's contribution: 50%
Paper III Wedel, J., Steinmann, P., Prinz, F. et al., 2025. Mass distribution impacts on
particle translation and orientation dynamics in dilute �ows. Powder Technology 452, 120424.
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https://doi.org/10.1016/j.powtec.2024.120424 (Related to Objective (a), Question and Hypothesis
2.)) ; Journal impact factor: 4.5, CiteScore: 9.0, Q1, Author's contribution: 30% ;
and in two separate Chapters 8 and 10 as original work in this thesis, covering Objective (b), and
in part Objectives (a) and (c) � along with their corresponding questions and hypothesis.

The subsequent chapters 7, 9 and 11 summarise these publications, highlighting their results
and key �ndings as they pertain to the scienti�c objectives, questions, and hypotheses.

7 Comments to Paper I
(Related to Objective (b), Question and Hypothesis 1.)

The paper Comprehensive experimental and numerical validation of Lattice Boltzmann �uid
�ow and particle simulations in a child's respiratory tract , presents a detailed comparison of the
Lattice Boltzmann Method (LBM) as applied to a realistic model of a 5-year-old child's respiratory
tract. This model extends from the mouth and nasal cavity to the second generation of airway
branches. For validation, the study employed both an alternative numerical method based on the
Finite Volume Method (FVM) and experimental measurements. The research primarily focused
on comparing �uid �ow �elds and particle deposition patterns. This publication presents the �rst
scienti�c paper focused on LBM presented by the author and his research group, establishing
foundational work for future research within the ELER method framework.

The open-source software OpenLB was used to assess the applicability of the method in
respiratory �ow simulations, with emphasis on accuracy, e�ciency, and reliability. As an initial
step, a simpler case of micrometre-sized spherical particles was simulated using the Euler-Lagrange
method. Due to the symmetry, the orientation does not signi�cantly a�ect the trajectories, in
contrast to the �brous particles, and thus rotation was not considered for the computations.

Grid independence was tested for both numerical methods, speci�cally on two line probes in
the bifurcation. The LBM simulation utilised a uniform grid comprising 56.5 million cells with
a cell size of 0.00012 m. The FVM simulation employed a polyhedral grid with local re�nement
near the walls, totalling 8.4 million cells. Due to the turbulent nature of the �ow, LES turbulent
modelling was enabled in both cases.

The �uid �eld was evaluated on six line probes positioned in the trachea, 10 mm above the
carina of the main bifurcation, as shown in Figure 7.1. A steady �ow rate of 12.5l min � 1 was
prescribed. The mean axial velocity and the turbulence intensity (TI) were compared to capture
the prevalent velocity �uctuations, essential for particle deposition caused by turbulent mixing.
The experimental data were collected using a Laser Doppler Anemometry with a spatial resolution
of 0.5 mm between adjacent measurement points.

As depicted in Figure 7.1, both numerical methods successfully captured the horseshoe-shaped
velocity pro�le. Higher velocities can be identi�ed near the posterior wall of the trachea, which
is caused by the �uid inertia in the curved geometry. To quantify the accuracy of the meth-
ods, a comparison was performed at each line probe coinciding with experimental measurement
positions. The mean absolute percentage error (MAPE) de�ned as

MAPE =
1
n

nX

i =1

�
�
�
�
qsim;i � qexp;i

qexp;i

�
�
�
� ; (7.1)

was used as a quantitative criterion. qsim;i , qexp;i denote the value of the computed quantity at
the position i of the line probe obtained by simulation and experiment.

The resulting MAPEs are shown in Table 7.1. Despite inherent uncertainties in the measure-
ments, here, the experimental data were considered as the ground truth. The total MAPE of
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Figure 7.1: Position of the line probes in the mean velocity �elds used for the evaluation, adapted
from [57].

the mean velocity across all line probes was 10.9% for LBM and 12.2% for FVM, while the total
MAPE of TI was 23.3% for LBM and 33.5% for FVM. Thus, both methods result in a good agree-
ment with the experimental data, while LBM slightly outperformed FVM in this comparative
analysis.

Table 7.1: Mean Absolute Percentage Error (MAPE) at each line probe in %, position of the line
probes are displayed in Figure 7.1.

Line probe Mean velocity Turbulence intensity

LBM FVM LBM FVM

BtFm 5.54 9.22 17.09 27.90
BtFl 8.71 9.99 16.86 28.13
BtFr 18.33 17.49 25.27 37.04
LtRm 3.37 6.99 22.61 41.45
LtRf 21.63 24.24 27.72 39.5
LtRb 7.91 5.15 29.99 26.77

Furthermore, the particle transport and deposition under steady conditions were also inves-
tigated, and the deposition characteristics between simulations and experiments were compared.
Both numerical methods produced similar results across most segments. The total mass depo-
sition fraction across the entire geometry is 70.8% for LBM, 68.9% for FVM demonstrating a
perfect agreement.

