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Abstract
Transport and deposition of aerosols in the 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 such as particulate matter. Besides spherical
aerosols such as droplets or dust, �brous particles are also investigated. Due to their irregular
shape, they can penetrate deeper into the respiratory system and may be more e�cient for medical
purposes. Nevertheless, the complex shape poses challenges for simulation because the drag force
depends on the current orientation to the �ow. Furthermore, in the area of bifurcations, �brous
particles tend to change the orientation or start �ipping. The Euler-Lagrange Euler-Rotation
(ELER) method computes particle movement using Lagrangian tracking and particle rotation
using Euler kinematical equations. These equations are computationally more expensive than
the standard Lagrangian approach of e�ective diameter but yield more accurate results.
The primary objective of this thesis was to implement the ELER method into the Lattice
Boltzmann Method (LBM), a mesoscopic approach that models �uid dynamics based on the
statistical behaviour of �uid particles. This integrated framework was then applied to simulate
�brous particle transport within a realistic anatomical model of human airways, extending down
to the seventh generation of branching. The �ndings con�rm that the deployed ELER method
provides higher accuracy in predicting deposition fractions compared to the e�ective diameter
approach, as validated against experimental data. Nevertheless, a comprehensive analysis of the
rotational motion of �bres against high-speeed camera experimental measurements still revealed
discrepancies. As a potential source of them, the observed �bres in the experiment indicate asym-
metrical 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 inhomogeneities were shown to signi�cantly disturb rotational mo-
tion compared to homogeneous ones, their impact on particle trajectories and deposition was less
substantial. Consequently, ELER coupled with LBM was shown to be an accurate tool to predict
highly relevant deposition characteristics in biomedicine, outperforming the e�ective diameter
approach; certain discrepancies in rotational motion remain subject to future research.

Abstrakt
Transport a depozice aerosol· v lidském dýchacím traktu jsou aktivní oblastí výzkumu. Inhalace
aerosol· je jednou z metod dodávání lé£iv do lidského t¥la. Na druhé stran¥ v²ak vdechovaný
vzduch m·ºe obsahovat také ²kodlivé £ástice, jako jsou pevné prachové £ástice. Krom¥ sférických
aerosol· jsou zkoumány také vláknité £ástice. Díky svému nepravidelnému tvaru mohou pronikat
hloub¥ji do dýchacího systému a mohou být ú£inn¥j²í pro léka°ské ú£ely. Nicmén¥ jejich sloºitý
tvar p°edstavuje výzvu pro simulace, protoºe odporová síla závisí na aktuální orientaci £ástice v·£i
proud¥ní. Navíc v oblasti bifurkací mají vláknité £ástice tendenci m¥nit orientaci v·£i proud¥ní.
Metoda Euler-Lagrange Euler-Rotation (ELER) po£ítá pohyb £ástic pomocí Lagrangeovským
p°ístupem a rotaci £ástic pomocí Eulerových kinematických rovnic. Tyto rovnice jsou výpo£etn¥
náro£n¥j²í neº standardní Lagrangeovský p°ístup metodou efektivního pr·m¥ru, ale poskytují
p°esn¥j²í výsledky. Hlavním cílem této práce bylo implementovat metodu ELER do Lattice
Boltzmannov metod (LBM), coº je mezoskopický p°ístup modelující proud¥ní kapalin na základ¥
statistického chování £ástic tekutiny. Tento integrovaný rámec byl následn¥ aplikován na sim-
ulaci transportu vláknitých £ástic v realistickém anatomickém modelu lidských dýchacích cest,
sahajícím aº do sedmé generace v¥tvení. Výsledky potvrdily, ºe pouºitá metoda ELER poskytuje



vy²²í p°esnost p°i predikci depozi£ních frakcí ve srovnání s p°ístupem zaloºeným na efektivním
pr·m¥ru, jak bylo ov¥°eno na základ¥ experimentálních dat. Nicmén¥ podrobná analýza rota£ního
pohybu vláken pomocí vysokorychlostní kamery odhalila stále p°etrvávající nesrovnalosti. Jako
jejich moºný zdroj byly identi�kovány asymetrické deformace vláken, vzniklé b¥hem výrobního
procesu, které byly pozorovány v experimentech. Pro zohledn¥ní t¥chto reálných tvarových zm¥n
byl navrºen a implementován nový p°ístup pro £ástice s nehomogenním rozloºením hmotnosti.
Zatímco bylo prokázáno, ºe tyto nehomogenity významn¥ ovliv¬ují rota£ní pohyb ve srovnání
s homogenními £ásticemi, jejich dopad na trajektorii a depozici £ástic byl mén¥ výrazný. V
d·sledku toho bylo prokázáno, ºe metoda ELER ve spojení s LBM je p°esným nástrojem pro
predikci klí£ových depozi£ních charakteristik v biomedicín¥ a dosahuje p°esn¥j²ích výsledk· neº
metoda efektivního pr·m¥ru. Ur£ité nesrovnalosti v rota£ním pohybu v²ak z·stávají p°edm¥tem
budoucího výzkumu.
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Chapter 1

Introduction

Exponential growth of the computational performance and capacity in recent decades expanded
the deployment of Computational Fluid nad Particle Dynamics (CFPD) in the biomedicine. In
particular, safe and non-invasive studiesin silico gain importance due to the obvious ethical
limitations of conducting experiments in human volunteers. Furthermore, numerical simulation
validated on experimental data provides valuable and comprehensive insight in the topic of drug
inhalation that would be hardly feasible experimentally.

The main CFPD research in the respiratory tract could be divided into two substantial types:
CFPD helps to gather information about the penetration of toxic particles such as airborne

dust, toxins, asbestous �bres, etc., which may pass the clearance mechanisms of the body and
reach the lungs. With high concentration of airborne dust and further particles stemming from
industrial and transport processes in urban areas, the higher risk of diseases occurs (e.g., pneu-
monia, lung cancer, allergies, asthma) [62].

One of the important parameters governing how deep into the lungs the particle reaches is
the size. While particles larger than 10 µm are typically captured in the oropharyngeal region
and larynx, particles around 1 µm large can reach the alveoli [30]. 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 optimising medical treatment of respiratory diseases by inhalation.
Di�erent types of inhaler generating aerosols with carrying medication may be used and investi-
gated numerically. Aerosols must pass the oral and nasal cavities, the pharynx, and ideally reach
the lungs. The physiology of the respiratory tract is not designed for the distribution of solid
particles or droplets, and thus it is necessary to overcome its clearence mechanisms, such as mu-
cus capture. CFPD simulations provide valuable information on how these aerosolised particles
spread and deposit in di�erent parts of the respiratory tract.

Finally, CFPD simulations in the respiratory tract are also a signi�cant and valuable source
of information. CFPD methods can be divided into two fundamental groups based on the under-
standing of �uid and its structure: the Eulerian and Lagrangian approaches.

In the Eulerian approach, the �uid is considered a continuum described by the conservation
laws of mass, momentum, and energy. These equations involve macroscopic variables such as �uid
velocity, pressure, density, etc., and are discretised using suitable numerical di�erence schemes
and solved at the nodes of the computational grid. The microscopic composition of the �uid
(atoms and molecules) is not taken into account. This approach is also referred to as macroscopic
and includes numerical methods such as the �nite element method or the Finite Volume Method
(FVM), which is most commonly applied in Computational Fluid Dynamics (CFD).
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Conversely, the Lagrangian approach considers the structure of the �uid and approximates
the �uid atoms and molecules as rigid spheres or more complex shapes that move, rotate, and
collide. Dynamics are described by the forces acting on the particles and their interactions among
them, causing velocity temporal evolution based on Newton's second law. Macroscopic variables
are expressed through statistical values describing the particles, such as position, velocity, kinetic
energy. The movement of each particle is described by a single di�erential equation, and given the
huge number of atoms and molecules in the computational domain under normal conditions, this
approach can only solve domains with signi�cantly fewer particles � typically dilute aerosols or
gases (vacuum physics). This method is referred to as microscopic models (Molecular Dynamics).
Nevertheless, the described approach is commonly used for discrete phases of droplets or solid
particles and will be used in this work for the particle phase accordingly.

With the increase of computational resources, non-conventional numerical methods for the
�uid phase solution started gaining attention due to e�cient parallelisation and high-scalability.
One of them, the Lattice Boltzmann method (LBM), is a mesoscopic method considering statisti-
cal motion of �uid particles gathered in classes with the same discrete velocities, called populations
and solves their time evolution (propagation and collisions) based on the Boltzmann equation [47].

Recent research on particle deposition has also focused on irregularly shaped particles. A
signi�cant health risk is posed by elongated particles �- �bres [ 4]. Fibre transport is crucial in
many industrial sectors. A major source of �bres is asbestos, used in construction in the last
century for its excellent insulating properties. However, these �bres are toxic and are released
into the air near old buildings during demolitions, for example. Increased concentrations of
airborne �bres are also found in the paper industry or during the production of mineral wool,
and information on their deposition and penetration through the respiratory system helps better
protect workers in these industries, especially as higher deposition rates in the lower respiratory
tract mean that particles penetrate deeper into the human body than spherical particles of the
same mass [96]. In last years not only droplets and spherical particles could be used for drug
inhalations, but also cylindrical particles such as biodegradable �bres may be e�ciently deployed
as carriers [82]. Due to the complex shape of these particles, accurate computation of their
movement is more challenging than of spherical particles and their orientation in respect to the
surrounding �ow must be taken into account.

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
orientation based on experimental data and the corresponding deposition in the whole respiratory
tract down to the 7th generation of the tracheonbronchial tree and structured as follows:

In Chapters 2 - 4 the theoretical fundamentals used in this work are built. Chapter 5 presents
the analysis of all relevant research paper from the recent years. Chapter6 speci�es the scienti�c
questions and hypothesis focused on in this study. Finally, Chapters7 - 11 present the results
combined from original �ndings and commentaries to the results presented in the scienti�c papers
written by the author and attached in the Appendix 13.
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Chapter 2

Human respiratory tract

This chapter brie�y outlines the theoretical foundations of the human respiratory system �- its
anatomy, physiology, and morphology. This doctoral thesis builds on the work of colleagues J.
Elcner [20] and F. Lízal [60], who explored this topic in their dissertations.

The primary function of the respiratory system is breathing � the exchange of respiratory
gases. Oxygen (O2) present in the ambient air enters the respiratory system through the mouth
and nose, where it is humidi�ed, warmed, and cleaned of most of impurities before �owing into
the lungs. In the alveoli, oxygen di�uses into the pulmonary capillaries and is replaced by
carbon dioxide (CO2), which travels in reverse the same way and then is exhaled. As a part
of the respiratory tract, the oral cavity and pharynx also play a role in air passage and aerosol
deposition.

The respiratory system consists of individual organs (see Figure2.1). The following para-
graphs will provide a more detailed description of the respiratory system in terms of its anatomy
and physiology.

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).

Air is inspired into the respiratory tract through the nose, the only externally visible part. It
�ows into the nasal cavity through the nostrils, which are separated by the nasal septum. The
outer part of the nasal cavity is lined with skin containing sebaceous glands and nasal hairs. The
walls of the main nasal cavity are covered with a sticky mucus layer that traps particles such
as airborne dust and bacteria. In addition, the nasal cavity warms and humidi�es the air and
contains olfactory receptors [72].

In addition to the nasal cavity, air can also be inspired through the mouth and oral cavity,
although the air preparation and puri�cation is not as e�cient as the nasal cavity. This route plays
an important role during heavy exercise and respiratory distress due to lower resistance leading
to higher �ow rates. Oral breathing is frequently used as a convenient way for drug delivery in
inhalation therapies to maximise deposition in the tracheobronchial and alveolar regions.

The pharynx, which connects the nasal and oral cavities to the larynx, follows. The pharynx
is part of the respiratory and digestive systems and serves for air and food transport zone. It
ends with the epiglottis, which prevents food from entering the larynx.

8



Figure 2.1: The respiratory system, adapted from [100]

The larynx, following the epiglottis, starts as a triangular cross-section and subsequently
transforms into a circular cross-section at the entrance into the trachea. It consists of nine
cartilages, three paired and three unpaired. Two pairs of membranes are located inside the
larynx: the ventricular folds (false vocal cords) that protect the true vocal cords, and the lower
membrane, known as the vocal cords, which form the narrowest part of the larynx called the
glottis. In addition to heating, transporting, and �ltering air, the signi�cant function of the
larynx is the generation of sound (phonation) in the vocal cords during exhalation [37].

The tracheobronchial tree refers to the structure of the lower respiratory tract below the
larynx, consisting of the trachea, bronchi, bronchioles, alveolar sacs, and alveoli. This is an
asymmetric dichotomous branching system with daughter bronchi of varying diameters, lengths,
and number of branches. The bronchial generations are often labelled di�erently in the literature.
This work uses numerical labelling starting from the main bifurcation as generation 0, following
Weibel [99] (see Figure2.2).

The trachea is a tube 11-14 cm long and approximately 2 cm in diameter. It consists of 16 to
20 cartilaginous rings shaped like horseshoes that prevent deformation during breathing, allowing
neck movement. The inner walls are covered with the ciliated epithelium and mucus. The trachea
divides into two main bronchi in the cartilage called the carina. The right main bronchus is wider,
shorter, and more vertical than the left, leading to a higher likelihood of particle deposition in
the right lung lobe. The right bronchus branches into three lobes, while the left branches into

9



Figure 2.2: Schematic representation of airway generations, adapted from [66].

two, as it shares space with the heart. The bronchi progressively branch into smaller bronchi up
to the 23rd or 24th generation from the main bifurcation. Anatomically, cartilaginous horseshoes
gradually disappear, the ciliated epithelium changes, and the amount of smooth muscle increases
[93].

The bronchi up to about the 16th generation serve for gas transport (conducting airways),
where there are no alveolar sacs and no gas exchange occurs, referred to as dead space with
a volume of 150 ml in a healthy individual. The terminal bronchioles are the entrance to the
respiratory zone that contains alveolar sacs with alveoli (acinus). During gas exchange, oxygen
is transferred to the body, replaced by carbon dioxide produced by cellular metabolism in the
alveolar-capillary network consisting of alveolar sacs and the pulmonary capillary bed.

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.

Inhalation is initiated by the contraction of the diaphragm, which moves about 1 cm during
normal inhalation and up to 10 cm during inhalation under heavy activity. This movement
causes the muscles and ribs to shift, increasing the internal volume. This leads to a decrease
in the pressure within the pleural cavity between the visceral and parietal pleura (intrathoracic
pressure), which in turn reduces the pressure within the lungs (intrapulmonary pressure) relative
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to the atmospheric pressure, allowing air to �ow into the lungs. During this process, the glottis
is opened to allow free air�ow.

During exhalation, the diaphragm and chest return to their equilibrium position, reducing
lung volume. This creates a gauge pressure that enables the expulsion of respiratory gases from
the body, resulting in exhalation [32].

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:

ˆ Tidal Volume (TV): The total volume of air inhaled and exhaled during normal quiet
breathing.

ˆ Inspiratory Reserve Volume (IRV): The maximum volume of air that can be inhaled above
the TV after normal expiration.

ˆ Expiratory Reserve Volume (ERV): The maximum volume of air that can be exhaled after
normal expiration.

ˆ Residual Volume (RV): The volume of air left in the lungs after maximum expiration.

ˆ Functional Residual Capacity (FRC): The volume of air remaining in the lungs after normal
exhalation.

ˆ Inspiratory Capacity (IC): The volume of maximum inhalation.

ˆ Vital Capacity (VC): The volume of air during maximum inhalation and maximum exha-
lation.

ˆ Total Lung Capacity (TLC): The maximum volume of air in the lungs.

The respiratory parameters introduced and their relationships are graphically depicted in
Figure 2.3.

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. The �rst models emerged from dissecting human lungs and analysing their
properties. Notable works in this area include the models by Weibel [99] and Hors�eld [38].

Weibel created two models of the airways. The �rst, Model 'A', simpli�es the tracheobronchial
system into 23 symmetric dichotomous bifurcations. The length-to-diameter ratio for each bi-
furcation D=L is approximately 3, and the ratio of inlet-to-outlet diameters for each bifurcation
Dn=Dn+1 ranges from 1.17 to 1.5, representing a regular and idealised geometry. The second,
Model 'B', accounts for irregularities in bronchial tree branching.

Hors�eld's model [38] re�ects the asymmetries in individual bifurcations, acknowledging the
irregular and asymmetric nature of human lungs. This model speci�es input and output diam-
eters, bifurcation lengths, and branching angles. It also considers the position of the heart and
the di�ering number of lobes on the right and left sides of the lungs.
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Figure 2.3: Schematic of lung volumes of an adult, adapted from [32].

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
[95]. 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.

COPD-a�ected bifurcations are characterised by an asymmetric narrowing of the airway chan-
nel [69]. In contrast, asthma has sinusoidally corrugated areas throughout the circumference,
which can be expressed by the equation:

r (� ) = R + A fold cos(n� ) (2.1)

where r , � , and R represent the radial coordinate, angular coordinate, and mean radius, respec-
tively, A fold is the folding amplitude, and n is the number of folds around the circumference
[69].

In this work, two realistic geometries based on the Ercoftac BUT benchmark human lung
model [57] were utilised. As reported there, several models have been developed at BUT from
the year 2006 based on high-resolution CT medical imaging technique. Due to the lack of com-
patibility and di�culty in obtaining a complete high-resolution CT with su�cient precision of
the whole extent examined, more sources and scans had to be used for the fabrication. The
�nal extended model called BUT2016 contained the oral and nasal cavity, trachea, and tracheo-
bronchial tree down to the seventh generation of branching. The further models were created by
the necessary modi�cation of the original geometry based on the consultation of an experienced
otorhinolaryngologist [57].

The �rst model used in this work 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. Due to the small dimensions resulting in di�cult manipulation
in the corresponding experimental setup, this model was cut o� at the second generation of
branching. For details, please refer to the attached paper [76].
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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 and the nasal cavity could be omitted. The tracheo-
bronchial tree was kept in the original extend down to the seventh generation of branching. For
details, please refer to the attached paper [75].
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Chapter 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 ranging from spherical, cylindrical,
and cubic to complex forms that cannot be described using Euclidean geometry [85]. This work
will focus on spherical and �brous particles � cylindrical particles where the length exceeds the
thickness.

Particulate matter is present in the ambient air and is classi�ed by its size into di�erent
fractions: particulate matter PM 10 (< 10 µm), �ne particulate matter PM 2:5 (< 2.5 µm), �ne
particulate matter PM 1 (< 1 µ m), and ultra�ne particles UFP (< 0.1 µ m). This work will focus
on rigid spherical particles and �bres in the microscale range, larger than 0.1 µm.

One of the key factors, governing the deposition of a particle in the human airways is its
size and shape. To enable an e�cient numerical modelling of non-spherical particles, simplifying
parameters characterising the shape and size of non-spherical particles (e.g. equivalent diameter,
shape factors) are introduced and will be discussed in more detail in the Chapter4.

Further details about aerosols (e.g., internal structure, processes of generation and transfor-
mation, chemical reactions or measurement, and sampling) are out of the scope of this work and
the reader is referred to additional literature, e.g. [12].

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 Figure3.1). Primary
mechanisms include inertial impaction, gravitational sedimentation, and Brownian motion, with
lesser contributions from turbulent mixing, electrostatic deposition, and interception [16], which
play a crucial role in particle transport and deposition. These mechanisms are discussed in more
detail.

Inertial impaction

When the inertial forces are greater than the drag forces of the �ow, these particles deviate
from the streamlines in the direction of their original velocity and may collide with the walls

14



Figure 3.1: Schematic of dominant deposition mechanisms in di�erent regions of the respiratory
tract, adapted from [16].

of the respiratory tract. This phenomenon occurs predominantly in areas with high velocity
gradients and sudden changes in trajectories � speci�cally in the upper airways and at individual
bifurcations [16]. The probability of this phenomenon depends not only on the particle mass but
also on the surrounding �ow velocity and the distance from the walls. A criterium assessing this
phenomenon is the dimensionless Stokes number:

Stk =
�u
dc

; (3.1)

where u is the mean �ow velocity away from the obstacle anddc is the characteristic dimension
of the geometry. � is the relaxation time of the particle:

� �
d2

p� p

18�
; (3.2)

where dp is the particle diameter, � p is the particle density, and � is the dynamic viscosity of air.
For Stk � 1, the relaxation time is su�ciently small compared to the timescale of the �ow,

and the particle trajectory follows the streamlines. For Stk � 1, the particles deviate from the
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streamlines and move in the direction of the original velocity. As Stk increases, which means that,
with increasing velocity or particle mass, the proportion of impaction in the overall deposition
increases.

This mechanism typically occurs with heavier particles larger than 5 µm.

Sedimentation

Gravitational sedimentation is caused by the gravitational force, e.g. for spherical particles,
de�ned as

F g = mpg =
1
6

�d 3
p� pg; (3.3)

where g = 9 :81 m s� 2 is the gravitational acceleration and mp is the particle mass. Due to the
gravitational forces acting, sedimentation occurs in the central and lower airways, particularly
for particles ranging from 1 to 8 µm in size. The phenomenon becomes signi�cant only in regions
where the distances between the walls are small. Deposition can best be characterised using the
terminal sedimentation velocity, which the particle reaches once equilibrium between the acting
forces is achieved [94]:

ut =
� pd2

p

18�
g: (3.4)

Although gravity is often neglected in upper airway simulations, Kleinstreuer et al. [45] showed
that gravitational forces can in�uence deposition in 8�9 generational models of the respiratory
tract. Experimentally, sedimentation is also in�uenced by the orientation of the model to the
gravitational �eld.

Brownian motion

Particles smaller than 0.5 µm are in�uenced by random motion occuring due to collisions with
surrounding air particles called Brownian motion. The rate of di�usion, i.e. the mean square
displacement, is according to the Einstein's theory given by the di�usion coe�cient:

DB =
CckT
3��d p

; (3.5)

where Cc is the slip correction factor (see Equation (4.27)), and increases with increasing tem-
perature and decreasing viscosity. This deposition mechanism becomes dominant for particles
< 0:5 µm, mainly in the alveolar regions [16], which are not the subject of this work.

Turbulent mixing

Turbulent mixing occurs as a result of turbulent �ow. For an in�nitely long tube with a cylin-
drical cross section, the turbulent �ow region is determined by the Reynolds number, Re> 2320.
For quiet inhalation and inhalation at light activity, this condition is not met; however, in the
upper airways, there are signi�cant changes in cross section that induce turbulence. Local turbu-
lence also causes constrictions in the vocal cords area, where the laryngeal jet is formed. These
turbulences are then carried into the bifurcation areas [16]. Matida et al. [ 65] compared nu-
merical simulations of aerosol deposition in an idealised oral cavity for uniform spherical particle
diameters of 2.5 µm, 3.7 µm, and 5 µm for a breathing rate of 32.2l=min. They used the Reynolds-
Averaged Navier-Stokes (RANS) method (Mean Flow Tracking) and the Large Eddy Simulation

16



(LES) method, as described in Section4.1.2, which captures �ow �uctuations. The mentioned
problem was also experimentally validated. The comparison in Figure3.2 shows good agreement
between the experiment and LES simulations, while the RANS approach captures only 40% of the
deposited particles due to turbulent mixing, a mechanism not considered in the RANS averaged
approach. Therefore, this deposition mechanism plays an important role and must be accounted
for.

Figure 3.2: Comparison of experimental data and numerical simulations of deposition in the
idealised oral cavity, adapted from [65].

Interception

This mechanism is relevant for non-spherical particles and may be essential for elongated particles,
such as �bres. As the �bre length increases, the probability of intercepting also increases. 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. However, the general accepted statement is that the particles align parallel to
the streamlines [48], supported by the fact that �brous particles reach deeper into the lungs,
as shown by several experimental studies [86, 87]. Nevertheless, Lizal et al. [58] investigated
�bre orientation in the �ow, show that this conclusion is rather an oversimpli�cation. Analysis
of deposited �bre orientation con�rmed the prevalence of parallel orientation, decreasing with
higher �ow rates and curvature of the geometry [11].

Electrostatic capture

Other less dominant mechanisms that can cause particle capture on the inner walls of the air-
ways include electrostatic capture. Electrostatic forces act between electrically charged particles
and electrically charged walls, and between particles themselves. Compared to the previously
mentioned mechanisms, electrostatic forces are negligible. The inner walls of the airways are
electrically neutral, but charged particles can arise upon contact or friction, and particles gener-
ated by inhalers can be charged, as can droplets formed in atomisers [17].
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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:

DF =
Amount of particles deposited in the segment

Total amount of particles released into the model
: (3.6)

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:

DE =
Amount of particles deposited in the segment

Amount of particles entering the segment
: (3.7)

Deposition density (DD) indicates the ratio of the deposition fraction to the total surface area
of the segmentS. This parameter is mainly used in experiments where, unlike simulations, it
is not possible to evaluate the trajectories of individual particles and the exact locations where
deposition occurs:

DD =
DF
S

: (3.8)

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. The quantity of particles in (3.6) and
(3.7) is then replaced by the mass of particles deposited in the 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; here,
as a representative example, is the equivalent volume diameterdn (see Equation (4.55)) de�ned
as the diameter of a sphere with the same volume; or the equivalent aerodynamic diameterdae

(see Equation (4.58)) 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 the Impaction Parameter) is used:

IP = _Qd2
ae (3.9)

where _Q is the volumetric �ow rate through the given segment in cm3=s. This parameter is
bene�cial when comparing deposition parameters in the same geometries at di�erent �ow rates.
For comparison of deposition between di�erent realistic geometries of di�erent ages or genders,
comparison based on the Stk yields better results accounting for even the characteristic dimension
of the geometry.

The inspiratory cycle is unsteady and the time-development of the �ow may be an important
parameter a�ecting the deposition characteristics. In particular in recent years, the focus has
been on the simulation of transient breathing condition. To access the e�ect of unsteadiness, two
non-dimensional numbers can be used: Strouhal number

St =
!d c

u
; (3.10)
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where ! is the frequency of oscillations, i.e. the breathing frequency. St describes the ratio of
unsteady forces to inertial forces. For St> 1 the oscillations become important, and for St� 1
the contribution of velocity dominates the oscillation, suggesting that the �ow can be considered
quasi-steady. Womersley number

Wo =
dc

2

� !
�

� 0:5
; (3.11)

where � is the kinematic viscosity, is de�ned as the ratio of unsteady forces to viscous forces and
determines the inlet conditions. For Wo < 1 the oscillatory e�ects are low and the parabolic
velocity pro�le develops; on the contrary, for Wo � 1, the oscillatory e�ects are large and rather
a piston pro�le develops.
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Chapter 4

Numerical methods in CFPD

CFPD in the lungs allows for a more detailed analysis of processes occurring in the airways and
provides data on physical quantities in various parts of the geometry, where experimental mea-
surements would be very di�cult and time-consuming. Following several successful validations by
experiments, numerical simulations have become an integral part of research into air�ow patterns
and aerosol deposition in the respiratory tract.

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.

4.1 Fluid phase

From the perspective of �uid treatment, we distinguish two basic approaches [47]:
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. Solvers using the Lagrangian approach (e.g., molecular dynamics MD) calculate
the dynamics of individual particles and their interactions by solving Newton's second law for
each particle separately:

d2x p

dt2 =
X

i

F p;i

mp
; (4.1)

where F p;i represents the individual forces that act on a single particle in timet, mp the particle
mass, andx p the particle position. This approach can only be used for a small number of particles
(rare�ed gases, microscopic scales). Under normal conditions, a �uid contains more than1023

particles in m3, making the solution of this equation for each particle computationally unrealistic.
In this work, this approach will be used for the calculation of aerosol dynamics, as described later.

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 values of
each physical quantity of the �ow are treated at discrete cells (called computational grid), where
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equations � conservation laws � are solved1 describing the dynamics of the �ow.
Conservation of mass:

@�
@t

+ r � (� u ) = 0 ; (4.2)

where � denotes �uid density and u �uid velocity.
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.
Conservation of energy:

@E
@t

+
@(ui E)

@xi
=

@(uj � ij )
@xi

+ Fi ui �
@qi
@xi

+ � jqj (4.4)

in Einstein summation notation, where E is the total speci�c energy, � the stress tensor andjqj is
the heat �ux vector. 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 using a discretisation method (e.g., the �nite-volume method FVM)
and enable numerical computations in the respiratory tract.

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 Figure4.1), 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); (4.5)

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:

� (x ; t) =
Z

f (x ; � ; t) d� ; (4.6)

� (x ; t)u (x ; t) =
Z

� f (x ; � ; t) d� ; (4.7)

E(x ; t) =
1
2

Z
� � � f (x ; � ; t) d� ; (4.8)

� (x ; t)e(x ; t) =
1
2

Z
(� � u ) � (� � u )f (x ; � ; t) d� ; (4.9)

where e(x ; t) denotes speci�c thermal energy, from which pressure can be calculated using the
relation:

p =
2
3

�e: (4.10)

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 [47].

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 ): (4.11)

This equation is now known as theBoltzmann transport equation . The �rst term corresponds
to the local change, the second term to the convective change, and the third term captures the
e�ect of external forces. The term 
( f; f ) is the collision operator, in the original Boltzmann
equation is de�ned as a double integral over the spatial angles of both considered collisional
terms and is not analytically solvable. Bhatnagar, Gross, and Krook derived a simpli�ed collision
operator BGK [6]:


 B (f; f ) = �
1
�

(f � f eq); (4.12)

which satis�es the so-called collisional invariants derived from conservation laws:
Z


( f; f ) d� = 0 ;
Z

� 
( f; f ) d� = 0;
Z

� 2
( f; f ) d� = 0 :

(4.13)
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and the second law of thermodynamics. In the absence of external forces, the system tends toward
Maxwell-Boltzmann distribution of equilibrium:

f eq = �
� 1

2�RT

� 3=2
exp

�
�

1
2RT

(� � u )2
�

=

= �
�

3
4�e

� 3=2

exp
�

� 3(� � u )2

4e

�
:

(4.14)

at a rate determined by the relaxation time � .
By integrating the individual collisional invariants and using the equation of state, the Boltzmann
equation is equivalent to the conservation laws - the continuity equation (4.2), the Navier-Stokes
momentum equations (4.3), and the energy conservation law (4.4), as shown in [9] in the incom-
pressible limit.
Chapman and Enskog [10] 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 macroscopic Eulerian approach for slightly
compressible �uids at Mach number:

Ma �
1
3

: (4.15)

In the purpose of numerical simulation, the Equation (4.11) must be discretised in the independent
variables - velocity u , spacex , and time t. Velocity discretisation is performed by projection
onto the Hermite basis, and integrals are further simpli�ed using the Gauss-Hermite quadrature
formula. Spatial discretisation results in a uniform cubic grid, where the equation is solved at the
grid points, and any time discretisation scheme can be chosen, with the typical choice being the
�rst-order forward Euler scheme. This process is elaborated and detailed in the author's Master
thesis, see [74].
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 (see Figure4.2).
For algorithmic implementation, it is convenient to split the process captured by the equation

into two steps, collision and propagation. This simpli�cation makes the implementation easier
and clearly illustrates how particle populations evolve in a single time step� t. The steps are
determined as follows:

1.) Collision
The post-collision state of the populations, denoted with an asteriskf �

i (x ; t) is introduced. The
collision step is given by:

f �
i (x ; t) =

�
1 �

� t
�

�
f i (x ; t) +

� t
�

f (eq)
i (x ; t): (4.16)

2.) Propagation
Propagation, unlike collision, is non-local and transfers to neighbouring nodes. The particle
populations f i

� , whose masses changed during collision, move with discrete velocityci according
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Figure 4.2: The velocity set speci�es the set of discrete velocity directions in the Lattice
Boltzmann equation. A typical choice for three-dimensional space is the D3Q19 velocity set,
which includes 19 discrete velocity directions and is also used in this work, adapted from [47].

to spatial discretisation, and after time � t, their position changes byci � t . The resulting equation
is:

f i (x + ci � t; t + � t) = f �
i (x ; t): (4.17)

By introducing the initial and boundary conditions, we obtain the algorithm for the computation,
see Figure4.3.

Figure 4.3: Algorithm of the Lattice Boltzmann method, adapted from [47].

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 [ 51]. A criterion used for predicting the �ow character is the dimensionless
Reynolds number.

Re =
udc

�
; (4.18)
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where � is the kinematic viscosity of the �uid. Re is de�ned as the ratio of the inertial forces to
the viscous forces in the �uid. Low Re means laminar �ow and high Re turbulent �ow. The area
in between is called laminar-turbulent transition. Thus, there is no sharp border between both
types of �ow. The transition starts when Re reaches a value called critical Re, depending on the
particular geometry.
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) using a computational grid, where kinetic energy is
converted into thermal energy. No turbulence model is used here, and the time and spatial
discretisation are very �ne. This approach is not practical for most applications due to its
vast computational resources and time requirements.

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. This approach is particularly suitable for stationary
problems where �uctuations caused by turbulence are not relevant. The LBM is a time-
dependent approach and this approach coupled with this method is not common.

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 [84] adapted to the BGK operator according to S. Hou [39], which belongs to the
LES family, will be used:
Viscosity can be divided into physical viscosity and viscosity caused by modelled vortices:

� total = � 0 + C� 2 j �S j; (4.19)

where C is the Smagorinsky constant, and

j �Sj =
q

2�Sij �Sij (4.20)

is the magnitude of the strain rate tensor, given by the relation:

�Sij =
1
2

� @ui
@xj

+
@uj
@xi

�
: (4.21)

The numerical viscosity shown in the change of the relaxation parameter in the collision operator
(4.12) as follows:

� total = 3( � 0 + C� 2j �Sj) + 0 :5: (4.22)

4.1.3 Phase interaction

Liquid or solid particles in the ambient air are in�uenced by current local �ow conditions and
also mutual interaction may occur. Depending on the nature of the �ow and the concentration of
particles, di�erent types of interactions between the �uid and the particles are possible. A volume
fraction � is introduced, which represents the volumetric proportion of the domain occupied by
the particles [94].
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In the case of dilute fractions, the momentum of the particles compared to the �uid is so
negligible that it cannot a�ect the overall �ow. This is known as one-way coupling , where the
in�uence of the particles on the �uid is neglected and the volume fraction is typically less than
10� 3.

In the case of a larger proportion of particles, from10� 3 to 10� 1, the in�uence of the particles
on the �uid is signi�cant and must be included in �uid �ow calculations as acting volumetric
forces. This method is calledtwo-way coupling .

In cases of high particle volume fractions,four-way coupling occurs, where collisions be-
tween particles are also considered. However, for a large number of particles, this method becomes
unsuitable because of its high computational demands.

In particle transport and deposition studies in the respiratory tract, the volume fraction is
typically signi�cantly below 10� 3, and the particles do not a�ect �ow or collide with each other.
Therefore, in this work, the one-way coupling was used.

4.2 Particle phase

The following methods are suitable for the numerical simulation of particles in the respiratory
tract [ 44] 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.

The translational motion can be expressed by the equation for each particlei occupying the
space
 i (t):

mp;i
du p;i

dt
= F body + F s = F body +

Z

@
 i (t )
� � n dS; (4.23)

where F body represents volumetric external forces such as gravity or virtual mass,F s is the sum
of surface forces integrated over the surface,

The rotational motion is given by Euler's rotational equation:

T i = �
Z

@
 i (t )
(x i � x ci ) � (� � n ) dS; (4.24)

where x ci denotes the coordinates of the centre of the given particle andT i the torque acting on
the particle. Speci�c implementations of this method include the Arbitrary Lagrangian-Eulerian
Technique, where the mesh is recalculated at each time iteration, and the Distributed Lagrangian
Multiplier Method, where the computational mesh spans the entire domain, including particles
[44].

A major drawback of these methods is their enormous computational power demand, making
them currently impractical for engineering problems involving a large number of particles [13].

4.2.2 Euler-Lagrange methods

The Euler-Lagrange method, also known as the Discrete Phase Method (DPM), uses Lagrangian
approach for the particle phase, while the �uid phase is solved using the Eulerian approach. The
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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 solid phase
particles is solved using Newton's second law of motion (4.1), and it is necessary to de�ne the
forces acting on the particles. These forces are discussed in more detail before analysing the
individual types of simulations.

Forces acting on a particle

Particles moving in the airways are subjected to surrounding forces. Initially, only spherical
particles will be considered; di�erences for �brous particles will be mentioned later.

Drag force from the surrounding �uid depends on the �ow regime in which the particle is
situated. This is determined by the particle Reynolds number:

Rep =
� f (uf � up)dp

�
; (4.25)

where� f is the �uid density, and dp is the particle diameter. The prescription for the acting forces
is determined by the value of Rep. For the application of micrometre-scale particle deposition in
the airways, Rep < 1, placing us in the linear Stokes regime, where the acting force is linearly
dependent on velocity and is given by:

Fd = 3 �� (uf � up)dp: (4.26)

When particles are so small that they are comparable to the mean free path of air molecules, the
air can no longer be considered a continuum, and the force must be divided by the Cunningham
correction factor Cc [94]:

Cc = 1 +
2lmfp

dp
(1:257 + 0:4 exp (� 1:1dp=2lmfp )) ; (4.27)

where lmfp is the mean free path of the gas, de�ned as:

lmfp =
kT

p
2�d 2

m p
; (4.28)

wherek = 1 :38� 10� 23J=K is the Boltzmann constant, and dm is the molecular collision diameter,
de�ned as the shortest distance between two particles during a collision. By substituting values
for air, we obtain values close to 1 for the considered range ( Kn < 0:1, for 10 µm, Cc = 1 :018
and for 1 µm, Cc = 1 :176). This relationship is valid for Kn < 1000and small particle Reynolds
number Rep.

For regions with higher Reynolds numbers and for non-spherical particles, the drag force
(4.26) can be generalised using the drag coe�cientCd:

Fd = Cd
3� Rep

4� pd2
n

; (4.29)

where dn is the volume-equivalent diameter, which is the diameter of a sphere having the same
volume as the considered non-spherical particle. The parameterCd depends on the shape of the
considered particle and is prescribed by an empirical function. Various functions exist in the
literature for di�erent particle types, as will be discussed in subsequent chapters. For spherical
particles, the �rst choice is the relation by Morsi and Alexander [67]:

Cd = a1 +
a2

Rep
+

a3

Re2
p
; (4.30)
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where a1, a2, and a3 are empirical constants whose values depend on the values of Rep.
Gravitational force induced by gravity and Earth's rotation is given by:

F g = mpg; (4.31)

where g is the gravitational acceleration.
Buoyancy force , induced by hydrostatic pressure and also known as Archimedes' principle,

is given by

F b = �
1
6

� f �d 3
pg; (4.32)

which is several orders of magnitude smaller than other forces and can be neglected.
Dynamic lift , caused by a non-zero velocity gradient of the �uid at the particle's location,

was derived by Sa�man [78] as:

F l =
2K� 1=2D ij

(� p=� f )dp(D lk Dkl )1=4
(u f � u p); (4.33)

where K = 2 :594 is a constant coe�cient for a sphere, and D ij are the components of the
deformation tensor:

D ij =
1
2

�
@uf;i
@xj

+
@uf;j
@xi

�
: (4.34)

.
Other forces acting on particles include the virtual mass due to the displacement of �uid from

the particle's path, resulting in kinetic energy gain for the �uid and corresponding energy loss
for the particle (e�ective mass), Basset history force relevant for high-frequency oscillations, and
the Magnus e�ect observed in rotating objects. These forces are negligible for micrometre-sized
particles and, therefore, are not considered further.

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). Unlike the CNS, this approach
falls under Euler-Lagrangian methods. Interaction with the �uid is based on empirical formulas
derived from experiments, in the form of forces acting at the particle's centre of mass. Although
implementations of the method vary across the literature, it is primarily designed for simulating
larger and heavier particles colliding with each other and is focused on calculating the forces
between them (the 'hard sphere model' [1], the 'soft sphere model' [104]). Therefore, the method
often does not account for rotational in�uences caused by velocity and pressure �eld gradients.
Additionally, the complex shapes of particles, their exact positions, orientation, and collision
detection lead to a signi�cant amount of data communication between the �uid phase and DEM,
which greatly slows down the computation [102].

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. Fibre
particles in the shape of cylinders are approximated as prolate spheroids (two equal semi-minor
axis, see Figure4.4(a)), which signi�cantly simpli�es the solution of these equations. For the
calculation of dynamics, three coordinate systems are introduced for each particle; see Figure
4.4(a):
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1. Laboratory frame of referencexyz.

2. Particle co-moving coordinate systemx0y0z0 with the centre at the particle's centre of mass,
and the axes parallel toxyz.

3. Particle local coordinate systemx00y00z00with the centre at the particle's centre of mass, and
the axes corresponding to the particle's principal rotational axes.

x

y

z

x0

y0

z0 b = c

a

z00

y00

x00

x0

x00

y0
y00

z0

z00



~i

(a) (b)

Figure 4.4: (a) Approximation of a �bre as a prolate spheroid with the semi-major axis a and
semi-minor axisb = c in the corresponding coordinate systems: the laboratory frame of reference
(xyz), the particle co-moving frame of reference (x0y0z0), and the particle frame of reference
(x00y00z00). (b) Illustration of �bre rotation using a quaternion, adapted from [ 75].

To express the orientation and rotation of particles, new variables are introduced. Because
the Euler's angles su�er from convergence problems under certain conditions, Euler quaternions
(x-convention, as detailed in [28]) ("1; "2; "3; � ) are used here, de�ned as follows:

0

@
"1

"2

"3

1

A = ~i sin
�



2

�
; � = cos

�


2

�
: (4.35)

While the transition between the single-primed and non-primed laboratory systems is a simple
translation, the transformation from the single-primed to the double-primed system is carried out
using the relation.

x 0 = A � x 00; (4.36)

where A is the transformation matrix written using Euler quaternions ("1; "2; "3; � ):

A =

2

4
1 � 2("2

2 + "2
3) 2("1"2 + "3� ) 2("1"3 � "2� )

2("2"1 � "3� ) 1 � 2("2
3 + "2

1) 2("2"3 + "1� )
2("3"1 + "2� ) 2("3"2 � "1� ) 1 � 2("2

1 + "2
2)

3

5 : (4.37)

For the calculation of individual forces on non-spherical particles, the above relations are modi�ed
[44]:

Drag force acting on an ellipsoidal particle is given by the relation [8]

F d = � f �b K 0(u f � u p); (4.38)

whereb is the semi-minor axis of the �bre and K is the stress tensor in the laboratory coordinate
system

K 0 = A � 1K 00A ; (4.39)
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where

K 00= diag(K 00
xx ; K 00

yy ; K 00
zz) (4.40)

is the stress tensor in the particle coordinate system.K ii are Stokes' corrections for ellipsoids
and depend on the size of the aspect ratio� , which expresses the ratio of the ellipsoid's length
to its diameter.

Dynamic lift for spherical ellipsoids is given by the relation [14]:

F l = � 2� f
p

�b2l (4.41)

with

l =
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0
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(4.42)

L ij are permutations of the lift tensor
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0

@
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@
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1
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0

@
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@
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1
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0
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1
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0

@
L C 0 0
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1
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(4.43)

with

L A = 0 :0501; L B = 0 :0329; L C = 0 :0373; L D = 0 :0182; L E = 0 :0173: (4.44)

Alternatively, corrections proposed by Harper and Chang [33] or Drew et al. [19] can be
included.

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

I x00
d! x00

dt
� ! y00! z00(I y00 � I z00) = Tx00;

I y00
d! y00

dt
� ! x00! z00(I z00 � I x00) = Ty00;

I z00
d! z00

dt
� ! y00! x00(I x00 � I y00) = Tz00;

(4.45)
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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. By introducing the approximation of
linear shear velocity (where the velocity gradient is locally constant), we obtain the following
relations for the hydrodynamic torques in the particle coordinate system [42]:

Tx00 =
16�� f a3

p�

3(� 0 + � 2
 0)

�
(1 � � 2)Dz00y00+ (1 + � 2)(Wz00y00 � ! 00

x )
�

;

Ty00 =
16�� f a3

p�

3(� 0 + � 2
 0)

�
(� 1 + � 2)Dx00z00+ (1 + � 2)(Wx00z00 � ! 00

y )
�

;

Tz00 =
32�� f a3

p�

3(� 0 + � 0)
(Wy00x00 � ! 00

z ):

(4.46)

D is the deformation-rate tensor, and

Wij =
1
2

� @uf;i
@xj

�
@uf;j
@xi

�
(4.47)

is the spin-rate tensor. The parameters� 0, � 0, and 
 0 are given by the formulas:

� 0 = � 0 =
� 2

� 2 � 1
+

�
2(� 2 � 1)(3=2)

ln
� �

p
� 2 � 1

� +
p

� 2 � 1
(4.48)


 0 = �
2

� 2 � 1
+

�
(� 2 � 1)(3=2)

ln
� �

p
� 2 � 1

� +
p

� 2 � 1
: (4.49)

In the above relations, the velocity gradients must be transformed from the laboratory to the par-
ticle coordinate system. After solving the Euler equations, the current rotation in the laboratory
system is recalculated using Euler quaternions via the relations

2

6
6
4

d"1=dt
d"2=dt
d"3=dt
d�= dt

3

7
7
5 =
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2

2

6
6
4

�! x � "3! y + "2! z

"3! x + �! y � "1! z

� "2! x + "1! y + �! z

� "1! x + "2! y � "3! z

3

7
7
5 (4.50)

and the next time iteration can be performed. The current orientation in terms of the vector of
the rotational axis can be evaluated using the transformation matrix in Equation (4.36) as well.

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 approach using modi�ed relations for the drag
force (4.29) depending on the selected empirical correlation derived from experiments providing
the value of the drag coe�cient Cd. Many such correlations can be found in the literature,
depending on the shape of the considered particles, Reynolds number, shape factor, etc. The
e�ective diameter method does not account for moments that induce rotational e�ects, and some
models do not even consider the particle's orientation relative to the �ow. However, they are
computationally less demanding than the above-mentioned models. Therefore, there are still
frequently used.

Haider-Levenspiel (H-L) correlation is one of the commonly used models for calculating
the drag coe�cient for isometric particles developed by Haider and Levenspiel [31]. Based on
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experiments with particles of various shapes (octahedrons, cubes, tetrahedrons), they interpolated
experimentally determined values using the function

Cd =
24

Rep
(1 + HaReH b

p ) +
HcRep

Hd + Rep
; (4.51)

where the interpolation coe�cients are given by:

Ha = exp (2:3288 + 6:4581� + 2 :4486� 2);

Hb = 0 :0964 + 0:5565�;

Hc = exp (4:905� 13:8944� + 18:4222� 2 � 10:2599� 3);

Hd = exp (1:4681 + 12:2584� � 20:7322� 2 + 15:8855� 3):

(4.52)

The parameter � is the sphericity, de�ned as the ratio of the surface area of a volume-equivalent
sphereAs (i.e., a sphere with the same volume as the considered particle) to the total surface
area of the particle Ap:

� =
As

Ap
: (4.53)

These correlations show high accuracy for particles with sphericity greater than 0.67, but perform
worse for sphericity less than 0.23, i.e., for particles with signi�cantly non-spherical shapes. The
�bres considered in this work have a sphericity around 0.5, placing them in the range of lower
accuracy.

Tran-Cong (T-C) et al. [91] derived an empirical correlation which is signi�cantly more
robust, as more diverse shapes in the form of agglomerated spheres were used for validation,
representing various shapes (pyramid, star, H-shaped particles, and also cylinders). The resulting
drag coe�cient is a function of the ratio of two equivalent diameters and sphericity. Fibres can
be represented by a series of attached spheres � cylinders. In the mentioned study, 7 spheres in
a row were used, see Figure4.5

dA
dn

= 7 1=6

c = 1p
7

Figure 4.5: Representation of particles used to model cylinders in the study by Tran-Cong et al.,
adapted from [91].

This empirical function also takes into account the orientation of the particle relative to the
�ow. The input quantities are thus the cross-sectional area of the particleAp? and the perimeter
of this cross-sectionPp. The quantity called the surface equivalent sphere diameter

dA =

r
4Ap?

�
(4.54)

then gives the diameter of the sphere that has the same cross-section as the considered particle.
Similarly, the volume-equivalent sphere diameter is de�ned as

dn = 3

r
6V
�

; (4.55)
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which is also referred to in some literature as the nominal diameter.
The shape factor of the particlec is based on the cross-sectional sphericity and is de�ned as

c =
�d A

PP
; (4.56)

where Pp denotes the perimeter of the particle's cross-section perpendicular to the �ow. The
resulting empirical correlation is then given by the relation:

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
� : (4.57)

The authors of the study indicate the validity of this relation for particle Reynolds numbers in
the range of 0.15 to 1500; 0.80 <dA =dn < 1.5, and sphericity 0.4 < c < 1.0. Most engineering
applications, including the �ow and deposition of �bres in the respiratory tract, fall into this
range.
For comparison with spherical particles and the calculation of the Stokes number, a quantity called
the equivalent aerodynamic diameterdae is used. Across various studies, multiple de�nitions exist;
in this work, the de�nition according to Stöber for non-spherical particles is used:

dae = dn

�
� p

� 0�

� 1=2

: (4.58)

This diameter represents the diameter of a spherical particle with the density of water that has
the same terminal settling velocity as the considered non-spherical particle.� 0 is the density of
water, and � is the dynamic shape factor, whose value depends on the orientation of the �bre
relative to the �ow. For �bres orientated parallel to the �ow, the value of dae is the largest, while
for �bres perpendicular to the �ow, it is minimal. The value of � for randomly orientated �bres
is given by the relation

1
�

=
1

3� k
+

2
3� ?

: (4.59)

The relations for the individual components are taken from [73] under the assumption that the
particle has the shape of a prolate spheroid (ellipsoids with exactly two axes of the same size):

� k =
(4=3)(� 2 � 1)� (� 1=3)

((2� 2 � 1)=(� 2 � 1)(1=2)) ln( � + ( � 2 � 1)(1=2)) � �
; (4.60)

� ? =
(8=3)(� 2 � 3)� (� 1=3)

((2� 2 � 1)=(� 2 � 1)(1=2)) ln( � + ( � 2 � 1)(1=2)) + �
; (4.61)

where � is the aspect ratio and is de�ned as the length of the �bre to its diameter.
Fan et al. [22] derived a correlation for the drag coe�cient based on experiments with

sedimentation of cylindrical particles of various densities, taking into account the orientation of
particles relative to the �ow � , which represents the angle between the particle's major axis and
the streamlines:

Cd cos� =
24

Rep
(0:006983 + 0:6224Re� 1:046

p )
�

� p

� f

� � 1:537

Ar 0:8524; (4.62)

33



where

Ar =
gd3

p(� p � � f )2

� 2
f

(4.63)

is the modi�ed Archimedes number. This is the only correlation that includes dependence on
gravitational acceleration g. The authors report an accuracy of 9.4% for4 < � < 50, density
1125 kg m� 3 < � p < 8000 kg m� 3, and Rep < 40. This empirical function speci�cally applies
to cylindrical particles under gravitational settlement, unlike the more general correlations men-
tioned earlier.

Loth [59] studied the drag coe�cient Cd for spheroids in the Stokes regime Rep � 1.
Depending on the aspect ratio, he provides correction coe�cients for the drag force on parti-
cles moving parallel to the �ow f E k and on particles moving perpendicular to the streamlines
f E ? . The resulting force can be calculated using the method of linear superposition:

F d = � 3�� f ((u f k � u pk)f E k + ( u f ? � u p? )f E ? ): (4.64)

However, the restriction to the Stokes regime is not ful�lled in all regions of the lungs, particularly
near bifurcations where Rep reaches values around one.

Hölzer and Sommerfeld [40] obtained an empirical correlation based on �xed and freely
falling particles over the entire range of Rep:

Cd =
8

Rep

1
p

� k
+

16
Rep

p
�

+
3

p
Re� 3=4

+ 0 :42100:4(� log � )0:2 1
� ?

: (4.65)

Ganser [27] developed using two shape factors, the Stokes's shape factorK 1 correcting the
drag in the viscous dominated regime and Newton's shape factorK 2 correcting the drag in the
inertial regime:

Cd =
24

RepK 1

�
1 + 0:1118 (RepK 1K 2)0:6567

�
+

0:4305K 2

1 + 3305=(RepK 1K 2)
: (4.66)

Further correlations can be found, e.g. in [44]. In this work, the Haider-Levenspiel and
Tran-Cong correlations, were utilised.
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Chapter 5

State of the art

The research of �bre transport and deposition is a highly relevant research area1 This �eld can
be broadly divided into two fundamental aspects. First, exposure to asbestos �bres or elongated
mineral particles is known to cause respiratory diseases such as mesothelioma or lung cancer
[70]. Second, �bre-shaped aerosols possess an ability to access deeper part of the respiratory
tract compared to spherical particles, as highlighted by Kleinstreuer et al. [44]. 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. In addition, signi�cant experimental studies of high relevance to this work
are discussed.

As outlined in the previous Chapters and mentioned by e.g. Tian et al. [90], the Euler-
Lagrangian framework is widely employed for resolving the trajectory of non-spherical particles.
This can be di�erentiated based on the attitude to the particle rotation.

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 Fd (4.29), speci�cally the drag
coe�cient Cd. Many expressions for calculatingCd have been derived for various particle shapes,
but they are often designed for too 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) [26]. With an increasing aspect ratio � of the �bre, the accuracy of the H-L model
decreases.

In contrast, the dependence of the shape factorc in (4.56) 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 [ 23].

Inthavong et al. [41] investigated the deposition of monodisperse carbon �bres with a diameter
of 3.66 µm and various lengths in the right and left nasal cavities under a steady breathing regime

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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of 7.5 l min � 1 using both models. The deposition results in four segments are presented in Figure
5.1. Simulations demonstrated a good agreement in deposition between both methods for short
�bres with a length less than 100 µm; 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.

Figure 5.1: Model comparison by Inthavong et al. [41] in a) right and b) left nasal cavity using
H-L and T-C models and compared with experimental data from Su and Chang [86].

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 (4.29) is identical in both H-L and
T-C, the individual models di�er only in the value of Cd, as already mentioned. AsCd 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,
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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
5.2, 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. The article by Inthavong [41], does not provide detailed information on the
orientation of the considered particles.
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Figure 5.2: Comparison of drag coe�cient Cd from H-L and T-C models for parallel and perpen-
dicular �bres.

Fibrous particle simulations using H-L and T-C were performed, for example, in the study
by Farkas et al. [23], 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 of the geometry was determined. For calculating the
velocity �eld, conventional FVM with the k- ! Shear Stress Transport (SST) turbulence model
was utilised, following a grid independence test.

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 ( see Figure5.2), one might expect similar
values. The number of particles orientated in the speci�ed directions relative to the �ow (parallel,
perpendicular, or randomly), and how their orientation changes during the simulation, is not
further speci�ed in the article. Numerical simulations were validated using experimental data from
Belka et al. [5] obtained on the same reconstructed oro-pharyngeal-laryngeal-tracheobronchial
geometry and the same breathing mode, using �bres of the same material and size distribution.
As supplementary experimental data, the following results available in the literature from Su and
Chang [86] and Zhou and Cheng [103] were also used. The deposition e�ciency as a function of the
Stokes number in individual generations of branching is shown in Figure5.3. The data from the
simulations correspond quite well with the measured data overall, but di�erences compared to the
experiments [5] can be observed up to an order of magnitude (especially in the second generation
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Figure 5.3: Deposition fraction by H-L and T-C from [23] compared with experimental data from
[5], [86], [103].

of branching). In the vast majority of the observed segments, the T-C model demonstrated higher
accuracy, especially with larger Stokes numbers, indicating larger particles or more turbulent �ow.
Trend-wise, the simulation data also correlate with other experimental results from the literature.

Dang Khoa et al. [15] numerically investigated the deposition patterns in two realistic human
respiratory models using two types of monodisperse �bres � 1 µm (asbestos) and 3.66 µm (carbon
�bres) in diameter and 15�300 µm long. Two drag models � T-C and H-L � were adapted, but an
experimental comparison was limited to the nasal cavity due to a lack of experimental data. In
this region, the di�erences between both models are rather minimal. In common with the study
by Farkas et al. [23], H-L showed a higher deposition e�ciency for all investigated �ow rates and
�bre lengths throughout the entire geometry.

Validation of the e�ective diameter method is primarily based on the deposition fractions,
which often show signi�cant di�erences. Furthermore, conduction of experimental measurement
on �bre motion in the respiratory tract is often limited to the deposition characteristics that have
valuable information for targeted inhalatory medicine. Rare data from experiments from recent
years, where �bres and their orientation in di�erent parts of the respiratory system were moni-
tored, using high-speed cameras such as those from Lizal et al. [58], provide detailed information
about their movement.

The originally widely accepted notion that �brous particles align their main axis parallel to
air�ow and thus can penetrate deeper into the respiratory tract is an oversimpli�cation. Several
papers, e.g. [3, 68], emphasise the importance of �bre alignment to streamlines in deposition
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Figure 5.4: Ratio of parallel and perpendicular oriented particles in a straight tube and a single
bifurcation depending on Re with corresponding standard deviations, conducted by Lízal et al.
[58]

and the tendency of symmetric �bres to align with the tube axis. In contrast, Kulkarni et al.
[48] mentioned the dominant perpendicular orientation during gravitational settling at small Re p,
suggesting that �bre motion is a combination of these two alignments.

Building on these facts, Lízal et al. [58] 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 bifurcation itself caused individual particles to rotate from a
parallel to a perpendicular position relative to the �ow; due to geometric asymmetry, di�erences
between the left and right branches of the bifurcation were also observed. The study further
demonstrated a negligible in�uence of the �ow Reynolds number Re on the particle orientation at
the bifurcation for the range of Re 180 to 4500, but showed a dependence on rotational movement
downstream of the bifurcation (cf. Figure 5.4). This rotation, speci�cally the orientation to
streamlines, 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 the 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 [21] and a computational framework was presented �rst by Shanley et al.
[83]. ELER approximates the particles by ellipsoids and resolves the translational and rotational
motion (for more details, see Section4.2.2).

A subsequent study from the same research group by Tian et al. [90] 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 in FLUENT 6.2 using the FVM,
and particle movement was simulated using the C++ code. 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. This established
benchmark case was used for numerical validation in several studies [24].

39



Another paper by Tian et al. [89] simulated the transport and deposition of �brous particles in
the tracheobronchial tree of adult lung replica under moderate exercise of 37l min � 1. The velocity
�eld was simulated using the RANS turbulent model. The deposition results show reasonable
agreement with the available experiments, validating the presented model for simulating �bres
in the respiratory tract. A comparison with the e�ective diameter method was included, which
slightly overestimated the deposition values for �bres with a high aspect ratio. According to
the study, rotational movements occur mainly in regions with a high-velocity gradient near walls
and at individual bifurcations, which may increase the likelihood of interception. The frequency
of rotation decreases with increasing aspect ratio, and after the perturbation damped, particles
returned to their original position.

However, the article in question only utilised a geometry up to the third generation of bi-
furcation in the form of an idealised Weibel model. Additionally, a turbulent RANS model was
used, which does not achieve the same precision as LES or DNS.

Among other studies employing numerical simulations of �brous particle transport and depo-
sition, a study by Schachar-Berman et al. [81] investigated �bre dynamics for transient regimes.
The ELER method was used for a straight circular tube under oscillatory �ow simulating inhala-
tion and exhalation for �bre particles with aspect ratio � ranging from 1 to 30. The simulation
was performed in ANSYS-FLUENT software using a User De�ned Function with the analytical
solution of the Womersley velocity pro�le prescribed. The results con�rmed existing knowledge
about particle rotation. Except for the region with high-velocity gradient near the walls, the
�bres remain predominantly orientated parallel to the streamlines and their orientation does not
change, which is consistent with the study by Marchioli et al. [63], who showed a signi�cant di�er-
ence compared to spherical particles speci�cally in the near-wall region. The study dmonstrated
that even oscillations in the form of a variable velocity �eld did not have a signi�cant impact on
this behaviour. Furthermore, the terminal settling velocity of �bres and spherical particles was
compared. Ellipsoids were shown to achieve a lower terminal velocity than spherical particles of
the same mass, and during the process, the particles also underwent rotation, causing �uctua-
tions in the sedimentation velocity. This also resulted in a longer time for the �brous particles
to deposit on the wall. However, a simpli�cation of the boundary condition for deposition on
the walls was used � particles deposited if their centre touched the wall, thereby neglecting the
actual orientation in context of deposition. 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. [80]. 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 7th 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: eqiuvalent diameters in the range of 5�7 µm with a high aspect ratio reaching the
bronchioles and 4�6 µm with a high aspect ratio in the acinar regions. Fibre behaviour in the
acinar region was further investigated in another study by the research group [82]. All in silico
studies by Shachar-Berman are deploying the ELER approach coupled with FVM.