Finally, the performance of both numerical methods was compared. The LBM simulation
ran on 3,800 threads and completed in 34 hours, while the FVM simulation used 128 threads
and required 168 hours. LBM achieved a signi�cantly shorter total computation time, bene�ting
from its ability to scale e�ciently across many cores, an advantage that is less straightforward
to realise with FVM. However, LBM also used a higher thread count and a �ner uniform grid,
resulting in a greater number of lattice updates and iterations. As discussed extensively in the

20



study, making a fully fair comparison is challenging � especially in complex geometries � due to
factors such as software optimisation, hardware con�guration, and ensuring consistent accuracy
benchmarks. Consequently, a de�nitive e�ciency comparison could not be drawn from this setup.

In this paper, the author conducted the Lattice Boltzmann simulations, post-processing, lit-
erature survey, data analysis and writing of the manuscript.

CRediT authorship contribution statement by the author : Writing � original draft,
Visualisation, Validation, Software, Data curation.

8 Comments to the software implementation
of the ELER method into OpenLB
(Related to Objective (b))

Lattice Boltzmann Method (LBM) simulations in this work were performed using the open-
source software OpenLB [36], a C++ library developed and maintained by the Lattice Boltzmann
Research Group at the Karlsruhe Institute of Technology (KIT). To the best knowledge of the
author, the author was the �rst researcher using the LBM to resolve �uid �ow at FME BUT. The
OpenLB solver was chosen based on the exclusive features incorporated and the already available
implementation of parallel computation of spherical particles framework previously implemented
by Henn et al. [30].

Figure 8.1: Schematic of the numerical setup. After the initialisation step, each iteration involves
one LBM cycle and one ELER cycle. After computing the �ow velocities (u) in the LBM cycle,
these values are transferred to the ELER algorithm. Due to the one-way coupling, no data are
transferred back from the ELER algorithm to the LBM solver. In principle, di�erent numbers of
LBM or ELER cycles can be performed within each iteration (e.g., inner iterations), as indicated
by the dotted arrows. The simulation terminates when the speci�ed criteria (e.g., simulation time
or number of iterations) are met, and the data are then post-processed (adapted from Paper II)
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In Figure 8.1, the ELER algorithm is schematically summarised together with the coupling to
the �uid phase computed by LBM. In addition, the orientation-dependent deposition computation
was accelerated by factor6� by implementing a parallelised version. This implementation is
included in the latest OpenLB release 1.8 [39] with corresponding codes, demostrative examples,
and detailed comments. In addition, the two e�ective diameter approaches were also implemented:
the Haider-Levenspiel drag model and the Tran-Cong drag model. Both models were computed
for comparison with the ELER method in Paper II.

9 Comments to Paper II
(Related to Objective (b,d), Question and Hypothesis 3.)

This researchTransport and deposition of inhaled �bres in a realistic female airway model: A
combined experimental and numerical studyinvestigates the movement and deposition of inhaled
�bres within a realistic model of the female respiratory system, extending to the seventh genera-
tion of airway branching. The study combines experimental analysis with the ELER simulation
coupled with the LBM to provide a concrete and comprehensive comparison of the deposition
characteristics. The unique supporting experimental data collection enables a detailed numerical-
experimental analysis, based on the particle dimensions, delivering valuable data for improving
the targeted drug delivery.

Before conducting the �nal simulation, a successful veri�cation of the implementation of the
ELER method into OpenLB was conducted on a benchmark case of a laminar air�ow in a circular
tube as performed by Tian et al. [70].

For the main simulation, a realistic geometry of the female nasal cavity and tracheobronchial
tree up to the 7th generation of branching, was employed (see Figure 9.1). This simulation utilised
realistic, time-dependent breathing conditions. Polydisperse particles were injected throughout
the entire respiratory cycle. In each segment, the number and dimensions of particles were
evaluated numerically and experimentally. To assess the accuracy in comparison to other models,
supporting numerical simulations using e�ective diameter method were conducted, speci�cally
the H-L and T-C correlations.

The validity of the computational grid used in the simulations was ensured through a grid
independence test conducted on four line probes located in the main bifurcation, an area known
for high turbulence. The maximum �ow rate of the realistic breathing cycle was considered for
this test. The �nal grid comprised approximately 60 million cells.