Dastan et al. [18] applied the ELER method to simulate submicron ellipsoidal particles
with diameters ranging from 2 to 30 µm in the nasal cavity under laminar conditions. Three
realistic nasal cavity geometries were used to study interpersonal variability. For the �ow �eld
calculation, the FVM was employed within the ANSYS-FLUENT software environment. The
results show the dependence of the deposition fraction on the speci�c geometry of the nasal
cavity. Simultaneously, the simulations indicated higher deposition values than the experiments
conducted by Su and Cheng [86]. The introduction of pressure-based impaction parameters,
where the pressure decrease varies across di�erent geometries, eliminates the in�uence of nasal
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cavity variability among individuals. The results of the deposition fraction were signi�cantly
lower than those for spherical particles.

Tavakol et al. [88] further simulated the transport and deposition of �brous particles in a
turbulent regime for one of the geometries of the nasal cavity, using stochastic models to generate
turbulence in FVM-based ANSYS-FLUENT software environment. The results indicated the
in�uence of turbulent dispersion in the range of 100 < IP < 2000, while for higher values it was
negligible. These studies focused only on the nasal cavity, not the entire geometry, and thus did
not address how deeply particles penetrate into the tracheobronchial tree.

Li et al. have made signi�cant contribution in the development of ELER modelling. Their
initial work [ 53] simulated �bres in the nasal cavity and investigated complex �ow. Although �bres
generally align with streamlines, 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 [52] investigated the shear-induced lift force which may be a dominant deposition force,
emphasising the importance of its consideration. Their latest work, [54], investigated an extended
human airway model up to the 15th generation. While the total deposition fractions were similar,
the local deposition patterns di�ered, prompting a deeper investigation and justi�cation of the
method under transient regime and turbulent �ow conditions at higher Reynolds numbers.

Kiasadegh et al. [43] 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, particularly for regional deposition, especially in the lower respiratory tract, while
noting, that the total deposition fraction does not di�er signi�cantly.

The LBM, a mesoscopic approach (cf. principles Section4.1.1), has gained popularity in
recent decades as an alternative to conventional Computational Fluid Dynanamics (CFD), which
commonly uses FVM. Its high-scalability and locality of the algebraic operation with minimal
communication lead to an e�cient parallel algorithms, making it suitable for a wide range of
applications. A comparison by Hausmann et al. [34] of OpenFOAM and OpenLB on a benchmark
case (stationary �ow engine) 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. [61] for
a benchmark case of a �ow around a sphere. However, steady �ows showed higher performance
for FVM. Furthermore, Goodarzi et al. [ 29] simulated natural convection inside cavities and
enclosures using both methods, stating that FVM requires less computational time while achieving
more accurate results. Aniello et al. [2], compared the performance of a swirling �ow inside
aeronautical combustion chambers, showing 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
[56] presented a study on the deposition of spherical particles, representing dust, in a tracheo-
bronchial tree up to the sixth generation. Di�erent particle diameters (2.5�100 µ m) were inves-
tigated. 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
10 µm was negligible, as they followed the streamlines, while larger particles deposited in bifur-
cations. A previous study by the same team [55] focused on generating massive computational
grids on high-performance computers for LBM computations and demonstrated the e�ciency of
the approach on the geometry of the human nasal cavity. However, no simulations of the whole
respiratory tract were conducted in that study.

Henn at el. [36] conducted thermal LBM simulations in a realistic nasal cavity model of a 46-
year-old male. Micrometre-sized particles were released throughout the entire inspiratory phase,
approximated by a sine wave, showing good agreement with experimental data. Furthermore,
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the escape-capture rate was analysed in a simpli�ed geometry of 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, boundary condition, meshing setup) was demonstrated on a nasal cavity model
by Ruttgers et al. [77]. Di�erences in temperature and pressure for three cases of nasal cavities
created by the pipeline were analysed, yielding good agreement. No deposition was investigated
in that study.

Fu et al. [25] presented a new immersed moving boundary coupled with LBM for unresolved
spherical particles. A new solid operator was implemented, describing the particle-�uid interac-
tions and complex geometries. The accuracy and e�ciency of the method on GPU were demon-
strated on a nasal cavity, showing good agreement for the time-dependent deposition fraction and
approximately 10 shorter execution time compared to DEM performed on OpenFOAM.

Hebbink et al. [35] deployed a LES-LBM model coupled with an MRT operator in human
upper airways under a cyclic regime, validated by experimental PIV measurements of mean and
peak pressure at 17 points within the entire geometry. The numerical simulation was performed on
an extremely �ne grid of 1 billion cells. They stated that 'simulations and experiments show some
deviations in regions of turbulent �ow at peak �ow rate but are in average in good agreement'. The
branching with turbulent phenomena such as Dean vortices was not included in the simulation.

Borthakur et al. [ 7] 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, was investigated under a cyclic idealistic
sinusoidal inspiration regime for two peak velocities of 17l min � 1 and 20 l min � 1. The release
time and gravity were proven to be important parameters a�ecting the deposition pattern. The
particle sizes used here are considerably larger than typical aerosol dimensions.

Trunk et al. [ 92] 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 against literature data. However, a low Re was
prescribed, polydisperse particles are di�cult to simulate, and arti�cial di�usion must be reduced
by projection, which impedes evaluation.

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 Lízal et al. [58] 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
study in which the computation of transport and deposition of �brous particles in the respiratory
tract using ELER was performed by means of the LBM.
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Chapter 6

Objectives and aim of the study

The individual research aims and objectives were speci�ed as results of the mid-term evaluation
as follows:

(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 within
the respiratory tract in comparison with conventional CFD?

The LBM, an alternative approach used for �uid �ow computation, bene�ts from its high
scalability and explicit formulation of the Lattice Boltzmann equation. Several studies
[34, 61, 2] suggest that the method outperforms conventional CFD methods based on the
Finite Volume Method (FVM). On the other hand, Goodarzi et al. [ 29] claim the opposite
statement. None of them focused on the human airways. As the computation of the velocity
�eld in�uences the Lagrangian particle trajectories, the accuracy and e�ciency of the LBM
in this context are subjects of particular interest.

Hypothesis: LBM computation applied within the respiratory tract leads to faster com-
putational 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?

The ELER method, an extension of the E-L method for spherical particles, accounts for
the interaction of the �ow �eld on the disperse particles, speci�cally �bres. The �bre
trajectory is primarily in�uenced by drag and inertial forces. The actual �bre orientation
is determined using the Euler rotational equation and is coupled to the translatory motion
via the cross-section perpendicular to the streamlines. As a one-way coupling method,
ELER does not in�uence the computation of the �uid �eld. The experimental study by
Lizal et al. [58] emphasised the importance of �bre orientation and showed two dominant
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orientations relative to the streamlines, with a slightly higher number of parallel particles
than perpendicular ones. Turbulent conditions in the bifurcations result in �ips in particle
orientation.

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?

Deposition fraction and e�ciency are crucial parameters with signi�cant implications for
medical applications and healthcare. Frequently used methods, such as the e�ective diam-
eter approaches, do not account for particle orientation, in contrast to the ELER method.
Experimental comparisons of these models have revealed relatively high discrepancies and
signi�cant di�erences among them.

Hypothesis: The ELER method, by resolving rotations using linear shear �ow assump-
tions, 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., Pokorný, J., Elcner, J., Lízal, F., Mi²ík, O., Malý, M., B¥lka, M., Hafen, N.,
Kummerländer, A., Krause, M.J., Jedelský, J., Jícha, M., 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 Objective (b), Question and Hypothesis 1.; Journal impact factor: 7.0, CiteScore:
13.0, Q1 ; Author's contribution: 31%

Paper II Prinz, F., Kánská, J., Elcner, J., Hájek, O., Kummerländer, A., Krause, M.J., Jícha,
M., Lízal, F., 2025. Transport and deposition of inhaled �bres in a realistic female 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., Lízal, F., Hriber²ek, M., Ravnik, J., 2025. Mass
distribution impacts on particle translation and orientation dynamics in dilute �ows. Powder
Technology 452, 120424. 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%

The subsequent chapters summarise these publications, highlighting their results and key
�ndings as they pertain to the scienti�c objectives, questions, and hypotheses. The full papers
are provided in the appendix of this thesis.

44



Additionally, Objective (b) and, in part, Objectives (a) and (c) � along with their correspond-
ing questions and hypotheses � are addressed as original work in this thesis in Chapters8 and
10. Objective (b) is also covered in the latest release of the open-source LBM solver OpenLB, to
which the author contributed through implementation and is listed as a coauthor.
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Chapter 7

Comments to Paper I.:
Comprehensive experimental and
numerical validation of Lattice
Boltzmann �uid �ow and particle
simulations in a child respiratory
tract.

(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 �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 in 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 12.5 l 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.
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The experimental data were collected using a Laser Doppler Anemometry with a spatial resolution
of 0.5 mm between adjacent measurement points.
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Figure 7.1: Position of the line probes in the mean velocity �elds used for the evaluation, adapted
from [76].

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
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.

Furthermore, the particle transport and deposition under steady conditions were also inves-
tigated, and the deposition characteristics between simulations and experiments were compared.
Particles were randomly released at the mouth inlet and tracked until they either deposited
or exited the geometry. Time period of 2 s were simulated, by which time 99% of particles
had completed their motion. The corresponding experimental measurement was performed. An
Aerodynamic Particle Sizer was used to determine the size distribution of the polydisperse par-
ticles. The mass of deposited particles in each airway segment and at the outlets was measured
using �uorometry, based on concentration levels in an ultrasonic bath solution. Figure7.2 shows
the comparison of mass deposition fractions for each segment and outlet.
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Table 7.1: Mean Absolute Percentage Error (MAPE) at each line probe in %, position of the line
probes are displayed in Figure7.1.

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

As observed, both numerical methods produced similar results across most segments. Larger
discrepancies can be seen when compared to the experimental data. However, as noted in the
paper, the deposition measurements in the literature are known to exhibit high variability (cf. the
standard deviation bars in the Figure), often visualised using logarithmic scales�in contrast to
the linear scale used in this study. The total mass deposition fraction across the entire geometry is
70.8% for LBM, 68.9% for FVM demonstrating a perfect agreement. The experimental deposition
fraction was 59.7%. Additionally, the paper discusses the particle deposition in more detail in
relevance to the medical applications and the available literature.
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Figure 7.2: Deposition of particles expressed by mass fraction for each segment and speci�c
particle size spectra, adapted from [76]..

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
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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
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 summary, this study presented one of the �rst detailed validations of the LBM against both
FVM and experimental data in a child respiratory model. The results demonstrated that LBM
is feasible for simulating particle transport

and deposition, achieving accuracy comparable to the conventional FVM. While LBM showed
a shorter total computation time, di�erences in technical setups and the absence of optimisation
made it di�cult to draw a de�nitive conclusion about its overall e�ciency for this type of appli-
cation.

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.
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Chapter 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 [46], a C++ library developed and maintained by the Lattice Boltzmann
Research Group at the Karlsruhe Institute of Technology (KIT). The �rst version, released by
Latt and Krause in 2007, has undergone numerous updates and integration of new features.
Sustainable software development and open source universal access enabled the expansion of the
research team and the continuous addition of functionalities. By 2021, 96 scienti�c publications
have been issued using OpenLB and among them, 47 contributions by major code developers. In
recent years, OpenLB was adapted for utilising of many complex applications during recent years
(e.g. radiative transport, thermal �ow, phase change materials, modelling of turbulent �ows,
porous media, multiphase and multicomponent �ows or optimisation problems).

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 aforementioned
features and the already available implementation of parallel computation of spherical particles
framework previously implemented by Henn et al. [36].

In that work, this approach was validated on the escape-capture deposition curve of the
simpli�ed geometry of the main bifurcation against experimental data. Subsequently, it was
applied in a time-dependent particulate �ow of spherical microsized particles in a patient-speci�c
geometry of a human nasal cavity. This Euler-Lagrangian framework for the computation of
the transport and deposition of spherical particles was integrated into the OpenLB software and
served as a foundation for implementing the ELER method.

In Figure 8.1, the principles of the ELER algorithm are schematically summarised together
with the coupling to the �uid phase computed by LBM. Before the ELER method could be imple-
mented, preliminary benchmark tests revealed the need for performance adjustments to e�ciently
compute a large number of subgrid particles in complex geometries. Therefore, the computational
framework originally developed for resolved particles by Marquardt et al. [64] was adapted. This
novel particle decomposition scheme improved the performance of the particle code by up to two
times for subgrid particles. A new particle type, SubgridParticle3DparallelEulerRotation ,
was implemented to store the method-speci�c parameters required for each particle's computa-
tion. The concept of force functors enabled the modi�cation towards di�erent force and torque

50



Collision 
step

Streaming 
step

Boundary 
treatment 

New time 
step

Moment 
update 

Flow field data 
postprocessing

Flow 
initialisation

Data 
storage

Compute 
particle 
torques

Compute 
particle 
forces 

Deposition 
treatment

Particle data 
postprocessing

Fiber 
initialisation

Update 
angular 
velocity

LBM ELER

ve
loc

ity
 tr

an
sfe

r

no
 d

at
a 

tra
ns

fe
r

Repeat until termination criteria are fulfilled

Update 
orientation

Update 
position

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.).

activations, as speci�ed in the main function of the code. Speci�cally, the Stokes drag force (4.38)
and torque (4.46) were implemented within the BlockLatticeStokesSpheroidDragForce class
(the header �le has the same name). Analogically, the dynamic lift force (4.41) is implemented
as BlockLatticeSpheroidLiftForce in its corresponding header �le. The computation of ro-
tational motion required several helper functions for handling quaternions and rotation matrices.
These were developed and are located in the header �leeulerRotation.h , containing the con-
version functions between Euler angles and Euler quaternions, computation of the transformation
matrices and functions solving the Euler-Rotational equations (4.45) and the corresponding evo-
lution of the quaternions (4.50) using various numerical schemes (explicit Euler, Leap Frog, or
Runge-Kuuta).

Furthermore, the elipsoidDeposition function addresses the orientation-dependent wall
contact treatment for particles near walls. For this computation, the signedDistance function
is essential, which is also used for spherical particles and returns the distance of the inspected
point from the wall. This function was implemented as an object calledSTLreader, which stores
the realistic 3D model of the respiratory tract as a triangulated surface grid. The original im-
plementation iterated over all triangles, computing1 the distance to each triangle to return the
smallest one as the �nal result. This approach was shown to be extremely time-consuming for

1Details see Real-Time Collision Detection. Christer Ericson. ISBN-10: 1558607323
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complex geometries containing about a million of triangles. As a �rst improvement, deposition
computation was activated only for particles in the immediate vicinity of the wall (speci�cally,
within several adjacent lattice cells), during relevant time steps. To further accelerate the pro-
cess, a parallelised version ofSTLreader, named BlockLatticeSTLreader was implemented. In
this object, surface triangles are stored in lists associated with each cuboid. The cuboid is a
cubic part of the computational domain which is computed by a single thread. This optimisation
allows the function to iterate only over triangles in the corresponding list. This resulted in a
computational speed-up up to19� , depending on the number of cuboids and triangles. Once the
nearest triangle is identi�ed and the distance allows for deposition, the orientation-based com-
putation ellipsoidDeposition is activated to determine particle deposition. A demonstrative
example of performance increase is visualised in Figure8.2. In this speci�c case, the simulation
time decreased by approximately6� .
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Figure 8.2: Timing performance of the BlockLatticeSTLreader vs STLreader as conducted on a
benchmark case of an idealised bifurcation under laminar condition of Re= 50. Several cases with
di�erent particle numbers were simulated. Simulation ran until all particles deposited or passed
the geometry, initial position of particles was identic to simulations. A signi�cant performance
increase was observed, in the range from5:26� for 1; 000 to 6:70� for 50; 000 particles. Notably,
this result strongly depends on the number of triangles in the STL mesh containing90; 000
triangles here, while the realistic geometry contains more than one million triangles and further
save of computational costs is expected. Simulations ran on the same PC on 6 threads spreaded
over 76 computational cuboids.

This implementation is included in the latest OpenLB release 1.82 [49] with corresponding
codes and detailed comments. For reproducibility and further use, a demonstrative example of
the bifurcation3d was prepared and can be found in the folder:

examples\particles\bifurcation3d\eulerLagrange\nonSphericals,

A description of this example can also be found in Chapter 8, Section� NonSphericals�, of the
User Guide.

2The latest release can be found on the homepageopenlb :net .
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The numerical veri�cation of the implementation was conducted and presented in Paper II.
In addition, the two e�ective diameter methods were also implemented: the Haider-Levenspiel

drag model, found in latticeHaiderLevenspielDragForce and the Tran-Cong drag model,
in latticeTranCongDragForce . Both models were computed for comparison with the ELER
method in Paper II.
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Chapter 9

Comments to Paper II: Transport
and deposition of inhaled �bres in a
realistic female airway model: A
combined experimental and
numerical study

(Related to Objective (b,d), Question and Hypothesis 3.)
This research investigates the movement and deposition of inhaled �bres within a realistic

model of the female respiratory system, extending to the seventh generation 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 veri�cation of the implementation of the ELER
method into OpenLB was conducted. A benchmark case involving laminar air�ow through a
circular tube was utilised, consistent with several previous studies employing the ELER method
and the setup by Tian et al. [90]. In this benchmark, a spheroidal particle with a minor axis of 0.5
µm and aspect ratio� = 14 was injected at a position of 0.45 mm above the bottom wall into a 4.2
mm diameter pipe under a �ow of Re = 169. Figure 9.1 presents the time-dependent comparison
of the direction cosines,cosx and cosy, of the particle's symmetry axis and the sedimentation
velocity vy . Figure 9.2 illustrates the trajectory of the centre of mass of the particle. A good
agreement with the data from the literature was observed; minor discrepancies are attributed to
the discrepancies in the numerical setups, as further explained in the paper.

For the main simulation, a realistic geometry of the female nasal cavity and tracheobronchial
tree up to the seventh generation of branching, was employed. This simulation utilised realistic,
time-dependent breathing conditions. The total of 50,000 particles, with statistical dimensional
properties matching those of the experiment, were injected throughout the entire respiratory cycle.
The geometry was divided into 23 segments and 10 funnels with �lters (see Figure9.3) to collect
particles passing through the geometry (i.e., reaching higher birfurcations). In each segment, the
number and dimensions of the particles were evaluated numerically and experimentally. To assess
the accuracy in comparison to other models, supporting numerical simulations using the e�ective
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Figure 9.1: Comparison of the time evolution of (a) the directional cosine between the symmetry
axis of a �ber and the x-axis (cosx), (b) the directional cosine between the symmetry axis of a
�ber and the y-axis (cosy), and (c) the sedimentation velocity (vy) obtained in this study with
the results reported by Tian et al. [90]. and Feng et al. [24].
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Figure 9.2: Comparison of the �bers centroid trajectory with the results reported by Tian et al.
[90] and Feng et al. [24].

diameter method were conducted, speci�cally the Haider-Levenspiel (H-L) and Tran-Cong (T-C)
correlations (details on these methods are provided in Section4.2.2), .

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 9.4 presents the comparison of the deposition fraction by particle count for each seg-
ment and �lter. Analysis of the results indicates a relatively good agreement in the segments above
the bifurcation and at the outlets. Numerical simulations show overestimation in most bifurca-
tions, with the largest overprediction occurring in the second and third generations of branching
(segments 5, 6, and 7). This overestimation is compensated in the segments downstream of the
bifurcation, resulting in an underestimation of the deposition there. The key di�erences between
the numerical methods and experimental observation may be contributed by several factors, such
as the particle-wall interaction simpli�ed by the sticking boundary or the assumption of linear-
shear �ow in �uid-particle interactions. The experimental setup, reproduced once to preserve
validity, still results in uncertainties as indicated by the corresponding standard deviations.
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Figure 9.3: Segmentation of the realistic female airway geometry with corresponding segment
numbers. Each colour represents a di�erent airway generation, as indicated in the legend.

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
using 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 rota-
tional movement and actual particle orientation during motion. 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.

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. The Stk-based comparison brought valuable context by
relating our results to other available research. Di�erences may arise from the transient breathing
cycle or variations in realistic or even idealised geometries. Additionally, the numerical analysis
allowed for investigation of the deposition patterns during speci�c periods of the breathing cycle
and revealed further trends on the in�uence of the particle elongation. To �lter the standalone
e�ect of aspect ratio, in this comparison, particles with the same mass were considered separately.

In this paper, the author conducted the Lattice Boltzmann simulations, post-processing, lit-
erature survey, data analysis and writing of the manuscript.
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Figure 9.4: Comparison of deposition fractions obtained from experimental measurements and
numerical simulations.

CRediT authorship contribution statement by the author : Writing � review& editing,
Writing � original draft, Visualisation, Validation, Software, Methodology,
Investigation, Formal analysis, Data curation, Conceptualisation.
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Chapter 10

Validation of �bre orientation in a
bifurcation using experimental data

(Related to Objective (a,c), Question and Hypothesis 2.)
The orientation of particles is an important parameter in the deposition patterns of �bres in

the respiratory tract [ 3, 82]. 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 on the number and orientation of particles
during their journey through the respiratory tract, Lizal et al. [ 58] addressed this gap and these
data are used for this comparison here. They comprehensively investigated particle orientation in
both a straight tube and a 3D printed replica of a single bifurcation. Their study utilised a high-
speed camera with a long-range microscope to visualise �bre behaviour within speci�c control
volumes (see Figure10.1). Experiments were conducted under steady �ow conditions, spanning
Reynolds numbers from 190 to 4500. 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.

Figure 10.1: Geometry of the bifurcations with locations of the measurement points [58].
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The experimental results revealed only parallel and perpendicular �bre orientations at all
measurement points. While parallel orientation appeared more frequent, it was less dominant
than anticipated. This �nding was also con�rmed outside the centreline of the straight tube,
with no substantial di�erences observed. A higher number of perpendicular �bres was found only
in the right main bronchus. Furthermore, variations between branches, attributed to the realistic
geometry, strongly underscored the impact of the speci�c anatomical structure of a subject.
No signi�cant in�uence of the Reynolds number (e.g. laminar or turbulent �ow) was detected.
Flips were absent upstream of the bifurcation but were observed downstream, particularly from
a parallel to a perpendicular orientation. Statistical analysis of �bre dimensions indicated that
perpendicular �bres were, on average, longer than parallel ones, particularly in the sagittal plane,
which contradicted initial expectations. Despite the study's limitation to a con�ned spatial cross-
section of the bifurcation, it provided valuable experimental data that can be used to validate
numerical simulations, such as those performed in this work to address its objectives.

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.

A grid independence study was conducted to ensure a su�cient quality of the numerical grid.
Four grids with variable cell sizes were performed; details are provided in Table10.1. The com-
parison of the mean velocity magnitude was performed on two line probes located below the
carina (see Figure10.2). This position was chosen due to the known higher turbulent intensity
in that region. To optimise computational cost, energy consumption, and thus reduce the carbon
footprint, the grid independence study was conducted only for the highest �ow rate (36 l min� 1);
see Figure10.3. Given the turbulent nature of the �ow, the mean velocity magnitude was com-
puted over 0.3 s and used for this comparison. If a grid is independent for a higher �ow rate, it is
expected to be independent for lower �ow rates as well, resulting in a less turbulent or even lam-
inar �ow regime with a lower Courant number and consequently lower numerical errors. Based
on the grid independence study, in the �nal simulations, the grid with 8.6 mil. cells was selected
across all investigated �ow rates.

Table 10.1: Properties of meshes used for the grid independence study.

Number of cells Cell size Time step Relaxation time

2.2 mil. 0.0003 m 3.38.10� 6 s 0.501624
5.8 mil. 0.00022 m 2.41.10� 6 s 0.502273
8.6 mil. 0.00019 m 2.11.10� 6 s 0.502598
12.0 mil. 0.00017 m 1.88.10� 6 s 0.502923

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 Figure10.4. Number of
particles passing the measuring plane depends on the �ow rate. At higher velocities, the �uid
and the particles possess greater inertia, leading to a higher �ow near the bottom wall of the
bifurcations. Consequently, for 36l min � 1 in particular, the total number of detected particles is
the lowest across all cases.

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
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Figure 10.2: Position of the line probes used for the grid independence study, located on the
sagittal cross-sections, visualised with the mean velocity magnitude.

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 volume1 were included. The
orientation angle (i.e. angle between the particle's major axis and the main axis of the pipe) was
calculated for each iteration within the measuring sphere. As the exact de�nition of parallel and
perpendicular orientation was omitted in the experimental study, here, particles with orientational
angle below 10� were considered as parallel, and particles above80� as perpendicular. The
total number of parallel particles and perpendicular particles passing through each measurement
volume was determined. The results are summarised in Table10.2.

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.

ˆ A majority of particles (60 - 90%) exhibit oblique orientation (neither perpendicular nor
parallel) when passing through the measuring volume.

ˆ The ratio of parallel to perpendicular particles nk=n? is higher than one and also higher
than in the experimental setup.

ˆ The number of particle �ips in the simulations is higher in the left bifurcation than in the
right, however, remaining rare in both branches.

1 In the simulation, a sphere of the same volume was used instead of a cube for the camera view volume to simplify
post-processing. Due to the spatial inaccuracy of the camera measurement, the e�ect of this approximation on the
comparison is negligible.
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Figure 10.3: Grid independence test of mean velocity magnitude for the left bifurcation (a) and
right bifurcation (b) for �ow rate of 36 l min � 1.

ˆ The median of the �bre length is higher for most �ow regimes and measurement probes in
the simulations compared to the experiment.

In contrast to the experimental �ndings, the simulations revealed a di�erent particle be-
haviour. Generally, the majority of particles are aligned obliquely, neither parallel nor perpen-
dicular, accounting for approximately 75% of all particles across all cases. For particles that are
not obliquely orientated, the ratio of parallel to perpendicular particles decreases with increasing
�ow rate. This is attributed to the higher Reynolds number and the turbulent nature of the �ow,
which reduces the velocity gradient. For the �ow rate of 6 l min� 1, the number of parallel par-
ticles is more than three times higher than perpendicular particles, whereas for the highest �ow
rate, the ratio drops below one. However, in the latter case, only a few particles were detected as
purely parallel or perpendicular. No signi�cant di�erences were observed when comparing results

(a) 6 l (b) 24 l (c) 36 l

Figure 10.4: Mean velocity on the sagittal plane through the bifurcation and the position of the
measuring spheres - upper, right branch and left branch (represented by the brown points).
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Table 10.2: Simulational results of the particle orientations.

probe _Q (l min � 1)] part. distribution # of part. k ? k = ? % of oblique # of �ips ~l k µm ~l ? µm ~l µm ~� k ~� ?
upper 36 uniform 234 33 20 1.65 77.35%

36 normal 410 63 33 1.91 76.59% 5 35.6 31.6 33.4 10.1 7.42
24 uniform 419 69 32 2.16 75.89%
24 normal 456 75 40 1.88 74.78% 2 43.2 20.6 33.6 10.1 5.16
6 uniform 385 56 17 3.29 81.04%
6 normal 384 28 19 1.47 87.76% 1
6 normal 408 48 18 2.67 83.82% 1 29.3 30.5 32.7 7.65 7.17

left 36 uniform 250 20 23 0.87 82.80%
36 normal 534 54 76 0.71 75.66% 20 36.1 24.4 31.2 10.2 5.42
24 uniform 714 95 50 1.90 79.69%
24 normal 633 47 67 0.70 81.99% 18 35.4 26.8 33.4 8.76 7.57
6 uniform 509 134 27 4.96 68.37%
6 normal 531 105 29 3.62 74.76% 1
6 normal 539 111 30 3.70 73.84% 1 40.4 14.7 35.8 10.7 4.7

right 36 uniform 94 10 12 0.83 76.60%
36 normal 258 52 27 1.93 69.38% 8 33 31.8 33.3 9.52 7.3
24 uniform 348 67 28 2.39 72.70%
24 normal 309 54 20 2.70 76.05% 1 32.3 18.1 32.4 8.85 5.2
6 uniform 403 100 29 3.45 67.99%
6 normal 428 92 25 3.68 72.66% 1
6 normal 443 76 20 3.80 78.33% 1 43.6 13.3 33.8 10.11 3.86

in the left and right branches. Regarding particle sizes, the median length~l and aspect ratio ~�
was evaluated. As expected, in most simulated cases, the median of parallel-orientated particles
is greater than that of perpendicular particles. This suggests that longer particles require less
force and a lower velocity gradient to orient back to the parallel alignment. This hypothesis
is consistent with the aspect ratio �ndings, where parallel-orientated particles generally have a
higher aspect ratio than perpendicular particles. In the experiment, the length of parallel and
perpendicular particles was measured, and the median~l was calculated. Nevertheless, these re-
sults are presented in pixels, a direct comparison was not possible, but the relative di�erence in
length between perpendicular and parallel particles could be analysed. No clear statements about
the orientation could be observed from the experimental data; indeed, in the left and right probes,
the length of perpendicular particles was higher than for parallel particles, which contradicts the
simulation results.

Another aspect is the sudden �ips observed in the experimental setup, occuring from parallel
to perpendicular orientation and vice versa. In the simulation, particles were counted if they
changed the orientation by more than 45 � . A higher number of �ips were observed for the �ow
rate 36 l min� 1 but even there they remain relatively rare. A key di�erence is in the �ipping
process itselft: in simulations, it occured over the entire measuring frame or even longer time,
and did not happen immediately as in the experiment.

In conclusion, this comparison demonstrates that the rotational dynamics of �bres modelled
by the ELER method still exhibits inaccuracies, leading to several discrepancies when compared
to the experimental results.
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Chapter 11

Comments to Paper III.: Mass
distribution impacts on particle
translation and orientation dynamics
in dilute �ows

(Related to Objective (a), Question and Hypothesis 2.)
As shown in previous Chapter, the analysis of the rotational movement of particles in the

bifurcation revealed discrepancies between the ELER method in experimental data. As a potential
source of them could be the approximation of the shape. In reality, the particles exhibit more
complex forms, including asymmetrical deformation, �attened ends or bow-like bending (see
Figure 11.1).

Figure 11.1: Photograph of �bres after disintegration in a mechanical press. The smallest segment
of the scale corresponds to 10 µm, adapted from [58].
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Figure 11.2: 2D representation of forces acting on an inhomogenous ellipsoid" with the major
axis a1 and minor axis a2 containing an spherical inclusion of di�erent density S. While the drag
F d and buoyancy F b acts in the geometrical centre, the gravity F g acts in the barycentre [97].

To address this issue, we presented in our paper a novel model designed to treat the asymme-
tries incorporating an internal mass inhomogeneity into the translational and rotational dynamics
of ellipsoidal particles in dilute �ows. The central innovation of this study lies in modelling these
particles not as homogeneous entities, which is common in most simpli�ed approaches, but as
ellipsoidal bodies containing a spherical inclusion o�set from the particle's geometric centre. This
setup introduces an asymmetric mass distribution, enabling the model to account for the complex
coupling between a particle's translation and rotation. Beyond the application in the respiratory
tract, this model has further relevance, for instance, in aquatic micro-swimmer dynamics, where
capturing the in�uence of shape and internal mass distribution is critical for precise modelling.

The model incorporates equations derived to account for forces such as drag, gravity, and
buoyancy, as well as torques resulting from both external in�uences and internal mass asymme-
tries. This approach extends the ELER method by considering a spherical inclusion of di�erent
density in new formulations both from the particle's geometric centre and its mass centre (see
Figure 11.2). These dual approaches are shown to be equivalent in terms of the resulting dynam-
ics, which con�rms the robustness and justi�es the legitimacy of the model.

In simulations, particles with mass inhomogeneities exhibited behaviours notably di�erent
from their homogeneous counterparts. When investigating particle behaviour under gravitational
sedimentation (see Figure11.3), a key �nding is that inhomogeneous particles tend to reorient
their long axis in the direction of gravity. This behaviour is caused by the gravitational torque
which is zero in the case of a homomogenous particle where no rotation occurs. This alignment
minimises drag and enhances vertical settling. The speed of this alignment is directly in�uenced
by the density of the inclusion and its distance from the centre of the particle: Greater den-
sity di�erences and larger o�sets generate a higher gravitational torque, thus accelerating the
reorientation.

A broader analysis examining the e�ect of inclusion densities, positions and aspect ratios
of particle on the particle orientation and trajectories, was conducted. For instance, it was
shown that a greater density ratio of the inclusion and particle yields faster alignment with the
gravitational direction.

In the context of the examined objectives of the theses, the benchmark case [90, 14] of a
laminar pipe �ow was elaborated upon, as also presented in Paper II. The addition of inclusion
may promise damping of the rotational movement, bringing the numerical results closer to the
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Figure 11.3: Comparison of gravitational settlement of homogenous and non-homogenous ellip-
soid: a) horizontal movement, b) vertical movement, c) directional cosine to the horizontal axis
and d) directional cosine to the vertical axis. Non dimensional parametersx̂ i = x i =deq and
t̂ = tv t =deq, where vt denotes the terminal velocity [97].

experimental results by Lizal et al. [58]. Several inclusions were tested while keeping the total
mass constant to maintain the same inertia. Even the smallest inclusion of̂m = 0 :025, de�ned
as the ratio of mass inclusion to the total mass of the particle, results in notable di�erences in
the trajectory and extended the '�ipping' periods. Furthermore, di�erent duration of orientation
with the inclusion on the windward and backward faces were observed. Finally, a critical mass
of the inclusion was identi�ed in the range of 0.05 < m̂ < 0.1 where no more �ips occurred and
the particles �ow parallel. This is a signi�cant result which could help explain the high number
of parallel particles in the experimental results by Lizal et al. [58] without any �ips observed.
However, even with this extended method, a high number of perpendicularly orientated particles
were not observed.

As a �nal step, the e�ect on particle deposition was evaluated, and �ow in the main bifurcation
was studied for a moderate Reynolds number of 500. Particles with an aspect ratio� = 20 were
investigated, consistent with comparable studies. Two di�erent inclusion masses, i.e.,̂m = 0 :025
and m̂ = 0 :05 were prescribed. A comparison of the deposition e�ciency did not reveal notable
di�erences for small Stk. Signi�cantly, discrepancies can be observed for Stk greater than 0.1 (cf.
Figure 11.4). For a precise targeted drug delivery, the exact position of the deposited particles
under higher inspiratory �ow rates and greater particle dimensions may vary, as was shown in
the latter part of this study.
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Figure 11.4: Comparison of deposition e�ciency in a simple bifurcation: a) comparison with
ellipsoid without inclusion against data from literature, b) dependence on the mass of inclusion,
adapted from [97].

Hence, employing inhomogeneous particles o�ers an additional tuning parameter of shape ap-
proximation to control the motion and deposition in biomedical applications and particulate sys-
tems, and warrants further investigation, e.g. for turbulent �ow rates under higher Re. However,
the discrepancies in the rotational motions between the experimental reality and numerical sim-
ulation remain unresolved.

In this paper, the author worked on the numerical derivation of the methods and participated
in the data analysis and post-processing, and writing of the manuscript.

CRediT authorship contribution statement by the author : Writing � original draft,
Visualisation, Investigation, Formal analysis.

66



Chapter 12

Conclusion

This research successfully developed and validated the LBM-ELER framework for simulating
�brous particle transport and deposition in complex respiratory geometries. The objectives were
met through the implementation of the ELER method in OpenLB, comprehensive validation
against experimental data, and detailed analysis of �bre dynamics and deposition patterns.

The �rst scienti�c question and hypothesis examined the accuracy and e�ciency of the particle
deposition coupled with the LBM. For this purpose, the OpenLB solver based on LBM was
utilised. LBM resulted in slightly higher accuracy compared to FVM in both �uid �eld and
particle deposition based on experimental evaluation, as was shown in Paper I. Computational
time of the LBM simulation was about 5� faster compared to the FVM method. However, a
justi�ed performance comparison was found to be very challenging because of the necessity of
optimisation of the open source library. Furthermore, a possible implementation of grid re�nement
in the OpenLB would dramatically reduce the number of computational cells and signi�cantly
increase the performance. This aspect of OpenLB is a bottleneck for simulating large and complex
geometries.

The ELER method was successfully implemented into LBM and veri�ed on a benchmark case
of a single moving �bre in a pipe �ow. However, a detailed analysis of rotational movement based
on the experimental comparison of �bres within the single bifurcation performed by Lizal et al.
[58] still revealed substantial di�erences. The experimental data perdominantly exhibited parallel
and perpendicular particles within the bifurcation, whereas numerical simulations showed a ma-
jority in oblique positions. The ratio of parallel-to-perpendicular particles was also signi�cantly
higher than in the experimental measurement. The �ips between the two dominant orienta-
tions were rarely observed, and the dimensional statistics of the polydisperse mixture resulted
in higher dimensions than in the experimental setup. Despite potential discrepancies stemming
from the experimental setup, it can be stated that the ELER method still requires further im-
provements to accurately capture the complex rotational behaviour of �bres in the respiratory
tract. Consequently, the second postulated hypothesiswas rejected. The following aspects and
approximations may contribute to the discrepancies:

ˆ The shape of the real �bres is more complex and the approximation using prolate spheroids
is insu�cient.

ˆ Non-spherical particles and their rotational movement may in�uence the �ow in the vicinity.

ˆ Subgrid-scale velocity �uctuations in the vicinity of each particle are not negligible and
violate the assumptions of linear shear �ow around the particle.
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Despite the revealed rotational discrepancies, the ELER method remains a valuable tool for
investigating particle deposition, a quantity essential for targeted drug delivery used in inhalatory
medicine. Unlike the e�ective diameter approach, which approximates particles as spheres and
neglects rotations. ELER proved to be more accurate than the T-C and H-L models when
compared against experimental data (Paper II). These comparisons were conducted on a realistic
female geometry up to the seventh generation of branching, under a transient breathing cycle,
with the same particle distribution of the polydisperse mixture. ELER exhibited the smallest
di�erence in most of the evaluated segments, thus con�rmingthe third postulated hypothesis. The
largest di�erences were found in the �rst generations of bifurcations, which may be contributed
to the highest turbulence within the entire geometry. This suggests that ELER discrepancies in
rotational motion contribute to higher errors in turbulent-dominated regions. Further research
supported consistency with the existing literature and con�rmed the fact that a particle with a
long aspect ratio tends to reach deeper into the respiratory tract, making it a potential carrier of
drugs in targeted drug delivery. The higher �ow rate inside the female geometry results in higher
deposition than in the male geometry, caused by smaller dimensions.

To further enhance the accuracy of ELER modelling, another approach, based on the real
shape of the �bres, was explored. The microscopic images show a more complex shape of the
�bres in the experiment, leading to asymmetries and deviations. To capture this phenomenon,
a mass inhomogeneity was introduced a�ecting mainly the rotational movement of the �bres, as
investigated in Paper III, in order to increase the accuracy of the ELER method. Spherical inclu-
sions signi�cantly altered orientational evolution. The size of the inclusion and its position relative
to the mass centre showed the greatest impact. A simple bifurcation was investigated showing
a decrease in the deposition e�ciency with a growing mass ratio of the inclusion. However, this
e�ect was relatively small, playing a measurable role only for particles with Stk > 0:1 and does
not resolve the observed discrepancies.

12.1 Limitations

The particulate �ow within the respiratory tract is a complex phenomenon, and several simpli�-
cation were met in this study:

ˆ Fibrous particles were modelled as prolate spheroids, however, the real particle shape is
more complex and unique at each particle.

ˆ Creeping �ow and linear-shear �ow particle-�uid interaction were considered.

ˆ Idealised particle-wall interactions were assumed, where each particle-wall contact resulted
in deposition.

ˆ LES subgrid-scale turbulence �uctuations were not considered.

ˆ The simulation was computed as isothermal, heat, and mass transfer between air�ow, nasal
passage, and mucus was neglected.

ˆ The thermal plume, facial e�ects, and air humidity were neglected.

ˆ One-way coupling was used; which may lead to minor discrepancies, especially in areas with
higher particle concentrations.

ˆ Expiration was not simulated, potentially a�ecting deposition characteristics in transient
breathing regimes, especially at the end of the cycle.
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12.2 Future work

Future work should prioritise identifying the source of discrepancies in �bre motion between sim-
ulations and experiments. Further re�ned models will be implemented and the e�ect on the
orientation evaluated. Particularly, the shape of the �bres should be more precisely modelled
based on experimental measurement; e.g. Wedel et al. [98] developed a framework for modelling
arbitrary superellipsoidal particles and their �uid-particle interaction. Implementation of non-
creeping �ow condition formulation of particle forces and torques (e.g., Ouchen et al. [71]) may
also lead to more accurate particle trajectory predictions. The near-wall area and particle-wall
interaction require further investigation, especially for turbulent �ows, which could involve imple-
menting the sub-grid-scale turbulent �uctuations [ 79]. Further research will also explore di�erent
breathing regimes and �ow conditions to strengthen the computational framework. Following
successful validation of the particle rotation-translation coupling, expansion into broader applica-
tions, such as inhaler particulate �ows including further extension by particle-particle interactions
and two-way coupling, is expected.

The OpenLB solver showed several limitations in the computational performance for this ap-
plication in complex geometries, particularly the lack of grid re�nement. As the ELER method is
a separate algorithm coupled to the �ow �eld solver by using the actual velocity �eld data, it can
be transferred to any numerical method to resolve the �uid phase. However, LBM is a relatively
new method and signi�cant progress is being made in the performance and feature development.
Recently, GPU deployments have dramatically increased computational performance, reducing
simulational times [50]. Furthermore, in the latest version of the OpenLB 1.8 includes an ini-
tial version of grid re�nement, which would be very bene�cial for simulations within complex
geometries. In addition, new open-source and commercial LBM solvers are emerging and may be
considered as alternatives for future research.
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Nomenclature

Table 13.1: Symbols

Symbol Unit Description
A fold - Folding amplitude for asthma-a�ected airways
Ap m2 Total surface area of the particle
Ap? m2 Cross-sectional area of the particle perpendicular to the �ow
As m2 Surface area of a volume-equivalent sphere
A - Transformation matrix using Euler quaternions
Ar - Modi�ed Archimedes number
a1; a2; a3 - Empirical constants in Morsi and Alexander drag coe�cient
ap m Semi-minor axis of the prolate spheroid approximation of a

�bre
C - Smagorinsky constant
Cc - Cunningham correction factor
Cd - Drag coe�cient
D=L - Length-to-diameter ratio for each bifurcation (Weibel Model

� A�)
DB m2s� 1 Di�usion coe�cient for Brownian motion
D ij s� 1 Components of the deformation tensor
Dn=Dn+1 - Ratio of inlet-to-outlet diameters for each bifurcation

(Weibel Model � A�)
dA m Surface equivalent sphere diameter
dae m Equivalent aerodynamic diameter
dc m Characteristic dimension of the geometry
dm m Molecular collision diameter
dn m Volume-equivalent sphere diameter (nominal diameter)
dp m Particle diameter
dps m Volume-equivalent diameter of a sphere
E J kg� 1 Total speci�c energy (�uid)
ERV m3 Expiratory Reserve Volume
F N Force
f kg m� 6 s3 Probability distribution function (LBM)
f E k; f E ? - Correction coe�cient for drag force on particles moving par-

allel/perpendicular to �ow
g ms� 2 Gravitational acceleration
Ha; Hb; Hc; Hd - Haider-Levenspiel interpolation coe�cients
IC m3 Inspiratory Capacity
IP cm3s� 1� m2 Inertial Parameter (Impaction Parameter)
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Symbol Unit Description
IRV m3 Inspiratory Reserve Volume
I x00; I y00; I z00 kg m2 Moments of inertia with respect to principal axes of ellipsoid
K - Constant coe�cient for Sa�man lift for a sphere
K 0 - Stress tensor in laboratory coordinate system
K 00 - Stress tensor in particle coordinate system
K 1 - Stokes's shape factor (Ganser model)
K 2 - Newton's shape factor (Ganser model)
k J K � 1 Boltzmann constant
L A � L E - Lift tensor parameters for ellipsoid
l m Fibre length
lmfp m Mean free path of the molecules
Ma - Mach number
m̂ - Non-dimensional mass of the inclusion
mp kg Particle mass
n - Unit normal vector
Pp m Perimeter of the particle cross-section perpendicular to �ow
p Pa Pressure
_Q l min � 1 Volumetric �ow rate

Re - Reynolds number (�ow)
Rep - Particle Reynolds number
RV m3 Residual Volume
R m Mean radius (asthma)
R JK � 1 mol� 1 Ideal gas constant
r m Radial coordinate (asthma)
S m2 Total surface area of the segment
St - Strouhal number
Stk - Stokes number
TLC m3 Total Lung Capacity
TV m3 Tidal Volume
T Nm Torque
t s Time
� t s Time step
u m s� 1 Velocity magnitude
ut m s� 1 Terminal sedimentation velocity
u m s� 1 Fluid velocity vector (macroscopic)
VC m3 Vital Capacity
Wo - Womersley number
Wij s� 1 Components of the spin-rate tensor
x m Position vector
x i m Position of particle i
x ci m Coordinates of the centre of particlei
� rad Angle between particle's major axis and streamlines
� - Volume fraction of particles
� 0 - Parameter for hydrodynamic torques of ellipsoids
� - Aspect ratio (ratio of ellipsoid's length to its diameter)
� 0 - Parameter for hydrodynamic torques of ellipsoids

 0 - Parameter for hydrodynamic torques of ellipsoids

73



Symbol Unit Description
� - Fourth component of Euler quaternion
� rad Angular coordinate
� Pas Dynamic viscosity
� m2 s� 1 Kinematic viscosity
� m s� 1 Microscopic velocity (LBM)
� kg m� 3 Density
� 0 kg m� 3 Density of water
� ij Pa Stress tensor components
� Pa Stress tensor
� p s Relaxation time of the particle
� s Relaxation time (BGK operator)
� total s Total relaxation time (LES-LBM)
� - Sphericity
� - Dynamic shape factor

 rad Angle of rotation (quaternions)

( f; f ) - Analytical collision operator

 B (f; f ) - BGK collision operator

 i (t) m3 Space occupied by particlei
! rad s� 1 Frequency of oscillations (breathing frequency)
! rad s� 1 Angular velocity

Table 13.2: Subscript and superscript symbols

Notation Description
? perpendicular
k parallel
b buoyancy
d drag
eq state of equilibrium
f �uid
g gravitational
i individual component from a set
ij matrix component
l lift
p particle
x x-axis
y y-axis
z z-axis
* post-collision state of the distribution function
0 laboratory coordinate system
00 particle coordinate system
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Table 13.3: Abbreviations

Abbreviation Description
BGK Bhatnagar, Gross, and Krook operator
BUT Brno University of Technology
CFD Computational Fluid Dynamics
CFPD Computational Fluid and Particle Dynamics
CNS Complete Numerical Simulations
CO2 Carbon dioxide
COPD Chronic Obstructive Pulmonary Disease
CT Computer Tomography
DE Deposition E�ciency
DD Deposition Density
DF Deposition Fraction
DEM Discrete Element Method
DNS Direct Numerical Simulations
ELER Euler-Lagrange Euler-Rotation method
FME Faculty of Mechanical Engineering
FRC Functional Residual Capacity
FVM Finite-Volume Method
GPU Graphics Processing Unit
H-L Haider-Levenspiel model
KIT Karlsruhe Institute of Technology
LBM Lattice Boltzmann Method
LES Large Eddy Simulation
MAPE Mean Absolute Percentage Error
MD Molecular Dynamics
MRI Magnetic Resonance Imaging
NIOSH National Institute for Occupational Safety and Health
O2 Oxygen
PM Particulate matter
PIV Particle Image Velocimetry
RANS Reynolds-Averaged Navier-Stokes Equations
SST Shear Stress Transport (turbulence model)
STL Standard Tessellation Language
T-C Tran-Cong model
VC Vital Capacity
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A B S T R A C T

The numerical simulation of inhaled aerosols in medical research starts to play a crucial role in understand-
ing local deposition within the respiratory tract, a feat often unattainable experimentally. Research on children
is particularly challenging due to the limited availability of in vivo data and the inherent morphological
intricacies. CFD solvers based on Finite Volume Methods (FVM) have been widely employed to solve the
flow field in such studies. Recently, Lattice Boltzmann Methods (LBM), a mesoscopic approach, have gained
prominence, especially for their scalability on High-Performance Computers.

This study endeavours to compare the effectiveness of LBM and FVM in simulating particulate flows within
a child's respiratory tract, supporting research related to particle deposition and medication delivery using LBM.
Considering a 5-year-old child's airway model at a steady inspiratory flow, the results are compared with in
vitro experiments. Notably, both LBM and FVM exhibit favourable agreement with experimental data for the
mean velocity field and the turbulence intensity.

For particle deposition, both numerical methods yield comparable results, aligning well with in vitro
experiments across a particle size range of 0.1�20 �m . Discrepancies are identified in the upper airways and
trachea, indicating a lower deposition fraction than in the experiment. Nonetheless, both LBM and FVM offer
invaluable insights into particle behaviour for different sizes, which are not easily achievable experimentally.

In terms of practical implications, the findings of this study hold significance for respiratory medicine
and drug delivery systems � potential health impacts, targeted drug delivery strategies or optimisation of
respiratory therapies.

1. Introduction

Decades of research on inhaled aerosols have generated numer-
ous studies examining the effects of geometry, flow conditions, and
particle characteristics. However, the exploration of child airways has
received inadequate attention despite the rapid developmental changes
occurring in the early years of life [ 1]. Variations in airway shapes,
breathing preferences (nose or mouth), and the size and breathing
patterns pose substantial challenges for comprehensive studies, com-
pounded by limited in vivo data and ethical constraints. The scarcity
of in vivo data and the complexities of replicating small airway sizes
present understandable barriers to extensive studies on child airways.

< Corresponding author.
E-mail address: frantisek.prinz@vutbr.cz (F. Prinz).

In response to these challenges, computational simulations emerge
as a promising tool for advancing more efficient and safer inhala-
tion therapy. Nevertheless, the credibility of computational simulations
hinges on validation against experimental data [ 2].

Computational simulations offer a valuable avenue to bridge the gap
in understanding the transport of inhaled particles in child airways,
providing insights into complex phenomena that are challenging to
capture experimentally. Our study introduces a comparative analysis,
encompassing both the established Finite Volume Method (FVM) and
the less-explored Lattice Boltzmann Method (LBM) for simulating par-
ticulate fluid flows within a child's respiratory tract to address this
gap. By incorporating experimental data from a realistic 5-year-old
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child airway model, our research not only enhances the understanding
of particle deposition in pediatric respiratory tracts but also fulfils a
critical need for comparative assessments between numerical methods.
These findings hold practical implications for advancing respiratory
medicine and optimising drug delivery systems, particularly for pe-
diatric populations, where such insights are limited but crucial for
developing effective and safe inhalation therapies.

In instances where in vivo data are not readily available, but ex-
perimental data is necessary for the validation of simulations, mea-
surements on replicas of airways provide a valuable alternative. For
example, Golshahi et al. conducted an in vitro study on child nasal
airways, aiming to provide empirical correlations for predicting particle
deposition in children aged 4�14 years [ 3]. Another notable study by
Ruzycki et al. involved in vitro measurements on an idealised replica
of a child's throat, with a comparison to available in vivo data [ 4].

Substantial contributions to the field of pediatric respiration were
made by Borojeni et al. [ 5� 7]. Gravimetrical measurement of deposi-
tion in replicas of the upper tracheobronchial airways of 11 children
in [ 5] showed that, at least in the trachea and in the following three
generations of branching, correlations by Chan et al. [ 8] can be used,
provided that the appropriate dimensions of child airways are applied
in the calculation. Pressure loss in the airways can be extracted from the
following study by Borojeni et al. [ 6]. The same team also produced an
idealised replica of the central conducting airways of children between
4 and 8 years [7]. The topic of airway resistance was recently revisited
by Paxman et al. [9], who investigated pressure drop as a function of
flow rate and gas in airway replicas of ten child subjects. An airway
resistance model for turbulent flow was proposed there.

Infant and toddler airways were the main focus for Amirav et al.
[ 10]. They were interested in the comparison of nasal and oral routes
of drug delivery and used radio-labelled particles in airway replicas.
The study showed that nasal breathing is more efficient than mouth
breathing for drug delivery in infants and toddlers, which is contrary
to what can be observed in older children.

Of the important studies using Computational Fluid Dynamics (CFD)
on the child respiratory tract, a great review of pediatric in vitro
and computational models by Carrigy et al. should be mentioned.
As they conclude in [ 11], computational simulations could be great
in predicting localised deposition or even the formation of hotspots
in the extrathoracic region; however, bronchial and distal airways
suffer from the lack of sufficiently precise morphometric data. Deng
et al. [ 12] used FVM for the comparison of particle deposition in the
tracheobronchial airways of an infant, child, and adult. Both efficiency
and deposition pattern differed between children and adults, supporting
the assumption that children are not scaled-down adults.

Among other recent CFD studies, the work of Das et al. [13] is worth
noticing. They aimed at the targeted delivery of inhaled medication.
Their results indicate a distinct peak of deposition at a certain Stokes
number that does not depend on age. This implies the existence of an
optimal combination of airway dimensions, relatively narrow particle
size, and inhaler design that delivers medication most efficiently. This
knowledge is extremely important for any future design of pediatric
inhalers.

Nanoparticle deposition was studied computationally not only in the
upper but also in the lower airways by Rahman et al. [ 14]. The study
brought interesting results regarding the inhaled nanoparticles in the
airways of children and adults; however, the significant limitations of
the study, i.e., the missing deformation of the lung wall and the use of
only symmetric bifurcations and cylindrical airways, clearly indicate
that further studies are needed.

A very important study by Kolewe et al. [ 15] emphasised the signif-
icance of inter-patient variability at a specific age and highlighted the
need to understand anatomical variations and their role in optimising
aerosol therapeutics. They also employed Computed Tomography (CT)
scans and the Fluent ANSYS CFD software package.

The most recent work of Corda et al. [ 16] focused on the effects
of a specialised therapy leading to maxillary protraction in a 12-year-
old child. The flow characteristics and the change in the fraction of
particles penetrating beyond the nasal cavity were studied using the
FVM. Validation was performed only with published data. The results
of the simulation showed that a significantly higher fraction of inhaled
particles reaches lower airways after the maxillary protraction.

All the aforementioned studies from recent years, where CFD was
performed on the child respiratory tract [ 11� 16], applied the most com-
mon method, i.e., the FVM. Nonetheless, alternatively, non-conventional
methods, such as the Lattice Boltzmann Method (LBM), can be used to
simulate fluid flow.

In recent years, this method has become more prevalent in various
applications due to the following advantages. Local execution of numer-
ical operations provides good scalability properties, enabling massive
parallelisation by domain decomposition [ 17]. High-performance LBM
simulations on complex geometries, such as the respiratory tract, can be
computed in a few hours [ 18]. Cut-cell boundary conditions in FVM can
be replaced by simpler interpolated boundary conditions to accurately
prescribe complex-shaped walls [19]. Despite these benefits, LBM has
rarely been used in studies related to human respiration so far.

One of the first studies using LBM for the simulation of respiration
was presented by Krause et al. [20]. A hybrid parallel strategy was
introduced and validated on a model of adult lungs. The computational
performance was sufficient, but an experimental validation was not pre-
sented. Henn et al. [21] simulated particulate flow through a nasal cav-
ity on a realistic geometry of a 46-year-old male obtained by CT scans.
Particles (1�35 �m ) were injected during the entire inspiratory phase. A
good agreement of the deposition rates with experimental data from the
literature was obtained; small differences may have been due to human
variability of the nasal cavities. The geometry of the first bifurcation of
the tracheobronchial tree was used for the purpose of a convergence
test. The escape rate was analysed for several particle sizes.

A study using LBM by Lintermann et al. [ 22] investigated the
deposition of 2.5�10 �m particles with various densities representing
dust and a 100 �m particle representing a special case of highly loaded
flow by such particles, e.g., in coal mines or carpenters' workshops.
A realistic tracheobronchial tree of an adult male down to the sixth
generation of branching was used in the simulation. Direct numerical
simulation (DNS) was applied to avoid the impact of the modelled
eddies. The analysis showed that small-scale particles with a diameter
smaller than 10 �m tend to follow the streamlines, and the deposition
rate in the first bifurcations was statistically negligible. The bigger
particles had a higher deposition rate in the first six bifurcations,
and 32% of these particles were deposited there. No experimental
comparison of the flow field and particle deposition was made. Further-
more, the mouth and nose cavities were not included in the simulated
geometry, and this study did not consider the filtration mechanism in
the upper airways. Large particles were captured, and the particle size
distribution reaching the trachea was distorted.

Ruttgers et al. [23] developed a machine-learning-based LBM. This
approach eliminated the time-consuming manual setting of the simu-
lation parameters (the CT scan surface extraction, boundary condition
definitions, meshing setup, etc.). The automated pipeline was demon-
strated on a complex geometry of the nasal cavity. Unfortunately, their
work does not include a larger numerical analysis of the results or even
a comparison with experiments.

This paper presents a comprehensive comparison of the flow field
and particle deposition in the child respiratory tract using the LBM,
FVM, and experimental data. The experiments were performed on the
same realistic 5-year-old child geometry with an inhalation mask down
to the second generation of branching. This approach allowed us to
avoid differences in interpersonal variability. In addition to other flow
characteristics, attention was also focused on the intensity of turbu-
lence, which contributes to the deposition of particles by turbulent
mixing. The accuracy and suitability of the LBM were analysed and
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Fig. 1. The LDA experimental setup.

also compared with the results on adult geometries. To the authors'
best knowledge, no such study, including LBM simulations, has been
conducted before.

Furthermore, the potential impact of numerical simulations extends
beyond academic research. In the pharmaceutical industry and clinical
practice, where the development of inhaled medication products is cru-
cial, current methodologies heavily rely on the European Pharmacopeia
criteria. However, these criteria do not involve real human airways,
relying instead on impactors such as Andersen or Next Generation
Impactor, designed initially for aerosol size distribution measurement.
Translating standard pharmacopoeia results into real outcomes in in-
halation therapy is challenging due to individual variations in airway
geometries and inhalation patterns. This challenge becomes even more
pronounced for children or women, given that standard procedures
are not specifically tuned for these groups. Clinicians often grapple
with understanding why a particular inhalation therapy may not be as
effective, and numerical simulations of patient-specific airways could
offer valuable insights in such scenarios.

In essence, the integration of numerical simulations in the pharma-
ceutical industry and clinical practice could revolutionise the develop-
ment of inhaled medications. It provides a pathway to address indi-
vidual variability and gender-specific aspects, ultimately contributing
to optimising pulmonary drug delivery and more effective inhalation
therapies.

2. Methods

Two separate experimental measurements were performed: a mea-
surement of the flow field in the trachea by Laser Doppler Anemometry
(LDA) and a deposition experiment in vitro by fluorometry. Numerical
simulations, particularly the fluid phase, were performed using two dif-
ferent numerical methods: the LBM and a conventional CFD simulation
using the FVM. The particle phase was solved using the Lagrangian
particle tracking algorithm.

2.1. Experimental setup

The experimental setup is presented first to describe the physical
parameters obtained by the measurements. The initial and boundary
conditions of the numerical simulations were adjusted according to this
experimental configuration.

2.1.1. Preparation of the geometry of a 5-year-old child
The replica of a 5-year-old child airway was created by rescaling

the geometry of adult airways. As reported in many works, e.g. [ 12],
the body dimensions of the child respiratory tract are not simply a

downscaled respiratory tract of an adult; for example, the head-to-
body size ratio is larger in kids compared to adults. Therefore, different
scaling parameters were used for the resizing of the tracheobronchial
tree (based on the distance from the glottis to the carina of the first
bifurcation) and the upper airways (based on the distance from the
nasal cavity to the end of the septum) which were scaled separately.
The pharynx was then manually adjusted to connect the upper airways
and trachea to maintain the fidelity of the topology as much as possible.
The final model consists of a face mask, mouth and nose cavities, phar-
ynx, larynx and tracheobronchial tree down to the second generation of
branching, see Fig. B.1. The attached face mask is frequently used for
inhalation in children. More information on the origin and preparation
of its 5-year-old child variant can be found in [ 24]. The credibility of
the created geometry was confirmed by an otorhinolaryngologist.

2.1.2. Boundary conditions
The total inspiration flow rate was determined based on the data

on breathing conditions in various age categories reported by Roi
et al. [ 25]. For a sitting awake 5-year-old child, the tidal volume (TV)
is 0.21 l, and the respiratory rate (RR) is about 25 bpm (breaths per
minute). Subsequently, the time of inspiration was calculated according
to the ti _ttot ratio of 0.42 reported in [ 26] where ti denotes the time
of inspiration and ttot the total time of the breathing cycle. Since one
breathing cycle lasts 2.40 s (according to the respiratory rate), one
inspiration lasts ti = 1:008 s. According to these parameters (ti and TV),
the total inspiration flow rate †Vi is

†Vi =
TV
ti

= 12:5 l_min: (1)

The flow distribution between the bifurcating branches of the model
was determined according to dynamic CT scans of the breathing cy-
cle of an adult subject [ 27]. The values of the flow distribution in
every branch with corresponding Reynolds numbers are presented in
Table B.1 (see Appendix) and correspond to the constant mode of
inhalation in a sitting position.