Figure 9.2 presents the comparison of the deposition fraction by particle count for each segment
and �lter. Analysis of the results indicates a relatively good agreement in the segments above
the bifurcation and at the outlets, showing overestimation in most bifurcations. Proper accuracy
assessment of numerical methods requires a reference case, a ground truth. Hence, in this study,
the experimental data were selected as the best available reference. The results con�rmed the
better accuracy of the ELER model, which provided the best agreement in 26 segments, compared
�ve segments for T-C and only two for H-L. This qualitative comparison used absolute errors
� 0.0106 of ELER, 0.0120 of T-C, and 0.0146 of H-L � and con�rmed the highest accuracy
of the ELER among these models. This outcome aligns with the expectations, as the e�ective
diameter methods aproximate non-spherical �bres as spheres, neglecting the rotational movement.
However, a substantial di�erence between the ELER and experiments was still observed and only
an indirect comparison of the deposition statistics could be conducted.
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Figure 9.1: Segmentation of the realistic female airway geometry with corresponding segment
numbers. Each colour represents a di�erent airway generation, as indicated in the legend.

Based on these results, a more detailed analysis of the deposition characteristics, broken down
by particle dimensional properties such as equivalent diameter or aspect ratio, provided further
insigths into the observed discrepancies.
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10 Validation of �bre orientation in a bifur-
cation using experimental data
(Related to Objective (a,c), Question and Hypothesis 2.)

The orientation of particles plays an important role in the deposition of particles in the human
lungs [2, 63]. The previously veri�ed ELER method accounting for orientation implemented into
LBM enables a more detailed analysis of rotational movement compared to experiments. Given
the lack of general information regarding the number and orientation of particles during their
journey through the respiratory tract, Lizal et al. [47] addressed this gap and these data are used
for this comparison here. They experimentally investigated particle orientation in both a straight
tube and a 3D printed replica of a single bifurcation for various Re. Measurements were collected
from two orthogonal planes (coronal and sagittal), and statistical analyses were performed on
�bre orientation (parallel or perpendicular to �ow) �ipping �bre behaviour and trajectories.

The experimental results revealed only parallel and perpendicular �bre orientations at all mea-
surement points. While parallel orientation appeared more frequent, it was less dominant than
anticipated. A higher number of perpendicular �bres was found only in the right main bronchus.
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Figure 9.2: Comparison of deposition fractions obtained from experimental measurements and
numerical simulations.

Furthermore, variations between branches, attributed to the realistic geometry, strongly under-
scored the impact of the speci�c anatomical structure of a subject. No signi�cant in�uence of the
Reynolds number was detected. Flips were absent upstream of the bifurcation but were observed
downstream, particularly from a parallel to a perpendicular orientation. Despite the study's lim-
itation to a con�ned spatial cross-section of the bifurcation, it provided valuable experimental
data that can be used to validate numerical simulations in this work.

The identical geometry was used for the numerical simulations employing the ELER method.
To ensure consistency between the experiment and simulation, the outlets were extruded and
bent to correspond to the hoses attached in the experimental setup. Simulations were performed
for three di�erent �ow rates _Q as measured in the experiment: 6l min � 1, 24 l min � 1, and 36
l min � 1.

The same geometry and the ELER method were used for the simulation. A grid independence
study was conducted to ensure quality, and a grid with 8.6 million cells was selected. Simulations
were performed for three di�erent �ow rates. To illustrate the di�erences between cases for each
volumetric �ow rate, the mean velocity �eld on the sagittal plane through the point probes was
evaluated; see Figure 10.1.

In each simulation, after the target �ow rate is reached and stabilised, a total number of
10,000 particles were injected at random positions and with random initial orientation inside
a low cylinder near the inlet. Each particle was tracked until it touched the wall or exited
through an outlet. Two cases of particle size distribution were simulated: monodisperse particles
with mean particle length and diameter matching the experiment and polydisperse randomly
determined from the normal distribution. The particle length and diameter mean and standard
deviation corresponding are: lengthl = 34:1 � 19:0 µm and diameter dp = 3 :8 � 1:4 µm. For the
main comparison, only particles that passed through the measuring volume were included. The
orientation angle was calculated for each iteration within the measuring sphere. The total number
of parallel particles and perpendicular particles passing through each measurement volume was
determined. The results are summarised in Table 10.1.

The following �ndings can be concluded from the comparison:

ˆ The number of particles detected in the left bifurcation is consistently higher than in the
right one, aligning with experimental observations.
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