2.1.3. Experimental setup for the flow field measurement
The child airway replica obtained by a 3D printer was modified to

be used in Laser Doppler Anemometry (LDA) measurements. A part of
the trachea was replaced with a transparent glass tube to allow optical
access. The substituted part of the trachea had an almost cylindrical
shape, and the inner diameter matched the inner diameter of the glass
tube. Therefore, the effect of such substitution on the flow field was
negligible.

1D LDA was utilised to acquire axial velocity in the coronal and
sagittal plane, 10 mm above the carina of the first bifurcation ( Fig. 1).
The LDA was mounted to a 3D positioning system with an accuracy
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Fig. 2. Scheme of aerosol deposition measurement.

of ,0 :3 mm. Three line probes in the anterior direction (back to front)
and three in the right lateral direction (left to right) were acquired,
each with 17 measurement positions with 0.5 mm distance between
two adjacent points (the error between two adjacent points was smaller
than 0.05 mm). The central line probe was perpendicular to the tube
axis, while the two other line probes were shifted by 1 mm to each side
and were parallel to the central line probe (see Fig. 4 in Section 3.1).
The measured velocities of individual particles were averaged over a
period of 4 s. Instant velocity values were used to calculate turbulent
intensities.

The velocity and flow rates were adjusted to the boundary values as
described in the previous section. The particles needed for the velocity
measurement were made of di-ethyl-hexyl-sebacate and had diameters
of 2.5�3 �m resulting in Stokes numbers < 0.1. These conditions
ensured that the tracking particles followed the streamlines reliably.

The total error of the LDA measurement consists of the bias error
and the measurement uncertainty. The bias error given by the optical
distortions caused possibly by the model walls was minimised using
the cylindrical-shaped transparent glass. The random error contains
the uncertainties in boundary conditions and external error sources
(flow rate, fluid physical properties, the flow tracking capability of
tracer particles, the positioning error) and the LDA-related effects such
as the discretisation error of A/D velocity conversion, the electronic
and optical noise and the finite size of measurement volume). The
random error for velocity and TI, estimated as the standard deviation
of repeated measurements, is 0.2 m/s and 0.5%, respectively. The
precision and the uncertainties of LDA measurements in lung models
are summarised in [28]. For further details of the LDA measurement
setup, seeAppendix B.1.

2.1.4. Experimental setup for the deposition measurement
The airway replica was divided into three segments: upper airways,

trachea and bifurcations (two branching generations), where a mem-
brane filter was placed at each outlet of the replica. These filters were
connected to the vacuum pump via a flow splitter.

The aerodynamic particle size distribution (APSD) of aerosol gen-
erated by the nebuliser was measured by the Aerodynamic Particle
Sizer (APS), and the count median aerodynamic diameter (CMAD) was
evaluated.

The nebuliser was connected to the inlet of the child lung model by
a perforated electroconductive hose.

The aerosol was generated from a fluorescein disodium salt solu-
tion. A fluorescent dye was used as a labelling medium to enable the
detection of the deposited aerosol after the exposure.

The airway replica was exposed to the nebulised aerosol for 1 min
with the above-mentioned inhalation flow rate. After the exposure, the
replica was disassembled, and each segment was put into an ultrasonic
bath and each concentration of the dye was measured using fluorom-
etry. The aerosol deposition mass fractions were determined for each
part of the airway replica based on the measured concentrations. The
scheme of the aerosol deposition measurement is depicted inFig. 2. For
further details of the deposition measurement setup, seeAppendix B.2.

For the evaluation of particle deposition, two main quantities are
used: the mass deposition fraction

DF =
mS

mtot
; (2)

where mS denotes the mass of particles deposited in a given segment
and mtot the total mass of particles entering the geometry. The mass
deposition efficiency describes the efficiency of a segment to capture
particles

DE =
mS

mS;in
; (3)

where mS;in is the particle mass that enters the segment.

2.2. Numerical simulation setup

First, the common physical setup for both methods is described.
The simulation was computed in two phases: the fluid phase and the
discrete phase. In the fluid phase, both LBM and FVM used a pressure
outlet boundary condition with zero pressure resistance prescribed
at the inlet tube embedded on the mask. The model outlets in the
bronchial tree were treated with a velocity-inlet boundary condition.
The laminar velocity profile was directed out of the domain. The
respiratory tract walls were treated by a wall boundary condition with
a non-slip specification of the wall shear stress. The previous studies
and our experiments confirmed the transition to the turbulent regime in
the trachea and bifurcations. Therefore, a turbulent model was enabled.
The Large-Eddy Simulation (LES) subgrid scale approach was chosen to
obtain accurate results. The physical properties of the fluid are the same
as in the experiment: constant density � = 1:18 kg m*3 and dynamic
viscosity of � = 1:86*5 Pa s*1 . Due to the nature of the phenomena,
heat transfer was not considered during the simulations.

The particles were modelled as discrete, dilute and spherical with a
water density of 998.2 kg m*3 and particle size distribution as in the
conducted particle size measurement. The particles were considered
Lagrangian with a one-way coupling scheme, i.e., the influence of
the particle movement on the fluid and interparticle interactions were
neglected. The drag force from the fluid acting on the particles was as-
signed to the Schiller�Naumann correlation [ 29]. After the stabilisation
of the flow field, 300,000 particles were randomly placed and released
inside a thin cylinder near the mask inlet. The initial particle velocity
was set to the ambient fluid velocity. The particles were tracked either
for a certain time or until they touched the airway walls or reached one
of the lobe outlets. A sticking boundary condition was assigned to the
walls representing the mucus.

2.2.1. Lattice Boltzmann Method
Lattice Boltzmann Methods is a mesoscopic numerical approach

based on an explicit and parallelisation-friendly discretisation of the
Boltzmann transport equation. The Boltzmann transport equation, which
can be obtained from microscopic particle models and connected
to macroscopic target equations using kinetic theory, describes the
statistical motion of the constitutional fluid particles. In this context,
particles represent the gas molecules according to kinetic theory as
opposed to the spherical particles discussed in the context of deposition.
The state of the system is described by the probability distribution
function f . ’x; ’�; t /, which represents the probability of the total mass of
particles in position ’x with microscopic velocity ’� in time t. The velocity
discretisation reduces the number of velocity directions to a finite
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velocity stencil. This work uses a three-dimensional velocity set D3Q19
with 19 discrete velocities ci . Spatial and temporal discretisation lead
to a uniform cubic grid with a cell size �x prescribed by the velocity
set to ensure that particles reach neighbouring cells in one time step �t .
The motion of the particles is then computed by the discretised Lattice
Boltzmann equation with the Bhatnagar�Gross�Krook (BGK) collision
operator [ 30] for every discrete velocity ci :

f i . ’x + ’c i �t; t + �t / =
�

1 *
�t
�

�
f i . ’x; t / +

�t
�

f .eq/
i . ’x; t /; Åi Ë ê0;18ë: (4)

� denotes the relaxation parameter in the collision operator, and f .eq/
i

is the discretised Maxwell�Boltzmann equilibrium distribution function
up to the second order in ’c i .

For the purposes of a numerical algorithm, it is common to split the
Lattice Boltzmann equation (4) into two steps.

The collision step

f coll
i . ’x; t /

coll
=

�
1 *

�t
�

�
f i . ’x; t / +

�t
�

f .eq/
i . ’x; t / (5)

captures the local interactions between the particles and relaxation
towards the equilibrium. This step constitutes an efficient and fully
local algebraic operation without any communication between cells.

The propagationor streamingstep

f prop
i . ’x + ’c i �t; t + �t /

prop
= f coll

i . ’x; t /: (6)

describes the transport of particles with velocity ’c i that access the
neighbouring cell at a position ’c i �t relative to the original one in the
next time step.

Macroscopic quantities, including density and velocity, can be re-
covered from discrete velocity moments via

� . ’x; t / =
É

i

f i ; ’u . ’x; t / =
1
�

É

i

f i
’� i ; p. ’x; t / =

�
c2
s

; (7)

where � denotes the density of the fluid, ’u the macroscopic velocity, p
is the pressure andcs the speed of sound.

A Chapman and Enskog perturbation expansion [31] can be used
to show that the Boltzmann equation converges to an incompressible
Navier�Stokes equation for the Newtonian fluid with Mach number less
than 0.3:
)�
)t

+ ( � .�’u / = 0; (8)

�
) ’u
)t

+ �’u � ( ’u = *( p + ���’u + ’F ; (9)

where ’F denotes external forces acting on the fluid and � is the kine-
matic viscosity. Both requirements are satisfied in the respiratory tract.

An LBM-LES with the Smagorinsky subgrid-scale turbulence model
[ 32,33] is applied with the Smagorinsky constant set to a default value
of 0.1 (further details see in Appendix A.1).

For boundary conditions, we prescribe a pressure boundary condi-
tion at the mask inlet and uniform velocity boundary conditions with
negative velocity magnitudes in the lobes as proposed by Scordos [34].
The interpolated bounce-back scheme by Bouzidi [35] is applied to the
solid wall cells to preserve second-order convergence in the presence
of curved walls.

All LBM simulations were performed using an open source frame-
work OpenLB [36,37]. This software enables flexible and performant
simulation of the described model on state-of-the-art high-performance
computers. In this way, simulations can be performed on fine grids, and
simultaneously, the required computational time can be substantially
reduced compared to classical approaches, as shown by, e.g. Hausmann
et al. [ 38].

The simulation setup was divided into two stages. The velocity in-
creased linearly to maximum values in the first stage, which lasted 0.5
simulated seconds. This was necessary to reduce non-physical artefacts.
In the second stage, the particles were injected and tracked for a period
of 1.5 simulated seconds. Furthermore, the mean velocity values were
stored and calculated. After this stage, 99% of particles were deposited
on the boundary areas of the model.

2.2.2. Lagrange particle tracking
The kinematics of the individual particles is computed using New-

ton's second law of motion

mp

d2 ’x p

dt2
= ’Fp (10)

where ’Fp denotes the sum of forces acting on a given particle, mp is the
mass of the particle, and ’x p is the position of the centre point of the
particle. The dominant forces acting on the particles are gravity ’Fg =
mp ’g and drag force ’FD caused by the interaction between the particle
and the ambient fluid. The particle Reynolds number is defined as

Rep =
ð’u * ’u pðDp

�
; (11)

where ’u p is the velocity of the particle, and Dp is the diameter of the
particle. For low Rep, the acting force is linear to the relative velocity
given by the Stokes drag force law

’FD = 3�D p�� . ’u p * ’u /CD ; (12)

modified by the Schiller�Naumann drag coefficient [ 29]

CD = 1 + 0:15Re0:687
p (13)

and valid under the condition Re p f 1000that is fulfilled in the whole
domain. Other forces, such as Brownian motion, electrostatic forces,
virtual mass, etc., are neglected since the fluid flow governs the particle
motion.

A forward Euler scheme is used to update the velocities at each time
step

’u p.t + �t / = ’u p.t/ +
’Fp�t

mp
; (14)

’x p.t + �t / = ’x p.t/ + ’u p.t + �t /�t: (15)

The same time step is chosen as in the LBM simulation of the fluid
phase, which improves the efficiency of the algorithm.

2.2.3. Finite Volume Method
The commercial solver Siemens Star-CCM+ version 14.04.011 was

used to solve the Navier�Stokes equations (8) and (9) with the FVM.
The computational grid consisted of 7.3 mil. polyhedral cells. The
average cell size (0.5 mm) was generated considering the use of the LES
approach. The average value of the Taylor microscale was determined
based on the airflow inside the model. It was then used to choose the
size of the mesh cells. The near-wall region was further treated with a
prism layer composed of hexahedral cells. This layer consisted of ten
rows. The near-wall layer satisfied the wall condition y+ < 1 to simulate
the turbulent boundary layer better. The conservation equations for
mass and momentum were modelled using a segregated flow solver
that solves the momentum equations. The linkage between the momen-
tum and continuity equations was achieved with a predictor�corrector
approach. This approach uses a SIMPLE-type algorithm. A bounded-
central discretisation scheme was chosen for the convective flux.

The turbulence was modelled using the LES approach with Wall-
Adapting Local-Eddy Viscosity (WALE) sub-grid scale model [39,40]).
This model considers not only the shear-stress tensor but also the
rotation tensor (further details see in Appendix A.2). The blended wall
function according to Reichardt law [ 41] was chosen as the velocity
wall function. The time scale coefficient Ct was adjusted to 3.5.

The simulation was solved in four stages. In the first stage, the initial
flow field was computed using the turbulence solved by the steady
RANS approach with k-! SST model to obtain better initial conditions.
In the second stage, the LES WALE model was activated. Due to the
unsteady nature of the turbulence and the choice of the LES approach,
the time solver was switched to an implicit unsteady solver with 2nd-
order temporal discretisation and a time-step of 5:0 • 10 *5 s. The time
step was chosen with respect to the average value of the Courant
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Fig. 3. Grid independence test: (a) Position of the line probes used for the grid independence test. Mean velocity magnitude for LBM ((b) right branch and (c) left branch) and
FVM ((d) right branch and (e) left branch.

number to be less than 1. This stage solved 3 s of the simulation,
and the velocity values were monitored at representative points within
the domain to remove the effect of the velocity field increase from
subsequent velocity averaging. The third stage of the calculation solved
5 s of the simulation. During this stage, the mean values of the velocity
characteristics within the model (the mean of velocity magnitude, x, y,
z, fluctuations, etc.) were obtained. In the last stage of the calculation,
particles were injected into the model. The last stage calculated 2.05 s
of simulation and 99% of particles deposited on the boundary areas of
the model during this period.

2.3. Grid independence test

The grid independence test was conducted for both numerical meth-
ods to demonstrate the achievement of sufficiently small discretisation
errors relative to the simulated values, and the results are discussed
here. Obviously, a successful grid independence test does not neces-
sarily mean that simulation will yield results identical to experiments.
There still exists input uncertainty (e.g., boundary conditions or ap-
proximate representation) or physical model uncertainty (e.g., incon-
sistency between actual flows and CFD due to simplified assumption
in the modelling process � roughness of the walls or inaccuracies in
the turbulence modelling between simulation and experiment. Two line
probes were investigated, located in the left and right branches of the
first bifurcation, as is shown in Fig. 3(a). These locations downstream
of the bifurcation near the carina were chosen in the area of the ap-
pearance of complex fluid flow phenomena (turbulence, dean vortices,
backflow, etc.).

2.3.1. LBM
Three different grids with uniform cubic cells were created for this

study; seeTable 1. In the grid independence test, the values of the mean

Table 1
Properties of lattices used for the grid independence study.

Number of cells Cell size Time step Relaxation time

28.4 mil. 0.00015 m 7.5. 10*7 s 0.501567
56.5 mil. 0.00012 m 6.0. 10*7 s 0.501958
97.0 mil. 0.00010 m 5.0. 10*7 s 0.502350

velocity magnitudes on the particular line probes were compared. The
results are depicted in Fig. 3(b) and (c). Small differences were ob-
served in areas with high-velocity gradients near the carina; however,
these differences were considered negligible. Based on the results, the
grid with 97.0 mil. cells was used in the final simulation. Note that
even the grid with 56.5 mil. cells could be used due to the proven
independence of both grids. Considering the slight differences in the
resulting grids with 56.5 mil. and 97.0 mil. cells, it was decided to use
the finer grid.

2.3.2. FVM
Four variants of the computational grid were created by decreasing

the average cell size in the core domain by 20% of its length. This
resulted in four grids consisting of 5.4, 7.3, 8.4 and 15.1 mil. cells and
the mean velocity magnitudes on both line probes were compared. The
results showed no significant deviations between the meshes with 8.4
and 15.1 mil. cells (see Fig. 3(d) and (e)) and the grid with 8.4 mil.
cells was used in the final simulation.

3. Results and discussion

The flow field and particle deposition results are presented and
discussed in separate sections here.
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Fig. 4. Position of the line probes in the mean velocity fields used for the evaluation.

Fig. 5. Axial velocity on the line probe (a) BtFl, (b) BtFm, (c) BtFr, (d) LtRb, (e) LtRm and (f) LtRf.

3.1. Flow field

This section presents the results of two flow field quantities: the
mean velocity magnitude and the corresponding turbulence intensity.
The main validation of the numerical methods using the experimen-
tal data was performed on the six line probes in the trachea (the
experimental LDA setup was described in Section 2.1.3). The axial
mean velocity component experimentally obtained by the probes was
compared with the results of the LBM and FVM simulations.

The velocity field chart (see Fig. 4) forms a horseshoe shape with
higher velocities near the backside walls caused by the inertia of the
fluid passing through the curved trachea. Fig. 5 shows the resulting
mean velocities on the line probes. The comparison of the mean ax-
ial velocities shows excellent agreement between all methods, where
the deviation at almost every point is less than 15%. No significant
differences between both numerical methods were revealed. On the
line probe marked as LtRm (Left to Right middle; other line probes
abbreviated analogically), the LBM gives a slightly more accurate result
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Fig. 6. Turbulence intensity on the line probe (a) BtFl, (b) BtFm, (c) BtFr, (d) LtRb, (e) LtRm and (f) LtRf.

Fig. 7. Mean velocity and TI field from the side view, LBM on the left, FVM on the right.

than the FVM. On the other hand, the FVM is more accurate on the
line probe BtFr. Worse but still good results are on the line probe
LtRf, where the velocity is slightly underestimated by the numerical
methods.

Velocity fluctuations are also an important factor in the transport
and deposition of particles. The particles are injected into the mask,
and the forces are determined by the actual time-dependent velocity
components. They substantially affect the deposition characteristics.
The turbulence intensity TI is defined as follows

TI =
u¨

„u
; (16)

where u¨ denotes the root mean square (RMS) of the velocity magni-
tude and „u is the mean velocity magnitude. Note that the turbulence
intensity obtained from the experimental data was only for the axial
component. Fluctuations of the velocity components in the trachea
in radial and tangential directions were negligible due to the orien-
tation of the geometry; the TI of the velocity magnitude was equal
to the TI of the axial component. The experimental data could be
obtained only in the core of the flow because the validation rate of
the LDA measurement was low in the near-wall areas (due to the lower
number of particle samples and the appearance of noise). These data
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Table 2
Mean Absolute Percentage Error (MAPE) at each line probe in %.

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

were filtered out. The resulting turbulence intensities are shown in
Fig. 6.

A higher TI is observed in the front section of the trachea outside
of the core of the flow. In the lateral (LtRx) line probes, a peak
with higher values is located near the border of the horseshoe pattern
corresponding to high-velocity gradient locations. The same pattern
was present in the experimental data. LBM yields better results in
predicting the peaks of higher turbulence; in FVM, the maximum is
shifted towards the front wall. In the LtRm line probe, FVM differs
more significantly from the experimental data than LBM. However, a
higher sensitivity on the exact location of the line probes in the lateral
orientation is expected since these line probes are located in the region
of high-velocity gradients crossing the horseshoe pattern borders.

To compare the accuracy of both methods by means of a quan-
titative criterion, the mean absolute percentage error (MAPE) was
calculated.

MAPE =
1
n

nÉ

i=1

óóóóó

qsim;i * qexp;i

qexp;i

óóóóó
; (17)

where qsim;i, qexp;i denotes the value of the computed quantity in the
i position of the line probe obtained by simulation and experiment,
respectively. Here, the experimental results are considered the ground
truth; however, it is naturally evident that the measurements were
affected by bias errors and uncertainties, as discussed above. MAPE was
evaluated for the mean velocity and turbulence intensity at each line
probe, and the results are depicted in Table 2.

The mean velocity of LBM is closer to the experiment than FVM on
the four line probes. On the five line probes, the TI obtained by LBM
is closer to the experiment than FVM. The total MAPE of the velocity
field of all experimental points at all line probes is 10.9% for LBM and
12.2% for FVM, which shows an excellent agreement of both methods.
Considering TI's MAPE, LBM with 23.3% is slightly better compared to
33.5% of FVM.

To study the differences between LBM and FVM in the whole
geometry, we obtained the mean velocity and turbulence intensity on
two cut-planes: one sagittal � in the middle plane of the geometry, and
one coronal � displaying the bifurcation; see Figs. 7 and 8.

The only significant difference between the numerical methods was
at the mask inlet, which could have been caused by boundary condi-
tions. No significant impact on the fluid flow deeper in the geometry
was expected.

More interesting findings could be deduced from the resulting TI
values. In the intrathoracic airways, the flow was mainly laminar,
corresponding to low mean velocity values. Turbulence was gener-
ated in the glottis, where the tube is constricted, creating a laryngeal
jet. Fluctuations appeared near the jet border and propagated deeper
into the tracheobronchial tree [ 42]. The fluctuations also deviated the
particles from the streamlines and amplified deposition by turbulent
mixing. This mechanism was significant in the bronchial tree and
mainly affected particles smaller than 5 �m [ 43].

Although the velocity magnitude differences were small, the tur-
bulence intensity from the LBM was slightly higher, especially near
the walls in the bifurcations. The experimental results in the trachea
correspond to this finding. However, a more comprehensive numerical
analysis of the near wall area with validation should be performed.

Das et al. [13] simulated the breathing cycle on an idealised ge-
ometry of a 5-year-old child created by Xi and Longest [ 44] using
RANS. The resulting turbulence intensity field at a maximum velocity
during the breathing cycle at a flow rate of 8 lpm was under 10%,
which is significantly lower than our results despite the lower flow rate.
This difference could be caused by the RANS model, which presumes
isotropic turbulence and thus might not treat the wall interaction cor-
rectly. Furthermore, the idealised geometry simplifies the wall shape,
which is a source of velocity fluctuations in the model.

3.2. Particle deposition

In both numerical methods, 300,000 particles were randomly placed
at the mask inlet and released into the geometry after stabilising the
flow field. The particle size distribution was set based on the results
experimentally obtained by APS (see Fig. 9).

The particle diameter spectrum contained the following fractions
of particulate matter: 11% of PM 2.5, 50% of PM5, 93% of PM10.
These fractions were later used for the simulations. The count median
aerodynamic diameter (CMAD) of the measured size distribution was
4.96 micrometres.

The particle deviation from the streamlines is produced by the
inertial forces, and this is described by the Stokes number

Stk =
� pD2

p „u

18�D
: (18)

Here, we compute the Stk for the mask inlet values where the particles
are released, but the actual Stk number varies across the whole domain
according to the local velocity field. Stk ¸ 1 means that the particle
detaches from the flow, especially in areas with high spatial velocity
changes, and may impact on the walls; on the other hand, with Stk ~ 1,
the particle follows the fluid streamlines. Stk in this study varied from
5:84•10*5 to 0.073 at the mask inlet but was much higher in the narrow
channels of the trachea and the bifurcations.

After the particles were released, they were driven by the actual
velocity field. The velocity field affected the motion of the particles
in time, including the unstable flow behaviour in some regions. The
behaviour of the particles in the flow near the wall was different due
to the actual Stk. The particles deposited after contact with the wall. At
the end of the simulations, approximately 1% of the particles remained
trapped in the flow eddies in the mask. These particles were excluded
from the evaluation of deposition. Particles reaching the outlets of
the geometry would, in reality, continue to higher generations of the
branching tree.

Deposition efficiency was compared with the experimental results
obtained by the fluorometric method evaluated on four segments of the
geometry and four filters on the outlets; see Fig. B.1 in Appendix B.

The resulting images of the deposited particles from the entire
geometry are presented in Fig. 10. In this visualisation, the different
particle sizes are expressed by a colour scale.

The hotspots for large particles and small particles are visible in the
figure. These hotspots lie in both cases, FVM and LBM, mainly under
the nostrils, in the larynx, and at the first bifurcation. The hotspots
could not be identified experimentally, but the comparison of the
simulations provides an interesting view of the behaviour of differently
sized particles and their deposition at specific places. The hotspots of
particles smaller than 10 micrometres are mostly in the lower parts
of the geometry, especially in bifurcations and in the branches close
to the LU and LL outlets. Some small hot spots can be found in the
trachea, too. The particles larger than 10 micrometres mostly deposited
in the mask and the upper airways including the larynx. Some small
hotspots of big particles are noticeable in the bifurcation and the RL
branch. Both numerical methods provide similar results for the trachea,
bifurcation, and connected branches. Minor discrepancies are evident
in the mask and the nasal and oral cavities, probably caused by a
slightly different velocity profile at the inlet tube produced by the
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Fig. 8. Mean velocity and TI field in the bifurcation from the front view, LBM on the left, FVM on the right.

Fig. 9. Particle size spectrum expressed by the cumulative distribution function.

boundary condition. Another source of discrepancies could stem from
the random distribution of the initial position of the particles.

The particle deposition efficiency in each segment is depicted in
Fig. 11. It can be seen that the deposition efficiency in the upper
airways and trachea is lower in the experiments than in the simulations.
LBM and FVM have a good mutual agreement.

A more detailed view of particle deposition can be found in Fig. 12,
where the particle deposition is expressed as a mass fraction and
organised into four size categories.

In the experiments, it was impossible to distinguish these categories,
as only the overall mass of the particles was measured. The agreement
between LBM and FVM was relatively good for almost all segments. In
the experiments, more particles were deposited in the lower parts of the
lungs, under the bifurcation, and less in the upper airways and trachea.
These differences could have been caused by inaccuracies of the in vitro
deposition measurement described in detail in [ 45]. Moreover, in the
case of the child airway replica, the uncertainties in the experimental
deposition measurement are, to some extent, caused by difficulties
in extracting deposited aerosols from the small and narrow channels
and spaces in the model, such as nostrils or bifurcations. The rough
surface of the 3D prototyped material further complicates the extrac-
tion of deposited droplets (the droplets or dye crystals adhere more
strongly to the surface irregularities). APS particle size measurement
uncertainties are described in [46]. Furthermore, the simulated inflow
velocity profile in the mask inlet could have differed from the real one,
and the initial position of the particles might not have been random
as in the simulation. Particle size changes caused by evaporation or

droplet break-up were not considered in the numerical methods, either.
Small discrepancies could be found in the mask and mainly in the
bifurcations. The deposition at the LL, LU, RL and RU outlets means that
the particles passed through the considered geometry and penetrated
deeper into the lower branches of the tracheobronchial tree.

It is possible to evaluate different behaviours of PM10 and larger
particles from the particle size classes containing the mass fractions.
However, from the value of the mass fraction, it is hard to distinguish
the deposition of small (light) particles because the mass fraction
method highlights large (heavy) particles that outweigh the small ones.
On the other hand, from the therapeutic point of view, the mass of
the deposited aerosol is much more important than the number of
deposited particles since the mass is proportional to the amount of
medication delivered. Furthermore, a deeper insight into the deposition
characteristics of different sizes of particles provides further relevant
information; these data are relevant for investigating the health effect
of particulate matter in the ambient air during respiration. Their long-
term doses could cause diseases such as cancer or pneumonia, so these
data are also important.

One common option to focus on smaller particles and deal with this
issue is to apply a logarithmic scale to these results. This is beneficial
because, from the practical point of view, the PM 2.5 particles are more
interesting than the PM10 particles and larger, which in reality have
difficulty passing through the human ciliated epithelium in the upper
airways. Another approach is to express deposition by the relative
count of particles in each class, which was determined in this study.
Although obtaining the data from our experiments was impossible, the
study provides a transparent comparison of LBM and FVM simulations
dependent on the particle size.

The LBM and FVM deposition data expressed by the relative count
for each particle size class in each segment, including four outlets, are
depicted in Fig. 13. In this figure, the deposition of smaller particles is
much more visible because the counts directly correspond to the cumu-
lative distribution function and are a percentage of all particles. It can
be seen that small particles of PM2.5 penetrate in large quantities into
the lower parts of the lungs due to the lower Stk. As opposed to that,
large particles do not get into the higher generations of bifurcations
except in the right lower lobe (outlet RL), where the flow rate is the
highest of all branches. Analysis of the data shows a good agreement
in each segment. The largest discrepancies are visible in the segment
of bifurcations, trachea and outlet RL.

To examine the deposition areas of particles in each size class,
Fig. 14 shows the deposition fractions by number, separately for each
size class. For simplicity, the outlets are not distinguished there, and
the ratio of particles reaching the higher generations of bifurcations is
shown together in the bin ``Pass through''.



�&�R�P�S�X�W�H�U�V �L�Q �%�L�R�O�R�J�\ �D�Q�G �0�H�G�L�F�L�Q�H ������ ������������ ������������

����

F. Prinz et al.

Fig. 10. Particle deposition projected on the lungs geometry in two views: (a) side view, (b) rear view. The colour scale represents the particle diameters; LBM results on the left,
FVM on the right.

Fig. 11. Comparison of the deposition efficiency from LBM, FVM and experimental
values (EXP).

Based on the two figures mentioned above, it is clear that particles
larger than 5 �m are simulated by both methods almost identically. The
upper airways show a higher deposition fraction of particles smaller
than 5 �m . Similar behaviour is observed in the trachea segment on
a smaller scale. The number of particles in the class PM2.5 that pass
through the whole geometry is thus lower in the LBM than in the FVM.
This could be caused by higher values of turbulence intensity obtained
by the LBM. Higher deviations of the particles from the streamlines lead
to contact with the walls and deposition.

The total mass deposition fraction of the whole geometry is 70.8%
for LBM and 68.9% for FVM, which are again in perfect agreement but
is slightly higher than the experimental total mass deposition fraction
of 59.7%.

To check whether these results are consistent, our data was com-
pared with those from the literature. Note that similar geometries could
lead to different results due to interpersonal and age-related variabil-
ity and differences in the experimental setups. To the authors' best
knowledge, there are no comparable deposition data in the literature
from either experiments or simulations performed on a similar child
geometry containing both upper airways and tracheobronchial tree. In
this comparison, the deposition efficiency was investigated separately
for the upper airways and the bifurcations. An impaction parameter for
the comparison is introduced:

IP = Qd2
p; (19)

where Q is the flow rate in l min*1 and the particle diameter is consid-
ered in �m . This parameter considers the flow rate through the model
and enables comparison between similar geometries and different flow
regimes.

Fig. 15(a) shows the deposition efficiency in the upper airways
compared with the data of subjects nr. 10, 11 and 14 of the 6-year-
old children's geometries of the nasal cavity and trachea published by
Golshahi [3], and with experimental data on nasopharyngolaryngeal
replica of a 5-year-old child published by [ 47]. The comparison shows
that the deposition curve from the experiments is shifted to the left.
This corresponds to the fact that the missing oral cavity induces a
higher flow rate through the lower dimensions of the nasal cavity,
causing the deposition of smaller particles.

Fig. 15(b) shows the comparison of the deposition efficiency in the
tracheobronchial tree until the third generation compared with in vitro
experimental data from the replica of 5-year-old subjects from the study
by Borojeni et al. [ 5]. Note that in that study, even the third generation
of branching is involved, and only smaller particles were investigated.
The inlet conditions of the particles are different because the flow field
is obviously affected by the previous geometry of the trachea, which
was not considered in that study. Despite that, there are no significant
discrepancies between the data.

To discuss the deposition differences between child and adult ge-
ometries, we compared these data to the deposition characteristics
obtained from the original adult geometry from which the child geom-
etry was rescaled. The morphological interpersonal differences were,
therefore, not present. For this comparison, such Stk number is used,
which takes into account the relevant length and velocity scales [ 50]
enabling comparison between lung geometries of different sizes. The
mouth inlet diameter was used for the characteristic length D in Stk
in (18). The simulation data were compared with CMAD from the
experimental results performed by Lizal et al. [ 48] and [ 49] for various
flow rates, particle distributions and either mouth breathing (MB) or
combined breathing (CB). The flow rate through the nose is signifi-
cantly lower, and the deposition fraction in the nose cavity is negligible;
hence, these results are comparable. To provide a proper compari-
son, only the deposition until the 2nd generation of tracheobronchial
branching was considered here.

The results are depicted in Fig. 16 and show a relatively good
agreement. Note that in the literature, the results of the deposition
efficiency often fluctuate in the range of one or two orders of magni-
tude, see e.g. [48], Fig. 11. Analysing the data reveals a lower particle
deposition rate in the adult geometry. This results from the narrower
channels of the trachea and bifurcations of the child geometry causing
higher deposition rates. The lower airways of the child geometry were
rescaled by a different factor than the upper airways and could not
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Fig. 12. Deposition of particles expressed by mass fraction for each segment and specific particle size spectra.

Fig. 13. Deposition expressed by the relative count of particles captured at given segments expressed by the count of particles for each segment and specific particle size spectra.

be expressed by the Stk affected only by the mouth inlet diameter. A
further source of variability, except for the experimental inaccuracies,
could be in the variance of the particle size distribution used in the
experimental results, which is mostly not presented in the publications.
The deposition efficiency of the experimental measurement obtained
on the child geometry within this publication is higher than that of the
adult, which agrees with this consideration.

3.3. Performance of numerical methods

To provide a comparison of both numerical methods for this kind
of application, the study of effectiveness is an important aspect. LBM
was executed on 3800 threads with a total computational time of 34 h,
while FVM was executed on a cluster with different architecture on 128
threads with a total computational time of 168 h. However, a justified
comparison is very challenging and time-consuming (necessity of the

same hardware, optimisation of the parallelisation in the open source
OpenLB, fixing the accuracy of the ground truth to a particular level,
comparing meshing and computational time and human effort, etc.),
especially on such a complex geometry, and extends the scope of this
article.

A detailed comprehensive comparison of the performance of both
methods was presented in [38] where near-wall modelled Large Eddy
Simulation in OpenFOAM (FVM) and OpenLB (LBM) was used to pre-
dict complex turbulent flows pertinent to internal combustion engines.
The results showed that the LBM approach is, on average, 32 times
faster than the FVM approach for the tested configurations.

4. Conclusions

In this study, a comprehensive comparison of the flow field and par-
ticle deposition within the child respiratory tract using the
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Fig. 14. Deposition defined by relative count � percentage of the specific particle bins; all outlets sum into the pass-through set.

Fig. 15. Deposition efficiency on IP (a) of the upper airways compared with experimental data from [ 3,47], (b) of the tracheobronchial tree compared with experimental data
from [ 5].

Lattice Boltzmann Method (LBM) implemented in OpenLB, Finite Vol-
ume Method (FVM), and experimental data was conducted.

The analysis of velocity fields demonstrated that both LBM and FVM
provided significant information. LBM slightly outperformed FVM in
accuracy compared with experimental data, particularly in the near-
wall areas where higher turbulence intensity was observed. Addition-
ally, particle deposition comparison showed a good agreement be-
tween numerical methods; minor discrepancies between simulations
and experiments were noted, possibly due to experimental uncertain-
ties. Furthermore, LBM indicated a higher deposition of particles < 5 �m
compared to FVM, consistent with the higher turbulence intensity near
the walls calculated by LBM.

Importantly, this study not only affirms the appropriateness of LBM
for simulating flow and particle deposition in child airways but also
underscores its potential to provide deeper insights compared to FVM.
The scalability and parallelisation properties of LBM, allowing effi-
cient computation on GPUs, open avenues for real-time simulations of

particle deposition in the respiratory tract. Additionally, exploring non-
spherical particle types, such as cylindrical particles such as asbestos or
glass fibres, could broaden the scope of applications.

Connecting our findings with the broader scientific landscape, re-
cent studies emphasise the importance of computational simulations,
such as those employing LBM and FVM, in advancing our understand-
ing of localised deposition and hotspots in the respiratory tract, as
highlighted by Carrigy et al. [ 11]. Furthermore, considering the gender
and age-related aspects in the inhalation therapy, our work aligns with
the call for understanding anatomical variations, as emphasised by
Kolewe et al. [ 15]. The potential of numerical simulations to revolu-
tionise the pharmaceutical industry and clinical practice, as outlined
by Corda et al. [16], becomes increasingly evident, particularly in ad-
dressing individual variability and optimising aerosol therapeutics for
specific populations. In essence, our study contributes to the growing
body of literature advocating for the integration of advanced com-
putational methods in respiratory research, paving the way for more
personalised and effective inhalation therapies.
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Fig. 16. Comparison of deposition efficiency on Stokes number with experimental results [ 48] and [ 49] obtained on adult geometry.

CRediT authorship contribution statement

Franti²ek Prinz: Writing � original draft, Visualization, Validation,
Software, Data curation. Jan Pokorný: Writing � original draft, Su-
pervision, Software, Methodology. Jakub Elcner: Writing � review &
editing, Visualization, Validation, Software. Franti²ek Lízal: Writing
� review & editing, Writing � original draft, Supervision, Funding
acquisition, Formal analysis, Conceptualization. Ondrej Mi²ík: Writing
� original draft, Investigation, Data curation. Milan Malý: Writing
� original draft, Investigation, Data curation. Miloslav B¥lka: Su-
pervision, Methodology, Investigation, Data curation. Nicolas Hafen:
Writing � review & editing, Software. Adrian Kummerländer: Writing
� review & editing, Software. Mathias J. Krause: Writing � review &
editing, Supervision, Methodology. Jan Jedelský: Writing � review &
editing, Supervision. Miroslav Jícha: Supervision, Resources, Project
administration, Funding acquisition.

Declaration of competing interest

All authors declare that they have no conflicts of interest.

Acknowledgements

This work was supported by the Ministry of Education, Youth and
Sports of the Czech Republic through the e-INFRA CZ (ID:90140), by
the project of the Czech Science Foundation GA20-27653S and by the
project of Brno University of Technology, Czech Republic FSI-S-23-
8192 and was performed on the HoreKa supercomputer funded by the
Ministry of Science, Research and the Arts Baden-Württemberg and by
the Federal Ministry of Education and Research, Germany. During the
preparation of this work, the authors used ChatGPT and Grammarly in
order to improve the language and readability. After using these tools,
the authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.

Appendix A. Details to the numerical setup

A.1. LBM

In the LBM simulation, the Smagorinsky subgrid-scale turbulence
model is applied as follows: The added turbulent viscosity in the LES

models is computed

� t = . CX �x /2 „!; (A.1)

for cell spacing �x , model-dependent constant CX , and LES model op-
erator „! . In this particular case, CX = CS is the Smagorinsky constant,
which was set to a default value of 0.1 for the present simulations. The
operator

„! = ð„Sð=
t

2 „Sij
„Sij (A.2)

denotes the intensity of the strain rate tensor

„Sij =
1
2

� )u i

)x j
+

)u j

)x i

�
: (A.3)

The Lattice Boltzmann equation (4) is then modified by replacing the
global relaxation time � by the effective discrete relaxation time � <

which is locally computed at each cell:

� < =
2.� + � t / + cs�t

2c2
s

: (A.4)

A.2. FVM

In the FVM, the turbulence was modelled using the Wall-Adapting
Local-Eddy viscosity sub-grid scale model.

The WALE operator is defined as follows:

„! =
.gd

ij gd
ij /

3
2

.Sij Sij /
5
2 + . gd

ij gd
ij /

5
4

: (A.5)

The tensor gd
ij is prescribed by

gd
ij = Sik Skj + 
 ik Skj *

1
3

� ij .S2 * 
 2/; (A.6)

where


 ij =
0

)u i

)x j
*

)u j

)x i

1
(A.7)

is the rotation tensor. The length scale is defined in two categories
according to the wall distance

�x = min
0

�d
Cw

; V1_3
1

; (A.8)

where Cw is the WALE constant set to the default value Cw = 0:544,
which is suitable for channel flows according to the Star-CCM+ manual.
V is the volume of the cell, d is the wall distance and � = 0:41 is the
Von Karman constant.
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Fig. B.1. Segmentation of a lung geometry of a 5-year-old child with a respiratory mask (side view on the left, rear view on the right).

Table B.1
The flow distribution between the lung model outlets.

Outlet
(�)

Flow distribution
(l/min)

Outlet diameter
(mm)

Reynolds number
(�)

Mask 12.50 16.6 1048
Left Upper (LU) 3.16 4.5 951
Left Lower (LL) 2.58 4.5 777
Right Upper (RU) 2.61 4.5 785
Right Lower (RL) 4.15 4.5 1249

Appendix B. Details to the experimental setup

B.1. LDA flow measurement

Except for the replacement glass tube, the airway replica was 3D
printed using Stratasys J850 Pro printing machine from Stratasys Ve-
roclear material (Stratasys, US&Canada). The printing accuracy was 15
�m and the layer thickness was 14�m . The LDA system (Dantec Dynam-
ics A/S, Skovlunde, DK) consisted of a diode laser Verdi G2 (Coherent,
USA) with a wavelength of 532 nm. The beam was divided in the 55x
transmitting optics Dantec into two separate beams of 50 mW power
and 60 mm apart. The frequency of one of the beams was shifted by
40 MHz. The path of the two beams was rotated 90ý with a mirror and
focused using a lens with a 310 mm focal length to intersect and create
a measuring volume with dimensions of 0:1 • 0 :1 • 0 :8 mm. First-order
refracted light from particles was captured by 57X10 receiving optics
equipped with a lens of 310 mm focal length and micrometre setting of
2 mm to reduce the measuring volume size. The receiving optics were
configured in a side-scatter mode with a scattering angle of 70ý. The
signals were processed using a Dantec P80 processor, and the data were
processed using BSA flow software, version 5.2. The 3D positioning
system Isel (New York, USA) with an accuracy of , 0.05 mm with
alignment accuracy relative to the trachea of roughly , 0.5 mm was
used. The typical data rate from the LDA measurement ranged from
2000 Hz near the wall to 15,000 Hz in the centre of the trachea.
The flow through the model was driven by a vacuum pump Busch
R5 PA0008C (Busch Produktions GmbH, Maulburg, Germany), and the
flow distribution through specific outlets was adjusted by rotameters
ABB PurgeMaster (Workington, UK) located downstream of the model.
The particles needed for velocity measurements were generated using
a TSI Condensational monodisperse aerosol generator 3475 (TSI Inc.,
Shoreview, USA).

B.2. Deposition measurement

The membrane filters MF-Millipore + were made from nitrocellulose
with a pore size of 0.8 �m . The flow splitter enabled the flow regulation
for each branch and was produced by ABB PurgeMaster (Workington,
UK). The aerodynamic particle size distribution (APSD) generated by
the nebuliser was measured using the Aerodynamic Particle Sizer 3321
(APS, TSI Inc., Minnesota, USA). Three ambient air samples were
measured and subtracted from the APSD data after the measurement.
The aerosol was nebulised above the inlet of the APS, and the count
median aerodynamic diameter (CMAD) was evaluated. The Aerogen
Solo nebuliser was used for aerosol generation. The hose appended
on the inlet had an inner diameter of 16 mm, and the perforations
(two rectangular orifices placed on the opposite sides of the hose) were
placed at a distance of 180 mm from the inlet of the airway replica
to ensure a developed flow field in the inlet area. The fluorescein
salt solution had a concentration of 200 �g_ml dissolved in distilled
water. The lung replica with the filters was placed into a refrigerator
to suppress the evaporation of the aerosol inside the replica. According
to the nebuliser testing methodology for the Next Generation Impactor
(NGI) described in the European Pharmacopoeia [51], the temperature
of the NGI should be 5 °C to eliminate evaporation of aqueous particles.
Since the principle of the NGI measurement and the principle of airway
deposition measurement are very similar, the prescribed temperature
of the impactor was also set in the aerosol deposition measurement.
The airway replica was exposed to the nebulised aerosol for 1 min
with the above-mentioned inhalation flow rate. After the exposure, the
replica was disassembled, and each segment was put into an ultrasonic
bath inside a beaker filled with an adequate amount of distilled water.
The bath was repeated until the measured concentration of the sample
reached the value of a blank medium. The concentration of the dye was
measured by Quantus. Fluorometer (Promega Corp., Wisconsin; USA).
Based on the measured concentrations, the aerosol deposition fractions
were determined for each part of the airway replica.
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This�gstudy�gpresents�ga�gcombined�gexperimental�gand�gnumerical �ginvestigation �gof�gfiber �gtransport�gand�gdeposition�gin�g
a�grealistic �gmodel�gof�gthe�gfemale�grespiratory �gtract,�gextending�gto�gthe�gseventh�ggeneration�gof�gbranching.�gNumerical�g
simulations�gwere�gperformed�gusing�gthe�gEuler�Lagrange�gEuler-Rotation�g(ELER)�gmethod,�gan�gefficient �galternative �g
to�gconventional �gFinite�gVolume�gMethods�gthat�gbenefits�gfrom �gexplicit �gformulation �gand�gvast�gscalability, �genabling�g
fast�gparallelization �gon�ghigh-performance�gclusters.�gThe�gELER�gmethod�gwas�gcoupled�gwith �gthe�gLattice�gBoltzmann�g
Method�g(LBM)�gto�gsimulate�gfiber �gdynamics�gunder�ga�grealistic �ginspiratory �gflow �gprofile. �gExperimental�gvalidation �g
was�gconducted�gusing�gan�gidentical �gphysical�gairway �greplica.�gThe�gresults�gdemonstrated�ggood�gagreement�gbetween�g
simulations�gand�gexperiments�gin�gthe�gupper�gairways�gand�gtrachea,�gwith �gsome�gdiscrepancies�gin�gthe�gbifurcations, �g
likely �gowing �gto�gthe�gchallenges�gof�gmodeling�gcomplex�gturbulent �gflow �gwith �gELER.�gThis�gmethod�gis�gmore�gaccurate�g
than�gcorresponding�geffective�gdiameter�gsimulations.�gDeposition�gpatterns�gwere�ganalyzed�gas�ga�gfunction �gof�gfiber �g
dimensions,�grevealing�ghigher�gaccuracy�gof�gthe�gELER�gmethod�gfor�gsmaller�gparticles�gand�gconfirming �gthe�gtendency�gof�g
higher�gaspect�gratio �gfibers�gto�gpenetrate�gdeeper�ginto �gthe�glungs.�gThe�gorientation-dependent �gdeposition�gmechanism�g
was�gdeployed,�gunderscoring�gthe�gimportance�gof�gsolving�gthe�gactual�gorientations �gof�gthe�gfibers.�gWhile�gadvancing�g
our�gunderstanding�gof�gfiber �gtransport�gin�gfemale�gairways,�gthe�gfindings �galso�greveal�glimitations �gin�gcurrent�gnumerical �g
techniques,�gparticularly �gin�gbifurcations. �gThis�gstudy�gemphasizes�gthe�gdistinct �gbehavior�gof�gfibrous�gversus�gspherical�g
particles,�gwith �gfibers�gexhibiting �ga�ggreater�gpropensity�gto�greach�gdeeper�glung�gregions,�gwhich �ghas�gsignificant �g
implications �gfor�ginhalation �gtoxicology �gand�gdrug�gdelivery.

1.�gIntroduction

The�gstudy�gof�gparticle �gtransport�gand�gdeposition�gwithin �gthe�ghuman�g
respiratory �gsystem�gis�gessential�gfor �gunderstanding�gvarious�gphysiological �g
and�gpathological �gprocesses�gas�gwell �gas�gfor �gdeveloping�geffective�gdrug�g
delivery �gstrategies.�gWhile �gconsiderable�gresearch�ghas�gfocused�gon�gmale�g
airway �gmodels,�gthere�gis�ga�ggrowing �grecognition �gof�gthe�gneed�gto�ginvestigate�g
female-specific�gairway �ggeometries�gdue�gto�gsignificant �ganatomical�gand�g
physiological �gdifferences�gbetween�gsexes�g[ 1� 3]. �gFemales�gexhibit �gsmaller�g
airway �gdiameters,�gparticularly �gin�gthe�gpharynx�gand�gvelopharynx �g[ 4], �g
differences�gin�glung�gvolume�gand�gbreathing�gpatterns�g[ 5], �gand�ghormonal �g
influences�gthat �gcan�gaffect�gairway �gresponsiveness�g[ 6]. �gThese�gdifferences�g
can�ginfluence�gairflow �gpatterns,�gparticle �gdeposition,�gand�gultimately, �gthe�g
efficacy�gand�gsafety�gof�ginhaled�gtherapies�g[ 7]. �gTo�gaddress�gthis�ggap�gin�gour�g
understanding�gof�gfemale-specific�gaerosol�gdeposition,�gour�gstudy�gutilizes �g
a�grealistic �gfemale�gairway �gmodel�gsupplemented�gwith �gtidal �gvolume�gand�ga�g
breathing�gpattern�gtypical �gfor �gfemales.

< Corresponding�gauthor.
E-mail�gaddress:�gfrantisek.prinz@vutbr.cz �g(F.�gPrinz).

Fibrous�gparticle �gtransport�ghas�gsignificant �gimplications �gin�gboth�gsafety�g
and�gengineering�gapplications.�gVarious�gman-made�gfibers�gare�gcrucial �g
components�gof�gcomposite�gmaterials�gand�gfiltration �gsystems�gused�gacross�g
many�gindustries,�gsuch�gas�gcarbon�gfibers�gin�gaerospace�gcomposites�gand�g
glass�gfibers�gin�gair�gfiltration �gsystems.�gAlthough �gexposure�gto�gtoxic �gfibers�g
such�gas�gasbestos�gis�ga�gsevere�ghealth�ghazard,�gbiodegradable�gfibers�goffer�g
unique�gpossibilities�gfor �gtargeted�gdrug�gdelivery �g[ 8].

Numerical �gsimulation �gof�gthe�gtransport�gof�gnon-spherical�gparticles�gis�g
more�gcomplex�gthan�gof�gspherical�gparticles�gdue�gto�gthe�gnonsymmetric�g
shape,�gand�ghence�gexperimental�gstudies�gin�gvitro�gare�gindispensable.�gHow-
ever,�gonly �ga�gfew�gexperimental�gstudies�gfocusing�gon�gthe�gdeposition�gof�g
fibers�gin�ghuman�gairways�ghave�gbeen�gconducted.�gMarijnissen�get�gal.�g[ 9] �g
and�gMyojo �gand�gTakaya�g[ 10] �gused�gsimplified �gmodels�gof�ga�gbifurcation �g
for �gdeposition�gexperiments.�gThe�glatter �gexperimentally �gexamined�gthe�g
deposition�gof�gfibers�gin�gWeibel's�g[ 11] �gidealized�ggeometry�gup�gto�gthe�gfourth �g
generation�gof�gairway �gbranching,�geven�gwith �gcyclic�gbreathing.�gSu�gand�g
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Cheng�g[ 12] �gconducted�gexperimental�ginvestigations�gon�gthe�gdeposition�g
of�gcarbon�gfibers�gwith �glengths�granging�gfrom �g10�gto�g150�g� m,�gusing�ga�g
realistic �gairway �gmodel�gextending�gbeyond�gthe�gfourth �ggeneration.�gAt�ga�g
flow �grate�gof�g15�gl min*1 ,�gthe�gmajority �gof�gfibers�gwere�gdeposited�gin�gthe�g
upper�grespiratory �gtract, �gcomprising�gthe�goral�gcavity, �gpharynx,�gand�glarynx, �g
whereas�g63%�gpassed�gthrough �gthe�greplica�gwithout �gdeposition.�gAt�ghigher�g
flow �grates,�g43.5�gl min*1 �gand�g60�gl min*1 ,�gthe�gdeposition�grate�gincreased,�g
with �gthe�gfibers�gprimarily �gdeposited�gin�gthe�goropharynx �gand�glarynx. �gThe�g
deposition�gefficiency �gin�gthe�goral�gcavity �gwas�gsignificantly �glower �gthan�g
that �gin�gthe�gnasal�gcavity. �gThese�gfindings �gagree�gwith �gthe�gresults�gof�ga�glater�g
simulation �gstudy�gby�gFeng�get�gal.�g[ 13].

Subsequently,�gSu�gand�gCheng�g[ 14] �gdemonstrated�gthat �ginertial �gim-
paction�gwas�gthe�gdominant �gdeposition�gmechanism�gin�gthe�goral�gcavity. �g
Furthermore,�gZhou�get�gal.�g[ 15] �gperformed�gexperiments�gusing�gtwo �glung�g
models:�gone�gwith �gthe�goral�gcavity �ghalf �gopen�gand�gthe�gother�gfully �gopen,�g
where�gthe�gdegree�gof�gopening�ginfluenced�gthe�gangle�gof�gattachment�gto�g
the�goropharynx. �gSu�gand�gCheng�g[ 16] �gconducted�gexperiments�gusing�gthree�g
types�gof�gmaterials,�gnamely�gglass,�gTiO2,�gand�gcarbon�gfibers,�gat�gthree�g
distinct �ginhalation �gflow �grates.�gIn�gcontrast�gto�gtheir �gprevious�gstudies�g
focused�gon�gcarbon�gparticles,�gthe�gfibers�gexhibited �gminimal �gdeposition�g
within �gthe�gmodel,�girrespective�gof�gtheir �glength�gor�ginhalation �gflow �grate.�g
The�gauthors�gattributed �gthese�gresults�gto�gthe�grelatively �glow �gmomentum�gof�g
the�glightweight �gfibers,�gwhich �genabled�gthem�gto�gmore�geffectively �gfollow �g
airflow �gdynamics�gin�gthe�gairways.�gThey�gindicated �gthat �gthese�gfibers�gdo�g
not�gdemonstrate�ga�gsignificant �gdeposition�gwithin �gthe�gairways�gup�gto�gthe�g
third �ggeneration�gof�gbranching,�gthereby�gfacilitating �gtheir �gpenetration �g
deeper�ginto �gthe�glungs.�gIn�gcontrast,�gfibers�gwith �ggreater�gmomentum�gwere�g
observed�gto�gdeposit�gin�gthe�goral�gcavity, �gallowing �gfor �gpotential �gremoval�g
through �gswallowing.

B¥lka�get�gal.�g[ 17] �gexperimentally �ginvestigated�gthe�gdeposition�gof�gglass�g
fibers�gin�ga�grespiratory �gtract �greplica�gextending�gfrom �gthe�goral�gcavity �gto�gthe�g
7th�gbifurcation. �gThe�gfiber �gdeposition�gwithin �gthe�gmodel�gwas�gminimal, �g
with �gdeposition�gfractions�gof�g0.7%�gat�ga�gsteady�gflow �grate�gof�g15�gl min*1 ,�g
1.9%�gat�g30�gl min*1 ,�gand�g4.6%�gat�g60�gl min*1 .�gHigher�gdeposition�goccurred�g
in�gthe�goral�gcavity �gand�gmore�gcomplex�gsegments.

Lizal�get�gal.�g[ 18] �gconducted�gone�gof�gthe�grare�gexperimental�gstudies�g
focusing�gon�gthe�gvisualization �gof�gfiber �gmovement�gin�gthe�gsimplified �gmodel�g
of�gthe�grespiratory �gtract. �gThey�gproduced�ga�ghigh-speed�gcamera�grecording�g
of�gfibers�gat�gspecific�grecording�gframes�gin�ga�gstraight �gtube�gand�gupstream�g
and�gdownstream�gof�gthe�gbifurcation �gfor �gseveral�gflow �grates.�gA�grobust�g
statistical�gevaluation �gshowed�gtwo �gdominant �gorientations, �gparallel �gand�g
perpendicular �gto�gthe�gstreamlines,�gand�ga�gsignificantly �ghigher�gprobability �g
of�gflips �gdownstream�gof�gthe�gbifurcation �gthan�gthose�gin�gthe�gstraight �gtube.

In�gaddition �gto�gexperimental�gstudies,�gseveral�gresearchers�ghave�gstud-
ied�gfiber �gtransport�gand�gdeposition�gemploying �gcomputational �gfluid �gand�g
particle �gdynamics�g(CFPD)�gsimulations�gin�gsilico.�gThe�gavailable�gsimulation �g
approaches�gwere�gsummarized�gby�gFeng�gand�gKleinstreuer�g[ 19]. �gA�gpopular�g
choice�gis�gthe�gone-way�gcoupling �gsimplified �gEuler�Lagrangian �gapproach.�g
Here,�gthe�gfibers�gare�gtreated�gas�gdilute, �gand�grotational �gmovement�gis�g
neglected.�gThe�gprimary �ginfluence�gon�gthe�gtrajectory �gcomes�gfrom �gthe�g
computation �gof�gthe�gshape�gfactor�gCD �gwhere�geither�gempirical �gcorrelations�g
(e.g.,�gLasso�gand�gWeidman�g[ 20], �gHaider�gand�gLevenspiel�g(H�L) �g[ 21], �g
Tran-Cong�g(T-C)�g[ 22]), �gor�gtheoretical �gformulations �g(Stober�g[ 23]) �gare�g
used.�gInthavong�g[ 24] �gcompared�gthe�gH�L �gand�gT-C�gmodels�gin�gsimulating �g
the�gnasal�gcavity �gat�ga�grather�glow �gflow �grate�gof�g7.5�gl min*1 �gand�gshowed�g
good�gagreement�gfor �gparticles�gsmaller�gthan�g100�g�m .�gThis�gstudy�gwas�g
extended�gby�gFarkas�get�gal.�g[ 25] �gto�ga�grealistic �gmale�gmodel�gusing�gthe�gsame�g
airway �greplica�gas�gthat �gused�gby�gBelka�get�gal.�g[ 17] �gfor �gthree�gstationary �g
flow �grates.�gChen�get�gal.�g[ 26] �ginvestigated�ga�gsingle�gidealized�gbifurcation �g
under�gsteady�glaminar �gflow �gconditions. �gThey�gshowed�gthat �ggravity �gaffects�g
the�gdeposition�gcharacteristics.�gOrientations�gof�gdeposited�gfibers�gwere�g
obtained�gfrom �gmicrographs.�gThe�gprevalent�gorientation �gwas�gparallel �g
with �gdeviations�gmainly �gin�gthe�gbifurcations �gemphasizing�gthe�geffect�gof�g
interception. �gSupporting�gnumerical �gsimulations�gused�gequivalent�gsphere�g
approaches.

With �gthe�gincrease�gin�gcomputational �gpower�gin�grecent�gdecades,�gmeth-
ods�gthat �gaccount�gfor �grotational �gmotion �ghave�gbeen�gused�gaccordingly. �g
Tian�get�gal.�g[ 27] �gpresented�gthe�gEuler�Lagrange�gEuler-Rotation�g(ELER)�g
approach�gand�gvalidated �git �gby�gmeans�gof�gthe�gdeposition�gfraction �gin�ga�g
straight �gtube�gfor �glow �gReynolds�gnumbers.�gIn�ga�gfollow-up �gstudy,�gthis�g
team�g[ 28] �gnumerically �ginvestigated�gcarbon�gfibers�gin�gthe�grange�gof�gas-
pect�gratio �g1 < � < 80�gon�ga�gmore�gextensive�gidealized�gmodel,�gfrom �g
the�gtrachea�gto�gthe�gthird �gbifurcation, �gand�gshowed�gdifferent �grotational �g
behaviors�gwhen�gpassing�gthe�gbifurcations. �gShanley�get�gal.�g[ 29] �gdeployed�g
ELER�gin�ga�grealistic �gnasal�gairway �gmodel�gunder�gsteady�glaminar �gconditions�g
and�gproposed�gtwo �gempirical �gmodels�gfor �gpressure�gdrop�gand�gdeposition�g
efficiency.

Shachar-Berman�get�gal.�g[ 8] �ginvestigated�gthe�gtotal �gbreathing�gmaneuver�g
mimicking �gthe�gDry�gPowder�gInhaler �g(DPI)�gprofile �gwith �ga�gpeak�gflow �grate�g
of�g90�gl min*1 �gfor �gan�gaverage�gadult �gin�ga�gsemi-realistic�gmodel�gup�gto�gthe�g
9th�ggeneration�gof�gbranching,�gand�gideal�gfiber �gdimensions�gfor �gmedical�g
treatment�gwere�gsuggested.�gLi�get�gal.�gmade�gsignificant �gcontributions �gto�g
the�gELER�gmodeling�gof�gnon-spherical�gparticles�gin�gthe�grespiratory �gtract. �g
In�gtheir �ginitial �gstudy�g[ 30], �gthey�gsimulated�gfiber �gtransport�gin�ga�greal-
istic�gnasal�gcavity, �gdemonstrating�gcomplex�gtranslational �gand�grotational �g
behavior.�gWhile �gthe�gfibers�gwere�ggenerally�galigned�gwith �gstreamlines,�g
occasional�gquick�gflips �gwere�gobserved.�gSubtle�gdeviations�gin�gtrajectory �g
and�grotation �gcan�gsignificantly �gimpact�gdeposition�gpatterns,�ghighlighting �g
the�gimportance�gof�gaccurate�ginterception �gmodeling.�gIn�ga�gfollow-up �gstudy,�g
Li�get�gal.�g[ 31] �ginvestigated�gthe�geffects�gof�gshear-induced�glift �gforces�gon�g
non-spherical�gparticles�gin�ga�gcircular �gduct.�gThis�gforce�gcaused�ga�glateral �g
drift, �gpotentially �gdominating �gthe�gdeposition�gforces�gand�gemphasizing�gthe�g
importance�gof�gits�gconsideration.�gIn�gtheir �gmost�grecent�gstudy,�gLi�get�gal.�g[ 32] �g
numerically �ginvestigated�gfiber �gtransport�gand�gdeposition�gin�gan�gextended�g
human�gairway �gmodel�gup�gto�gthe�g15th �ggeneration,�gwhich �gis�ga�grare�gscope�g
for �gsuch�gstudies.�gThe�gevaluation �gof�gthe�gdeposition�gfor �gthree�gdifferent �g
aspect�gratios�gconfirmed �gthe�gsignificance�gof�gboth�gthe�gaspect�gratio �gand�g
aerodynamic�gdiameter�gin�ginfluencing �gthe�gdeposition�gcurves.

Kiasadegh�get�gal.�g[ 33] �gcompared�gsteady�gand�gcyclic�gregimes�gin�ga�greal-
istic�gmodel�gof�ga�g24-year-old�gfemale�gairways�gdown�gto�gthe�gtrachea.�gThey�g
emphasized�gthe�gimportance�gof�gtransient�gsimulation, �gshowing�gsignificant �g
differences�gin�gdeposition�gfractions�gand�gpenetration �gdepth�gcompared�g
with �gsteady-state�gsimulations,�gespecially�gfor �gfibers�gheading�gdeeper�ginto �g
the�glungs.�gIn�gthat �gstudy,�ga�gsinusoidal�ginspiration �gprofile �gwas�gprescribed.�g
Tavakol�get�gal.�g[ 34] �ginvestigated�gfiber �gdeposition�gin�gnasal�gcavities�gus-
ing�gthe�gELER�gmethod�gcoupled�gwith �gReynolds�gAveraged�gNavier�Stokes�g
(RANS)�gsimulations,�gincorporating �grandom�gwalk �gmodels�gto�gaccount�gfor �g
turbulent �gfluctuations �gunder�gsteady�gflow �gconditions. �gIn�ga�gconsecutive�g
study,�gAbolhassantash�get�gal.�g[ 35] �gdeployed�gforce�gformulations �gfor �gnon-
creeping�gflow �gconditions, �gderived�gby�gZastawny�get�gal.�g[ 36] �gand�gOuchene�g
et�gal.�g[ 37], �gand�gcompared�gthem�gwith �gconventional �gcreeping�gflow �gfor-
mulations �gwithin �gthe�gELER�gframework �gfor �gsimulations�gin�ga�gfemale�g
nasal�gpassage�gunder�gsteady�gconditions. �gGreater�gdifferences�gbetween�gthe�g
non-creeping�gand�gcreeping�gformulations �gwere�gobserved�gfor �gflow �grates�g
above�g20�gl min*1 �gand�gwith �gincreasing�gfiber �gaspect�gratio. �gFurthermore,�g
a�gcomprehensive�gcomparison�gof�gdifferent �grandom�gwalk �gmodels�gused�g
in�gconjunction �gwith �gRANS�gsimulations�gwas�gconducted�gby�gMofakham�g
et�gal.�g[ 38]. �gFinally, �grecent�gprogress�gin�gthe�gcomputational �gmodeling�gof�g
fiber �gtransport�gwas�gsummarized�gby�gTian�gand�gAhmadi�g[ 39].

Most�gof�gthe�gaforementioned�gstudies�ghave�gbeen�geither�gexperimental�g
or�gnumerical. �gIn�gcontrast,�gour�gcombined�gexperimental�gand�gcomputa-
tional �gresearch�gnot�gonly �gallows�gfor �ga�gcomparison�gof�gthe�gtotal �gdeposition�g
in�geach�gsegment�gof�gthe�gairways�gbut�galso�genables�ga�gbroader�ganalysis�g
depending�gon�gthe�gfiber �gdimensions.�gThe�gutilization �gof�gfemale�greal-
istic�ggeometry�gwith �ga�grealistic �ginspiration �gcycle�genables�gfocusing�gon�g
the�gdifferences�gcompared�gto�gmale�ggeometry,�gwhich �ghas�gbeen�gcom-
monly �gstudied�gin�gthe�gpast.�gBuilding �gupon�gthe�gprevious�gstudies�gof�gHenn�g
et�gal.�g[ 40] �gand�gPrinz�get�gal.�g[ 41], �gthis�gstudy�gextends�gthe�gapplication �g
of�gthe�gLattice�gBoltzmann�gMethod�g(LBM)�gbeyond�gspherical�gparticles.�g
Specifically,�gthe�gELER�gapproach�gis�gemployed�gas�gthe�gparticle �gtracking �g
algorithm �gand�gcoupled�gwith �gthe�gLBM�gto�gsimulate�gthe�gtransport�gand�g
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Fig.�g1.�gSchematic�gof�gthe�gexperimental�gsetup�gused�gto�ginvestigate�gfiber �gdeposition�gin�ga�grealistic�gfemale�gairway �gmodel.

deposition�gof�gfibrous�gparticles.�gThis�gnovel�gcombination �gallows�gfor �ga�g
more�gaccurate�grepresentation�gof�gfiber �gdynamics�gcompared�gwith �gsimpli-
fied�gmodels,�gparticularly �gin�gcomplex�gflow �gregimes�gfound�gin�gbifurcations. �g
Specifically,�gwe�gaim�gto�ganswer�gthe�gfollowing �gresearch�gquestions:

What�gis�gthe�gdistribution �gof�gdeposited�ginhaled�gfibers�gwithin �gvarious�g
segments�gof�gthe�gfemale�grespiratory �gtract?�gWhat�gis�gthe�ginfluence�gof�g
fiber �gdimensions�g(length �gand�gdiameter)�gon�gthe�gdeposition�gpatterns?�g
How�gdo�gthe�gexperimental�gresults�gcompare�gto�gthe�gnumerical �gsimulations�g
using�gthe�gLBM-ELER�gapproach,�gand�gwhat �gare�gthe�gpotential �gsources�gof�g
discrepancies?�gHow�gdoes�gparticle �grelease�gtime �gduring �gthe�ginspiration �g
cycle�gaffect�gthe�gdeposition�gfraction �gand�glocation?

The�gremainder�gof�gthis�gpaper�gis�gorganized�gas�gfollows. �gSection�g2�g
describes�gthe�gexperimental�gsetup�gand�gnumerical �gmethods�gemployed,�gin-
cluding �gthe�gLBM-ELER�gapproach�gand�ggeometry�gused.�gSection�g3�gpresents�g
the�gresults�gof�gboth�gthe�gexperimental�gand�gnumerical �ginvestigations,�g
followed �gby�ga�gdiscussion�gcomparing�gthe�gtwo �gapproaches�gand�ganalyzing�g
the�ginfluence�gof�gfiber �gdimensions�gand�grelease�gtime. �gSection�g4�gdiscusses�g
the�glimitations �gof�gthe�gcurrent �gstudy.�gSection�g5�gsummarizes�gthe�gkey�g
findings �gand�gconcludes�gthe�gstudy.

2.�gMethods

2.1.�gExperimental�gsetup

This�gsection�gdescribes�gthe�gexperimental�gsetup�gused�gto�ginvestigate�gthe�g
deposition�gof�gglass�gfibers�gin�ga�grealistic �gfemale�gairway �gmodel.�gThe�gscheme�g
of�gthe�gexperimental�gsetup�gis�gshown�gin�gFig.�g�g1�gand�gdescribed�gin�gdetail �g
below.

Polydisperse�gglass�gfibers�gwith �gdiameters�granging�gfrom �g1�gto�g10�g�m
and�glengths�granging�gfrom �g5�gto�g100�g�m �gwere�gused�gin�gthe�gexperiments.�g
The�gsamples�gwere�gobtained�gby�gcrushing�gglass�gwool �g(Supafil�gLoft,�gKnauf�g
Insulation �gGmbH)�gin�ga�gcrusher.�gThe�gfibers�gwere�gmixed�gwith �gglass�gbeads�g
(Ballotini �gImpact�gBeads,�gPotter�gIndustries�gInc.)�gand�gsieved�gto�gimprove �g
the�gensuing�gdeagglomeration�gand�gdispersion�gof�gfibers�gwithin �gthe�gairway �g
replica.�gThe�gmixture �gconsisted�gof�g2%�gfibers�gand�g98%�gbeads.

The�gprepared�gmixture �gof�gglass�gfibers�gand�gbeads�gwas�gintroduced �ginto �g
the�gexperimental�gsetup�gusing�ga�ghopper,�gas�gshown�gin�gFig.�g�g1.�gFrom�gthe�g
hopper,�gthe�gmixture �gflowed �ginto �ga�grotary �gfeeder,�gwhich �gdelivered�git �gto�g
a�gfluidized-bed �gdisperser.�gWithin �gthe�gdisperser,�gthe�gfibers�gand�gbeads�g
were�gseparated,�gand�gthe�gaerosolized�gfibers�gwere�gthen�gtransported�gto�ga�g
charge�gequilibrator �g(NEKR-10,�gEckert�gand�gZiegler�gCESIO)�gto�gneutralize�g

their �gelectrostatic�gcharges.�gThe�gneutralized�gfibers�gwere�gsubsequently�g
conveyed�gto�gthe�gairway �greplica�gthrough �ga�gtube�gconnected�gto�gthe�gair�g
intake�gand�gexhaust�gsystem�gof�gthe�glaboratory. �gThis�gconnection�gensured�g
a�gcontrolled �genvironment �gand�gprevented�gthe�gleakage�gof�gfibers�ginto �gthe�g
laboratory.

A�grealistic �greplica�gof�gthe�gfemale�gairway, �gused�ghere�gfor �gthe�gfirst �gtime, �g
was�gemployed�gin�gthis�gstudy.�gIt �gwas�gderived�gby�gapplying �ga�guniform �g
linear �gscaling�gfactor�gof�g0.88�gto�ga�gpreviously �gvalidated �gmale�gairway �g
model�g[ 17,42]. �gThis�gfactor�gwas�gdetermined�gthrough �ga�gcomparative�g
analysis�gof�gkey�ganatomical�gdimensions�greported�gin�gthe�gliterature �gfor �g
representative�gadult �gmale�gand�gfemale�grespiratory �gtracts�g[ 43� 45]. �gSpecif-
ically, �gmetrics�gsuch�gas�gtracheal�glength�gand�gmean�gluminal �gcross-sectional�g
area�gserved�gas�gprimary �gparameters�gconsidered�gin�gderiving �gthis�gaverage�g
scaling�gfactor�gto�grepresent�goverall �gsize�gdifferences�gbetween�gthe�gsexes.�g
The�greplica�gspans�gfrom �gthe�goral�gcavity �gto�gthe�gseventh�ggeneration�gof�gthe�g
lung�gbifurcation, �gand�gthe�gremainder�gof�gthe�glung�gis�greplaced�gby�goutput �g
filters. �gThe�gmodel�gwas�gcapable�gof�gsimulating �gbreathing�gpatterns�gusing�gan�g
original �gbreathing�gsimulator, �gwhich �greproduced�gthe�gspecific�gpatterns�gof�g
the�gfive�glung�globes:�gthe�gright �gupper�globe�g(RUL),�gright �gmiddle �globe�g(RML),�g
right �glower �globe�g(RLL),�gleft �gupper�globe�g(LUL),�gand�gleft �glower �globe�g(LLL).�g
A�gmodel�gof�gthe�ggeometry�gwith �gits�gsegmentation�gis�gdepicted�gin�gFig.�g�g2.�g
To�genhance�gparticle �gadhesion�gand�gbetter�gsimulate�gthe�gtrapping �geffect�gof�g
the�gmucus�glayer�gfound�gin�gvivo, �gthe�ginner �gsurfaces�gof�gthe�gairway �greplica�g
were�gcoated�gwith �ga�gthin �glayer�gof�gsilicone�goil �gprior �gto�geach�gexperimental�g
run.�gThis�gsurface�gtreatment�gis�ga�gcommon�gpractice�gin�gsimilar �gin�gvitro �g
deposition�gstudies�g[ 16,17].

To�gthe�gbest�gof�gour�gknowledge,�gexperimental�gdata�gon�gfiber �gdeposition�g
during �grealistic �gfemale�ginspiration �gare�gnot�gavailable�gin�gthe�gliterature; �g
therefore,�gwe�gconducted�gexperiments�gto�gfill �gthis�ggap.�gThe�grealistic �g
breathing�gprofiles�gused�gin�gthis�gstudy�g(see�gFig.�g�g3)�gwere�gderived�gfrom �g
the�gdata�gpresented�gin�gthe�gAnnals�gof�gthe�gICRP�g[ 46]. �gSpecifically,�gwe�g
scaled�gdown�gthe�gvalues�greported�gin�g[ 46] �gby�ga�gfactor�gof�g0.8,�gbased�gon�g
a�gcomparison�gof�gthe�gtidal �gvolumes�gfor �gthe�gmale�gand�gfemale�ggeometries�g
in�g[ 46] �gand�gthe�grealistic �gmale�gairway �gmodel�gfrom �gwhich �gthe�gcurrent �gfe-
male�ggeometry�gwas�gderived�g[ 17]. �gThe�gdistribution �gof�gflow �grates�gamong�g
the�glung�globes�gwas�gadapted�gfrom �gJahani�get�gal.�g[ 47], �gwho�ganalyzed�g
four-dimensional �gcomputed�gtomography�gdata�gof�gsix�gbreathing�gcycles�g
averaged�gover�gone�gminute �gfrom �ghealthy�gvolunteers�g(50%�gwomen).

The�gairway �greplica�gwas�gthen�gexposed�gto�gaerosolized�gfibers.�gAfter �g
exposure,�gtwo �gtypes�gof�gsamples�gwere�gcollected:�g(a)�gsamples�gfrom �gthe�g
output �gfilters, �gwhich �gcaptured�gthe�gfibers�gthat �gpassed�gthrough �gthe�gentire�g
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Fig.�g2.�gSegmentation�gof�gthe�grealistic�gfemale�gairway �ggeometry�gwith �gcorresponding�g
segment�gnumbers.�gEach�gcolor�grepresents�ga�gdifferent �gairway �ggeneration,�gas�gindicated�g
in�gthe�glegend.

Fig.�g3.�gFlow�grate�gprofiles�gfor�geach�glung�globe�gduring �gthe�ginspiration �gcycle�g[ 46,47].

replica,�gand�g(b)�gsamples�gobtained�gfrom �geach�gindividual �gsegment�gof�g
the�greplica.�gTo�gcollect�gthe�gfibers�gdeposited�gwithin �gthe�greplica,�git �gwas�g
first �gdisassembled.�gEach�gsegment�gwas�gthen�gplaced�gin�ga�gbeaker�gand�g
immersed�gin�gisopropanol.�gThe�gbeaker�gwas�gplaced�gin�gan�gultrasonic �gbath�g
to�gdislodge�gany�gfibers�gadhering�gto�gthe�gsegment�gwalls.�gThis�gprocess�g
created�ga�gsuspension�gof�gfibers�gin�gisopropanol.

To�ganalyze�gthe�gfibers,�gthe�gsuspension�gwas�gfiltered �gthrough �gnitro-
cellulose�gmembrane�gfilters �gusing�ga�gvacuum�gfiltration �gpump.�gThe�gfilters �g
were�gthen�gdried�gand�gmade�gtransparent�gby�gplacing�gthem�gon�ga�gglass�gslide�g
using�gan�gacetone�gvaporizer�g(QuickFix, �gEMS,�gUSA).�gSamples�gfrom �gthe�g

output �gfilters �gwere�gmade�gtransparent�gin�gthe�gsame�gmanner.�gEach�gsample�g
was�gthen�gmanually �gevaluated�gunder�ga�gphase-contrast�gmicroscope�g(Nikon �g
Eclipse�gE200,�gNikon, �gTokyo,�gJapan)�gusing�ga�g40x�gobjective�gand�gWalton-
Beckett�ggraticule �g(cf.�grepresentative�gsample�gFig.�g�gA.22�gin�gAppendix).�g
Fiber�gcounting �gwas�gperformed�gaccording�gto�ga�gmethod�gbased�gon�gthe�g
WHO�gguidelines�g[ 48]. �gTo�gensure�ga�grepresentative�gcount,�g20�grandomly �g
selected�gareas�gwere�ganalyzed�gfor �geach�gsample.�gBecause�gof�gthe�gpoly-
dispersity�gof�gthe�gfibers,�gthe�gdiameter�gand�glength�gof�geach�gfiber �gwere�g
measured�gand�grecorded�gfor �gfurther �ganalysis.

2.2.�gNumerical�gsimulation�gsetup

This�gsection�goutlines�gthe�gnumerical �gmethods�gused�gto�gsimulate�gthe�g
transport�gand�gdeposition�gof�gfibers�gwithin �gthe�gfemale�gairway �gmodel.�g
Particle�gtransport�gand�gdeposition�gwere�gnumerically �gsimulated�gusing�g
Computational �gFluid �gand�gParticle�gDynamics�g(CFPD).�gThe�gsolution �gwas�g
divided �ginto �gtwo �gparts�g� �gthe�gfluid �gflow �gsolution �gand�gparticle �gmotion �g
solution �g� �gcoupled�gwith �gthe�gvelocity �gfield �gdata,�gas�gdescribed�gbelow.�gThe�g
simulation �gis�gconsidered�gas�gone-way�gcoupling, �gand�gthe�gdiscrete�gphase�g
represented�gby�gthe�gparticles�gis�gdilute �gwith �ga�gvery�glow �gvolume�gfraction �g
(approximately �g10* 8)�gand�ghence�gdoes�gnot�gaffect�gthe�gflow �gfield.

2.2.1.�gFluid�gphase
Fluid �gflow �gmodeling�gis�gbased�gon�gthe�gLattice�gBoltzmann�gMethod�g(LBM),�g

a�gmesoscopic�gnumerical �gapproach�gto�gtransport�gproblems�gbased�gon�ga�g
discretization �gof�gthe�gBoltzmann�gequation�g[ 49]. �gDue�gto�gits�galgorithmic �g
structure,�gthe�gLBM�gis�guniquely �gsuited�gfor �ghighly �gparallel �gexecution�g
on�gstate-of-the-art�ghigh-performance�gcomputers�g[ 50]. �gSpecifically,�git �gis�g
an�gefficient �galternative �g[ 51] �gto�gconventional �gfinite-volume �gmethods,�g
providing �g32-fold �gperformance�gimprovements�gcompared�gto�gOpenFOAM�g
when�gfixing �gthe�gnumerical �gerror �gin�ga�gfair �gcomparison�gof�gan�gindustrial �g
reference�gcase.

In�gLBM,�gthe�gspatial�gsimulation �gdomain�gis�gdiscretized�gby�ga�gregular�glat-
tice�gon�gwhich �gpopulations�gf . ’x; ’�; t /,�gdescribing�gthe�gstate�gof�gthe�gsystem,1�g
propagate�galong�gdiscrete�gvelocities�g’c i �gfollowing �ga�gso�gcalled�gcollision �g
step�gthat �grelaxes�gthe�gper-cell�gpopulations�gtowards�gtheir �gmacroscopic�g
equilibrium �gdistribution: �g

f i . ’x + ’c i �t; t + �t / =
�

1 *
�t
�

�
f i . ’x; t / +

�t
�

f .eq/
i . ’x; t /; Åi Ë ê0;18ë: (1)

Here,�g’c i �gdenotes�gthe�gdiscrete�gvelocity �gstemming�gfrom �gthe�gvelocity �g
set�gD3Q19,�gf .eq/

i �gis�gthe�gequilibrium �gdistribution �gfunction �gand�g� �gthe�g
relaxation �gtime �gin�gthe�gBhatnagar�Gross�Krook �g(BGK)�gcollision �goperator�g
resolving�gthe�gparticle �ginteractions. �gThis�gequation�gcan�gbe�gdivided �ginto �g
two �gsteps,�gcollision �gand�gstreaming.

f coll
i . ’x; t /:=

�
1 *

�t
�

�
f i . ’x; t / +

�t
�

f .eq/
i . ’x; t /; (2)

f str
i . ’x + ’c i �t; t + �t /:= f coll

i . ’x; t /: (3)

Macroscopic�gquantities�gare�gcomputed�gusing�gdiscrete�gvelocity �gmoments�g

� . ’x; t / =
É

i

f i ; ’u . ’x; t / =
1
�

É

i

f i
’� i ; p. ’x; t / =

�
c2
s

; (4)

where�g� �gdenotes�gthe�gdensity�gof�gthe�gfluid, �g’u �gdenotes�gthe�gmacroscopic�g
velocity, �gp�gdenotes�gthe�gpressure,�gand�gcs�gdenotes�gthe�gspeed�gof�gsound.�g
The�gChapman-Enskog�gexpansion�g[ 52] �gcan�gbe�gused�gto�gdemonstrate�gthe�g
convergence�gof�gthis�gmethod�gto�gsolutions�gof�gthe�gincompressible�gNavier�
Stokes�gequations,�gjustifying �gits�guse�gin�gthe�gpresent�gapplication.

To�gmodel�gturbulent �gphenomena,�ga�gLarge�gEddy�gSimulation �g(LES)�g
with �gthe�gSmagorinsky�gsubgrid-scale�g(SGS)�gmodel�g[ 53] �gwas�genabled�g
(further �gimplementation �gdetails�gare�gprovided �gin�g[ 41]). �gThe�gSmagorinsky�g
constant�gwas�gassigned�gthe�gcommon�gvalue�gof�g0.1.�gLES�gprovides�gthe�g
time-varying �glarge-scale�gturbulent �gvelocity �gfields,�gwhich �gcan�gcapture�g

1 f . ’x; ’�; t /�gexplicitly �gdescribes�gthe�gprobability �gof�gthe�gtotal �gmass�gof�gparticles�g
in�gposition �g’x �gwith �gmicroscopic�gvelocity �g’� �gin�gtime�gt.
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the�gmajority �g(e.g.,�g> 80~)�gof�gthe�gturbulent �gkinetic �genergy�gin�gwell-
resolved�gsimulations�g[ 54]. �gThe�ginfluence�gof�gsmaller�gsubgrid�geddies�gon�g
particle �gdispersion�gis�gcommonly�gaccounted�gfor �gin�gRANS�gsimulations�g
through �gmodels�gsuch�gas�grandom�gwalk �gapproaches�g[ 55]. �gFor�gLES,�gwhile �g
SGS�gturbulent �gdispersion�geffects�gcan�gbe�gmodeled,�gtheir �gimpact�gon�gthe�g
deposition�gof�gmicrometer-sized�gparticles�ghas�gbeen�greported�gas�grelatively �g
small�gin�gcertain�gcontexts�g(e.g.,�g[ 56,57]. �gConsequently,�gexplicit �gmodeling�g
of�gSGS�gparticle �gturbulent �gdispersion�ghas�goften�gnot�gbeen�gincluded �gin�gLES�g
studies�gof�gairflow �gand�gdeposition�gin�gthe�grespiratory �gtract �g[ 58]. �gSupport-
ing�gthis�gapproach,�gKoullapis�get�gal.�g[ 59] �gdemonstrated�gin�ga�gbenchmark�g
comparison�gthat �gLES�gmodels�gwithout �gexplicit �gSGS�gturbulent �gdispersion�g
for �gparticles�gachieved�greasonable�gaccuracy�gagainst�gexperimental�gdata�g
for �gregional�gdeposition�gin�ghuman�gairways.�gBased�gon�gthese�gconsidera-
tions�gfrom �gthe�gliterature �gand�gthe�gcommon�gpractice�gin�gthe�gfield, �gexplicit �g
modeling�gof�gSGS�gturbulent �gdispersion�geffects�gon�gparticle �gtrajectories�gwas�g
not�gincluded �gin�gthe�gpresent�gstudy,�gthough�git �gremains�gan�gimportant �garea�g
for �gfuture �gresearch.

A�gpressure�gboundary�gcondition, �gas�gproposed�gby�gSkordos�g[ 60], �gwas�g
imposed�gat�gthe�gmouth �ginlet. �gAt�gthe�goutlets,�guniform �gvelocity �gboundary�g
conditions, �gas�gproposed�gby�gSkordos�g[ 60], �gwere�gprescribed,�gwith �gtime-
dependent�gvelocities�gcalculated�gfrom �ga�grealistic �ginspiration �gprofile �g(Fig.�g
3)�gand�gthe�gcorresponding�gtidal �gvolume�gdistributions. �gVelocities�gwere�g
implemented�gusing�ga�glinear �ginterpolation �gscheme.�gTwo�gconsecutive�g
inhalations �gwere�gsimulated�gwith �ga�greduced�ghold-up�gtime �gof�g0.25�gs�g
between�gthem.�gEach�glung�globe�gin�gour�gmodel�gcontains�gtwo �gfunnels,�g
which �gare�gconnected�gto�gthe�grespective�globe�gpistons�gof�gthe�gbreathing�g
simulator. �gThe�gflow �grate�gdistribution �gbetween�gthe�gfunnels�gin�gthe�gsimu-
lation �gwas�gset�gbased�gon�gthe�gexperimental�gmeasurements.�gTo�greduce�gthe�g
computational �gcost,�gthe�gsimulation �gdid �gnot�ginclude�gthe�gconnection�ghoses�g
and�gpistons.�gThe�ginterpolated �gbounce-back�gscheme�gat�gairway �gwalls�gby�g
Bouzidi�g[ 61] �gwas�gemployed�gto�gensure�gsecond-order�gconvergence�gand�g
resolve�gthe�ghighly �gcurved�gcomplex�ggeometry�gfeatures.�gThe�gsuitability �gof�g
this�gboundary�gcondition �gis�gsupported�gby�gthe�gflow �gregime;�gthe�gReynolds�g
number�g(Re)�gin�gthe�gmain�gbifurcation �greaches�ga�gmaximum �gof�gapproxi-
mately�g3030�gat�gthe�gpeak�gflow �grate,�gindicating �gflow �gregime�gtransiting �gto�g
turbulent �gat�gits�gmaximum �grather�gthan�ga�ghighly �gturbulent �gstate.�gWhile �g
resolving�gthe�gviscous�gsublayer�gaccurately�gcan�gbe�gchallenging�gwith �gthis�g
method�gin�ghighly �gturbulent �gflows,�git �gprovides�gacceptable�gaccuracy�gfor �g
the�gconditions�gsimulated�ghere.�gThis�gapproach�ghas�galso�gbeen�gsuccessfully�g
deployed�gin�gsimilar �gLBM�gairway �gsimulations�gby�gLintermann �get�gal.�g[ 62].

2.2.2.�gParticle�gphase
The�gmotion �gof�gthe�gfibers�gwas�gcomputed�gusing�gthe�gELER�gmethod,�g

as�gpresented�gby�gTian�get�gal.�g[ 27]. �gThis�gis�gan�gextension�gof�gthe�gclassical�g
Lagrangian�gapproach,�gwhich �gaccounts�gfor �gthe�gorientation �gand�grotational �g
movement�gof�gthe�gfibers�gby�gsolving�gEuler's�gequations.�gTherefore,�gthis�g
method�gis�gmore�gaccurate�gthan�gother�gmethods�gthat �guse�gan�gequivalent�g
diameter,�gwhere�gthe�gexact�gorientation �gis�gneglected.

For�gthe�gnumerical �gcomputation �gof�gforces�gand�gtorques,�gfiber �gorienta-
tion �gis�gcrucial. �gFor�gclarity, �gthree�gcoordinate�gsystems�gare�gused.

* the�glaboratory �gcoordinate�gsystem�g(xyz),
* the�gparticle �gco-moving�gcoordinate�gsystem�g(x¨y¨z¨)�galigned�gwith �g

the�glaboratory �gcoordinate�gsystem�gwith �gits�gorigin �gat�gthe�gparticle's�g
center�gof�gmass,�gand

* the�gparticle �gcoordinate�gsystem�g(x¨¨y¨¨z¨¨)�gwhere�gthe�gz¨¨�gaxis�gis�g
aligned�gparallel �gto�gthe�gaxis�gof�gsymmetry�gof�gthe�gspheroid.

The�gfibers�gare�gapproximated�gby�gprolate�gspheroids�g(i.e.,�gprolate�gellipsoids�g
generated�gby�grotating �gan�gellipse�garound�gits�gmajor�gaxis),�gas�gshown�gin�gFig.�g
4(a).

The�gtransformation �gbetween�gthe�gco-moving�gand�gparticle �gframe�gof�g
reference�gis�ggiven�gby�g

’x ¨ = A ’x ¨¨ (5)

where�gA�gdenotes�ga�gtransformation �gmatrix. �gA�gcan�gbe�gexpressed�gin�gtwo �g
ways,�gusing�gEuler's�gangles�gor�gEuler's�gquaternions.�gFor�gnumerical �gpur-
poses,�gEuler's�gquaternions�g(x-convention) �gare�gmore�gsuitable�gfor �gyielding �g
convergence�gin�gall �gsituations�gin�gcontrast�gto�gEuler's�gangles�g[ 63]. �gThese�g
are�gdefined�gby�gfour �gparameters�g." 1; "2; "3; � /�gin�grelation �gto�ga�gunit �gvector�g
that �gdetermines�gthe�grotational �gaxis�g’i�gand�grotation �gangle�g
 �gusing�gthe�g
following �gdefinitions: �g

`
r
r
p

" 1
" 2
" 3

a
s
s
q

= ’i sin
� 


2

�
; � = cos

� 

2

�
; (6)

as�gshown�gin�gFig.�g�g4(b).�gThe�gtransformation �gmatrix �gA�gis�ggiven�gby�gthe�g
relation �g

A =
`
r
r
p

1 * 2. " 2
2 + " 2

3/ 2." 1" 2 + " 3� / 2." 1" 3 * " 2� /
2." 2" 1 * " 3� / 1 * 2. " 2

3 + " 2
1/ 2." 2" 3 + " 1� /

2." 3" 1 + " 2� / 2." 3" 2 * " 1� / 1 * 2. " 2
1 + " 2

2/

a
s
s
q

: (7)

The�gtime �gevolution �gof�gthe�grotation �gis�gexpressed�gby�gEuler's�gquaternions,�g
as�gfollows: �g
`
r
r
r
r
p

d" 1_dt
d" 2_dt
d" 3_dt
d� _dt

a
s
s
s
s
q

=
1
2

`
r
r
r
r
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�! x¨¨ * " 3! y¨¨ + " 2! z¨¨

" 3! x¨¨ + �! y¨¨ * " 1! z¨¨

* " 2! x¨¨ + " 1! y¨¨ + �! z¨¨

* " 1! x¨¨ * " 2! y¨¨ * " 3! z¨¨

a
s
s
s
s
q

; (8)

where�g! i ; i = x¨¨; y¨¨; z¨¨,�gdenotes�gthe�gspatial�gcomponent�gof�gthe�gangular�g
velocity �g’! .

The�ggoverning�gequation�gfor �gthe�gtranslatory �gmotion �gis�g

mp
d’v
dt

= mp ’g + ’FD + ’FL ; (9)

where�g’v �gis�gthe�gvelocity �gof�gthe�gmass�gcenter�gof�gfiber, �g’g �gthe�ggravitational �g
acceleration,�g’FD �gthe�ghydrodynamic �gdrag�gforce,�g’FL �gthe�gshear-induced�g
lift �gforce�gand�gmp�gis�gthe�gmass�gof�gthe�gfiber �ggiven�gby�g

mp =
4
3

�ab 2� p: (10)

Here,�g� p�gdenotes�gthe�gfiber �gdensity,�ga�gthe�gsemi-major�gparticle �gaxis,�gand�g
b�gthe�gsemi-minor�gparticle �gaxis.�gBecause�gof�gthe�gfiber �gdimensions�gand�gthe�g
flow �gregime�gconsidered�gin�gthis�gstudy,�gother�gforces,�gsuch�gas�gthe�gBrownian �g
force�gand�gvirtual �gmass�gforce,�gwere�gneglected.

The�gequations�ggoverning�gthe�grotation �gare�g

I x¨¨
d! x¨¨

dt
* ! y¨¨ ! z¨¨ .I y¨¨ * I z¨¨ / = Tx¨¨

I y¨¨

d! y¨¨

dt
* ! x¨¨ ! z¨¨ .I z¨¨ * I x¨¨ / = Ty¨¨

I z¨¨
d! z¨¨

dt
* ! y¨¨ ! x¨¨ .I x¨¨ * I y¨¨ / = Tz¨¨ ;

(11)

I i �gare�gthe�gspatial�gcomponents�gof�gthe�gmoment�gof�ginertia �gmatrix �gin�gthe�g
particle �gframe�gof�greference:�g

I x¨¨ = I y¨¨ =
4�
15

� .� 2 + 1/b5� p; I z¨¨ =
8�
15

b5� p: (12)

This�gcoordinate�gsystem�gcoincides�gwith �gthe�gprincipal �gaxis�gof�gthe�gspheroid,�g
and�gthe�gnon-diagonal�gelements�gin�gI �gare�gzero,�gwhich �gsimplifies �gEq.�g(11).�g
Ti �gare�gthe�gspatial�gcomponents�gof�gthe�ghydrodynamic �gtorque�gacting�gon�gthe�g
fiber �gand�g� = a_b�gis�gthe�gaspect�gratio.

The�ghydrodynamic �gdrag�gforce�g’FD �gis�gcomputed�gusing�gthe�gexpression�g
by�gBrenner�g[ 64] �gvalid �gfor �gStokes�gflows:�g

’FD = ��b K ¨. ’u * ’v /; (13)

where�g� �gis�gthe�gfluid �gdynamic�gviscosity,�g’u �gthe�gvelocity �gvector�gof�gthe�gfluid �g
in�gthe�gparticle �gmass�gcenter�gand�g

K ¨ = A*1 K ¨¨A (14)

are�gthe�gtranslational �gdyadics�g� �ga�gdiagonal�gmatrix �gof�gcorrection �gfactors�g
depending�gon�gthe�gaspect�gratio:

K ¨¨
xx = K ¨¨

yy =
16

�
� 2 * 1

�

� �
2� 2 * 3

�
ln

�
� +

ù
� 2 * 1

�
_
ù

� 2 * 1
�

+ �
; (15)
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Fig.�g4.�g(a)�gApproximation �gof�ga�gfiber �gas�ga�gprolate�gspheroid�gwith �gthe�gcorresponding�gcoordinate�gsystems:�gthe�glaboratory �gframe�gof�greference�g(xyz),�gthe�gparticle �gco-moving�gframe�gof�g
reference�g(x¨y¨z¨),�gand�gthe�gparticle �gframe�gof�greference�g(x¨¨y¨¨z¨¨).�g(b)�gIllustration �gof�gfiber �grotation �gusing�ga�gquaternion.
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The�gshear-induced�glift �gforce�g( ’FL )�gfor �ga�glinear �gshear�gflow �gwas�gorig-
inally �gderived�gby�gHarper�gand�gChang�g[ 65] �gfor �ga�gone-dimensional�gflow, �g
and�glater�gextended�gto�garbitrary �gflows�gby�gCui�get�gal.�g[ 66,67]. �gThis�gforce�g
is�gincluded �gin�gour�gmodel�gunder�gthe�gassumption�gthat �gthe�gparticles�gare�g
sufficiently �gsmall�gthat �gthe�gflow �gfield �gcan�gbe�glinearly �gapproximated�gin�g
their �gvicinity. �g

’FL = � 2� f

ù
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L ij �gare�gpermutations�gof�gthe�glift �gtensor
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with �g

A = 0:0501; B = 0:0329; C = 0:0373; D = 0:0182; E = 0:0173: (20)

The�ghydrodynamic �gtorque�gis�ggiven�gby�gthe�gfollowing �gexpressions�g
proposed�gby�gJeffery�g[ 68]: �g
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where�g
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are�gthe�gcomponents�gof�gthe�gdeformation �grate�gtensor�gand�g
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are�gthe�gcomponents�gof�gthe�gspin-rate�gtensor,�gboth�gin�gthe�gparticle �gframe�g
of�greference.�gThe�gnon-dimensional�gcoefficients�g� 0,�g� 0�gand�g
 0�gare�gdefined�g
as�gfollows: �g
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Here,�gagain,�gthe�gassumption�gof�glinear �gshear�gflow �garound�gthe�gparticle �g
was�gused.

The�gtranslational �gand�grotational �gmotions�gof�gthe�gfibers�gwere�gcoupled.�g
First,�gthe�gparticle �gposition �gand�gangular�gvelocities�gwere�gupdated�gby�g
solving�gEqs.�g(9)�gand�g(11).�gThen,�gthe�gtime �grate�gof�gchange�gof�gthe�gorien-
tation �gis�gdetermined�gusing�gEuler�gquaternions�gby�gsolving�gEq.�g(8).�gThis�g
allows�gcomputation �gof�gthe�gupdated�gorientation. �gFinally, �gthe�gorientation �g
vector�gof�gthe�gmajor�gaxis�gwas�gobtained�gby�gmultiplying �gthe�gtransformation �g
matrix �gA�gfrom �g(7).

Deposition�gmechanisms.�gThe�gnonspherical�gshape�gof�gthe�gfibers�gintroduces�g
a�gnew�gdeposition�gmechanism�gcompared�gto�gspherical�gparticles:�ginter-
ception.�gIn�gparticular, �glong�gfibers�gmay�gcontact�gthe�gairway �gwall �gwith �g
their �gtips.�gTherefore,�gdeposition�gdepends�gon�gthe�gorientation �gof�gthe�g
fiber. �gTo�gmodel�gthis,�ga�gboundary�gcondition �gis�gprescribed,�gwhere�gevery�g
particle�wall �gcontact�gresults�gin�gparticle �gdeposition.�gIn�geach�giteration, �gthe�g
algorithm �gchecks�gfor �gpotential �gwall �gcontact�gby�gcalculating �gthe�gdistance�g
ds�gfrom �gthe�gcenter�gof�gmass�gof�gthe�gfiber �gto�gthe�gclosest�gpoint �gon�gthe�g
nearest�gtriangle �gof�gthe�gSTL�ggeometry.�gThe�gfollowing �gthree�gscenarios�gare�g
possible.

1. ds > a,�gthe�gdistance�gis�ggreater�gthan�gthe�gsemi-major�gaxis,�gand�gno�g
deposition�goccurs.

2. ds < b,�gthe�gdistance�gis�gless�gthan�gthe�gsemi-minor�gaxis,�gand�gthe�g
particle �gis�gdeposited.

3. b < ds < a,�gdeposition�gdepends�gon�gthe�gorientation, �gand�gfurther �g
treatment�gis�grequired.

In�gCase�g3,�gthe�gexact�gparticle �gorientation �gmust�gbe�gconsidered.�gFan�gand�g
Ahmadi�gproposed�gan�galgorithm �gfor �gthis�g[ 69] �gand�glater�gTian�get�gal.�g[ 27,
39] �gapplied�git. �gThis�galgorithm �gis�grarely �gdescribed�gstep-by-step,�gand�gis�g
thus�gpresented�ghere.

The�ggoal�gis�gto�grotate�gthe�gparticle �gcoordinate�gsystem�g(x¨¨y¨¨z¨¨)�gsuch�g
that �gthe�gnew�gwall-local �gcoordinate�gsystem�g(xwywzw )�gis�galigned�gparallel �g
to�gthe�gwall, �gwhich �gis�grepresented�gby�gthe�gSTL-triangle.�gThe�ginclination �g
angle�g(� )�gbetween�gthe�gcoordinate�gsystems�gis�gcalculated�gfrom �gthe�gSTL-
triangle �gnormal �gvector�g( ’n w )�gand�gthe�gsemi-major�gparticle �gaxis�gvector�g( ’n p),�g
as�gshown�gin�gFig.�g�g5,�gusing�gthe�ginner �gproduct �g

� = arccos

H
’n w � ’n p

ð’n wðð’n pð

I

(25)

�&�R�P�S�X�W�H�U�V���L�Q���%�L�R�O�R�J�\���D�Q�G���0�H�G�L�F�L�Q�H�������� ���������������������������� ��

����



F.�gPrinz�get�gal.

Fig.�g5.�gVisualization �gof�gthe�gfiber �gdeposition�gprocess,�gillustrating �gthe�gdetermination �gof�g
the�gclosest�gpoint �gon�gthe�gfiber �gsurface�gto�gthe�gairway �gwall �gto�gassess�gpotential �gcontact�gand�g
deposition.

Owing�gto�gthe�grotational �gsymmetry�gof�gthe�gspheroids,�gthe�gproblem�gcan�g
be�gsimplified �gby�gprojecting �git �ginto �g2D.�gThe�gprojected�gspheroid�gforms�gan�g
ellipse,�gwhich �gis�ggiven�gby�gthe�gfollowing �gequation�gin�gthe�gparticle �gframe�g
of�greference:�g
y¨¨2

b2
+

z¨¨2

a2
= 1: (26)

In�gthe�gwall �greference,�gusing�gthe�g2D�grotational �gtransformation �g

y¨¨ = yw cos� * zw sin�;

z¨¨ = yw sin� + zw cos�;
(27)

the�gellipse�gis�gexpressed�gas�gfollows: �g

.yw cos� * zw sin� /2

b2
+

.yw sin� + zw cos� /2

a2
= 1: (28)

The�glower �gpart�gof�gthe�gellipse,�gincluding �gthe�gpoint �gclosest�gto�gthe�gwall, �g
was�gdetermined�gusing�gthe�gfollowing �grelation: �g

yw =
* ab

t
a2 cos2 � + b2 sin2 � * z2

w + zw sin� cos� .b2 * a2/

a2 cos2 � + b2 sin2 �
: (29)

The�gpoint �gclosest�gto�gthe�gwall �gis�gdetermined�gby�gsetting�gthe�gderivative �gof�g
zw �gwith �grespect�gto�gyw �gto�gzero:�g
dzw

dyw
= 0; (30)

from �gwhich �gthe�gzc�gcoordinate�gis�g

zc = sin � cos� .b2 * a2/

v
.a2 cos2 � + b2 sin2 � /

a2b2 + sin2 � cos2 � .b2 * a2/2
: (31)

Note�gthat �gthe�gpositive�groot �gwas�gconsidered�gaccording�gto�gparticle �g
orientation. �gInserting�gzc�ginto �gEq.�g(29) �greturns�gthe�gsecond�gcoordinate�g(yc)�g
of�gthe�gpoint �gclosest�gto�gthe�gwall: �g

yc =
* ab

t
a2 cos2 � + b2 sin2 � * z2

c + zc sin� cos� .b2 * a2/

a2 cos2 � + b2 sin2 �
: (32)

If �gðzcð > ds,�gthen�gthis�gpoint �glies�ginside�gthe�gwall �gand�gthe�gparticle �gis�g
deposited.�gIf �gðzcð < ds,�gthen�gthe�gclosest�gpoint �gis�ginside�gthe�ggeometry�g
and�gno�gdeposition�goccurs.�gThe�gabsolute�gvalue�gof�gzc�gaccounts�gfor �gboth�g
possible�gparticle �gorientations �g(i.e.,�gboth�gthe�gpositive�gand�gnegative�groots�g
in�gEq.�g�g(31)).

The�gcomputation �gof�gthe�gparticle �gtrajectories�gis�gcoupled�gwith �gthe�gfluid �g
field �gthrough �gthe�gfluid �gvelocity �g( ’u )�gat�gthe�gcenter�gof�gmass�gof�geach�gparticle. �g
This�gvelocity �gis�gused�gto�gcompute�gthe�gforces�g(Eqs.�g(13) �gand�g(17))�gand�g
torque�g(Eq.�g(21)).�gThe�gcomplete�gnumerical �gprocedure�gis�gshown�gin�gFig.�g
6.

In�gtotal, �g50,000�ghomogeneous�gparticles�g(� p = 2650 kg m*3 )�gwere�g
released�gduring �gthe�gfirst �ginspiration �gcycle�gin�gthe�gsimulation. �gThe�gdimen-
sions�gof�gthe�gfibers�gwere�gobtained�gfrom �gthe�glog-normal �gdistribution �gof�gall �g

particles�gmeasured�gin�gthe�gdeposition�gexperiment:�ga = 7:96,5 :09 �m �gand�g
b = c = 0:83 , 0 :47 �m.�gThe�ginitial �gposition �gof�geach�gparticle �gis�grandomly �g
generated�gfrom �ga�guniform �gdistribution �gwithin �ga�gcircle�gnear�gthe�gmouth �gin-
let.�gThe�ginitial �gorientation �gwas�grandomly �ggenerated.�gExperimentally, �git �g
is�gimpossible�gto�gdetermine�gthe�gexact�gposition, �gvelocity, �gand�gorientation �g
of�geach�gfiber �gentering�gthe�ggeometry.�gTo�grepresent�gthe�ggradual�ginhalation �g
of�gparticles,�gthe�gparticles�gwere�gnot�greleased�gsimultaneously.�gInstead,�g
they�gwere�greleased�gin�gbatches�gdistributed �gover�g100�gdiscrete�gtime �gsteps�g
within �gthe�ginspiration �gcycle.�gThe�gnumber�gof�gparticles�greleased�gat�geach�g
time �gstep�gwas�gproportional �gto�gthe�gactual�gflow �grate�gat�gthat �gtime �g(see�gFig.�g
3),�greflecting �gthe�gfact�gthat �ga�ghigher�gflow �grate�gcarries�gmore�gparticles�ginto �g
the�gairway.

The�gnumerical �gsimulations�gwere�gperformed�gusing�gthe�gopen-source�g
C++ �glibrary �gOpenLB�g[ 70� 72]. �gThis�gsoftware�genables�gflexible �gand�gper-
formant �gsimulations�gusing�gthe�gLBM,�gbenefiting �gfrom �gefficient �gparal-
lelization �gand�gscalability �gof�gboth�gCPUs�gand�gGPUs�gon�ghigh-performance�g
computers.�gThe�gsuitability �gof�gOpenLB�gfor �gthis�gtype�gof�gapplication �gwas�g
demonstrated�gin�ga�gprevious�gpaper�gby�gthe�gauthors�g[ 41], �gwhich �gresulted�g
in�ghigh�gperformance�gand�gaccuracy.�gTo�gsimulate�gfiber �gtransport�gand�gde-
position, �gOpenLB�gwas�gextended�gusing�gan�gintegrated�gin-house�gcode�gthat �g
implemented�gthe�gELER�gmodel.�gThe�gsimulations�gwere�gperformed�gon�gthe�g
Karolina�gsupercomputer�gpetascale�gsystem�gat�gthe�gIT4Innovation �gNational �g
Computing�gCenter�gin�gCzechia�gusing�g1024�gCPU�gcores�gdistributed �gacross�g
multiple �gnodes,�gleveraging�gthe�ghigh�gmemory�gcapacity�gand�ginterconnect�g
bandwidth �gof�gthe�gHPC�gsystem.

For�gcomparison�gwith �gexperimental�gresults,�gthe�gfollowing �gstatistical�g
quantities�gwere�gevaluated:

Deposition�gfraction �g

DF =
N s

N tot
; (33)

where�gN s�gis�gthe�gnumber�gof�gparticles�gdeposited�gin�ga�ggiven�gsegment,�gand�g
N tot�gis�gthe�gtotal �gnumber�gof�gparticles�gentering�gthe�ggeometry.

The�gdeposition�gefficiency �gDE�gdescribes�gthe�gefficiency �gof�ga�gsegment�g
in�gcapturing �gthe�gparticles.�g

DE =
N s

N s;in
; (34)

where�gN s;in�gis�gthe�gnumber�gof�gparticles�gentering�gthe�gsegment.

Volume�gequivalent�gdiameter�g

deq = 3

u
6V
�

; (35)

is�gdefined�gas�gthe�gdiameter�gof�gthe�gspherical�gparticle �ghaving�gthe�gsame�g
volume�gas�gthe�gfiber.

Aerodynamic�gdiameter�g

dae = deq

v
� p

� 0� R
(36)

is�gdefined�gas�gthe�gdiameter�gof�ga�gsphere�gwith �gunit �gdensity�g(� 0)�gthat �gsettles�g
with �gthe�gsame�gterminal �gvelocity �gas�gthe�gfiber. �g� R�gdenotes�gthe�gdynamic�g
shape�gfactor�gfor �ga�grandom�gorientation.

The�gStokes�gnumber,�ggiven�gby�g

Stk =
� 0d2

aeu0

18�D 0
; (37)

is�gan�gimportant �gdimensionless�gparameter�gfor �gevaluating�gthe�grate�gof�g
the�ginertial �gimpaction. �gIt �gis�gparticularly �guseful�gfor �gcomparing�gdata�g
across�gdifferent �gflow �grates�gand�ggeometries�gbecause�git �gaccounts�gfor �gthe�g
combined�geffects�gof�gparticle �ginertia, �gfluid �gviscosity,�gand�gcharacteristic�g
length�gscales.�gIn�gthis�gequation,�gu0�grepresents�gthe�gcharacteristic�gvelocity �g
of�gthe�gflow, �gand�gD0�grepresents�gthe�gcharacteristic�gdimension�gof�gthe�g
geometry.
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Fig.�g6.�gSchematic�gof�gthe�gnumerical�gsetup.�gAfter�gthe�ginitialization �gstep,�geach�giteration �ginvolves�gone�gLBM�gcycle�gand�gone�gELER�gcycle.�gAfter�gcomputing�gthe�gflow �gvelocities�g(u)�gin�gthe�g
LBM�gcycle,�gthese�gvalues�gare�gtransferred�gto�gthe�gELER�galgorithm. �gDue�gto�gthe�gone-way�gcoupling,�gno�gdata�gare�gtransferred�gback�gfrom�gthe�gELER�galgorithm �gto�gthe�gLBM�gsolver.�gIn�gprinciple, �g
different �gnumbers�gof�gLBM�gor�gELER�gcycles�gcan�gbe�gperformed�gwithin �geach�giteration �g(e.g.,�ginner�giterations), �gas�gindicated�gby�gthe�gdotted�garrows.�gThe�gsimulation �gterminates�gwhen�gthe�g
specified�gcriteria �g(e.g.,�gsimulation �gtime�gor�gnumber�gof�giterations) �gare�gmet,�gand�gthe�gdata�gare�gthen�gpost-processed.

Fig.�g7.�gInitial �gcondition �gof�gthe�gfiber �gin�gthe�gnumerical�gverification �gcase,�gshowing�gits�g
position�gand�gorientation �grelative �gto�gthe�gairflow �gin�gthe�ghorizontal �gpipe.

2.3.�gNumerical�gverification

Verification �gof�gthe�gELER�gmethod�gimplementation �gwithin �gthe�gLBM�g
framework �gwas�gperformed�gusing�ga�gbenchmark�gcase�gof�glaminar �gairflow �g
through �ga�gcircular �gtube.�gThis�gbenchmark,�goften�gwith �gsmall�gvariations, �g
has�gbeen�gused�gfor �gverification �gin�gseveral�gstudies�g[ 13,27,73� 75]. �gIn�gthis�g
paper,�gthe�gspecific�gsetup�gfirst �gdescribed�gby�gTian�get�gal.�g[ 27] �gwas�gsim-
ulated,�gand�gdata�gfrom �gFeng�get�gal.�g[ 13] �gwere�galso�gused�gfor �gcomparison.�g
This�ginvolved �gsimulating �glaminar �gflow �gthrough �ga�ghorizontal �gpipe�gwith �ga�g
diameter�gof�g4.2�gmm�gand�ga�gcorresponding�gReynolds�gnumber�gof�gRe= 169.�g
A�gspheroidal�gparticle �gwith �ga�gminor �gaxis�gof�g0.5�g�m �gand�gan�gaspect�gratio �g
of�g14�gwas�ginjected�gat�ga�gposition �g0.45�gmm�gabove�gthe�gbottom �gedge�gof�gthe�g
pipe,�gwith �gan�ginitial �gperpendicular �gorientation. �gThe�gparticle �gtrajectory �g
was�gthen�gtracked�gfor �g0.2�gs�g(see�gFig.�g�g7).

To�gcompare�gthe�gresults�gof�gour�gsimulation �gwith �gthose�gof�gTian�get�gal.�g[ 27] �g
and�gFeng�get�gal.�g[ 13], �gthe�gdirectional �gcosines�gbetween�gthe�gfiber �gsymmetry�g
axis�gand�gthe�gcoordinate�gaxes�gwere�gevaluated.�gThe�gtime �gevolution �gof�g
these�gquantities�gover�g0.2�gs�gof�gthe�gsimulation �gis�gshown�gin�gFigs.�g�g8(a)�gand�g
8(b).�gAs�gcan�gbe�gseen,�gthe�gfiber �gquickly �gtilts �gfrom �gits�ginitial �gperpendicular �g
orientation �gto�ga�gposition �gparallel �gto�gthe�gflow. �gAfter �geach�gperiod�gof�g
0.055�gs,�git �gundergoes�ga�g180-degree�gflip.

The�gsedimentation�gvelocity, �gshown�gin�gFig.�g�g8(c),�gwas�galso�gcompared.�g
Gravity �gacts�gon�gthe�gfiber, �gcausing�git �gto�gmove�gin�gthe�gnegative�gy�gdirection. �g
The�gsedimentation�gvelocity �gincreases�gfrom �gzero�gto�ga�gterminal �gvelocity, �g
at�gwhich �gpoint �gthe�ggravitational �gforce�gis�gbalanced�gby�gdrag�gforce.�gWhen�g
the�gfiber �gflips �gfrom �ga�gparallel �gto�ga�gperpendicular �gorientation, �gits�gcross-
sectional�garea�gdecreases,�gleading�gto�ga�greduction �gin�gthe�gdrag�gforce�gand�g
sudden�gacceleration.

To�gdemonstrate�ga�gmore�grobust�gcomparison,�gthe�gtrajectory �gof�gthe�g
particle �gin�gthe�gmoving �gxy�gplane�gwas�gplotted �gand�gcompared�g(see�gFig.�g
9).�gThe�gparticle �gis�gdriven �gpredominantly �gin�gthe�gfluid �gdirection, �gwhile �g
gravity �ggoverns�ga�gslow�gdownward �gshift.

In�gall �gcases,�gthe�gclose�gagreement�gbetween�gour�gresults�gand�gthose�gof�g
Tian�get�gal.�gand�gFeng�get�gal.�gdemonstrates�gthe�gcorrectness�gof�gour�gimple-
mentation �gof�gthe�gELER�gmethod.�gThe�gdiscrepancies�gmay�gbe�gattributed �gto�g
differences�gin�gnumerical �gsetup�g� �gthe�gcase�gdepends�gon�gthe�gviscosity�gand�g
density�gof�gthe�gfluid �gwhich �gare�gnot�gstated�gin�gany�gof�gthe�gaforementioned�g
studies.�gFurthermore,�gas�gpreviously �greported�gby�gCui�get�gal.�g[ 74], �gthe�g
frequency�gof�gflips �gdepends�gon�gthe�gRe,�gwhich �gslightly �gvaries�gbetween�gthe�g
studies.�gDifferent �gnumerical �gdiscretization �gschemes�gor�gdiscrepancies�gin�g
the�glift �gforce�gformulations �gcan�galso�gcontribute �gto�gvariations �g[ 13].

2.4.�gGrid�gindependence�gstudy

To�gassess�gthe�gvalidity �gof�gthe�gnumerical �gsimulations�gand�gensure�gthat �g
the�gresults�gwere�gnot�gsignificantly �ginfluenced�gby�ggrid �gresolution, �ga�ggrid-
independence�gstudy�gwas�gconducted.�gThe�ggrid �gsize�gwas�ginitially �gchosen�g
based�gon�ga�gprevious�gstudy�g[ 41], �gwhich �gused�gthe�gsame�grescaled�grealistic �g
geometry.

To�gevaluate�ggrid �gindependence,�gline �gprobes�gwere�gplaced�gdownstream�g
of�gthe�gfirst �gbifurcation �gnear�gthe�gcarina,�gwith �gtwo �gprobes�gin�gthe�ganterior �g
direction �gand�gtwo �gin�gthe�gsuperior�gdirection �g(see�gFig.�g�g11(a)).�gThis�garea�g
is�gcharacterized�gby�gturbulent �gflow �gconditions, �gmaking�git �gsuitable�gfor �g
assessing�gthe�gimpact�gof�ggrid �gresolution �gon�gflow �gfeatures.�gA�gtime �gperiod�g
of�g0.1�gs�gwas�gsimulated�gwith �ga�gconstant�gflow �grate�gcorresponding�gto�gthe�g

�&�R�P�S�X�W�H�U�V���L�Q���%�L�R�O�R�J�\���D�Q�G���0�H�G�L�F�L�Q�H�������� ���������������������������� ��

����



F.�gPrinz�get�gal.

Fig.�g8.�gComparison�gof�gthe�gtime�gevolution �gof�g(a)�gthe�gdirectional �gcosine�gbetween�gthe�gsymmetry�gaxis�gof�ga�gfiber �gand�gthe�gx-axis�g(cosx),�g(b)�gthe�gdirectional �gcosine�gbetween�gthe�gsymmetry�g
axis�gof�ga�gfiber �gand�gthe�gy-axis�g(cosy),�gand�g(c)�gthe�gsedimentation�gvelocity �g(vy)�gobtained�gin�gthis�gstudy�gwith �gthe�gresults�greported�gby�gTian�get�gal.�g[ 27]. �gand�gFeng�get�gal.�g[ 13].

Fig.�g9.�gComparison�gof�gthe�gfibers�gcentroid�gtrajectory �gwith �gthe�gresults�greported�gby�gTian�g
et�gal.�g[ 27] �gand�gFeng�get�gal.�g[ 13].

Table �g1
Properties�gof�glattices�gused�gfor�gthe�ggrid�gindependence�gstudy.

�gNumber�gof�gcells Cell�gsize Time�gstep Relaxation�gtime�g
�g40�gmil. 0.00018 �gm 3.5.10*7 �gs 0.5005 �g
�g60�gmil. 0.00015 �gm 2.6.10*7 �gs 0.5005 �g
�g82�gmil. 0.00013 �gm 2.0.10*7 �gs 0.5005 �g

Fig.�g10.�gDetail�gof�gthe�gcomputational �ggrid�gof�gthe�gright �gupper�globe�g(RUL).

peak�gflow �grate�gof�gthe�ginspiratory �gcycle�g(27�gl min*1 ).�gThis�gflow �grate�g
was�gchosen�gbecause�gthe�gnumerical �gerrors�gtend�gto�gbe�gthe�ghighest�gat�g
the�gmaximum �gfluid �gvelocity. �gThe�gmean�gvelocity �gmagnitude�galong�gthe�g
line �gprobes�gwas�gused�gfor �gcomparison�gto�gminimize �gthe�ginfluence�gof�glocal�g
fluctuations.

Three�gdifferent �ggrids�gwith �ga�guniform �ggrid �gsize�g(for �gdetails,�gsee�g
Table�g�g1�gand�gFig.�g�g10)�gwere�gsimulated,�gand�gthe�gresults�gare�gshown�gin�g
Fig.�g�g11(b)�(e). �gGood�gagreement�gin�gthe�gmean�gvelocity �gmagnitude�gwas�g
observed�gbetween�gthe�ggrids�gwith �g60�gmillion �gand�g82�gmillion �gcells.�gThe�g
final �gsimulation �gwas�gperformed�gusing�gan�gintermediate �ggrid �gof�g60�gmillion �g
cells.

2.5.�gEffective�gdiameter�gsimulations

The�geffective�gdiameter�gsimulations�gare�gsimplified �gEuler�Lagrange�g
simulations,�gwhere�gthe�gparticles�gare�gapproximated�gby�gspheres�gand�gthe�g
rotation �g(Eq.�g�g(11))�gis�gneglected.�gTo�gestablish�gan�gaccurate�gcompari-
son�gof�gELER�gwith �gthis�gmethod,�gtwo �gadditional �gsimulations�gwith �gthe�g
most�gpopular�gempirical �gmodels,�gH�L �g[ 22] �gand�gT-C�g[ 21], �gon�gthe�gsame�g
geometry�gunder�gthe�gsame�gbreathing�gconditions�gwere�gconducted.�gThe�g
hydrodynamic �gdrag�gforce�gis�gdefined�gas�g

’FD =
1
2

CD Ap� p. ’u * ’v /ð’u * ’v ð (38)

where�gAp�gis�gthe�gprojected�gsurface�garea,�gand�gCD �gis�gthe�ghydrodynamic �g
shape�gfactor.

In�gthe�gH�L �gcorrelation, �gthe�gCD �gis�gdetermined�gas�g

CD =
24

Rep
.1 + H aReH b

p / +
H cRep

H d + Rep
; (39)

where�g

Rep =
ð’u * ’v ðdp

�
(40)

is�gthe�gReynolds�gnumber�gof�gthe�gparticle. �g� �gdenotes�gthe�gfluid �gkinematic �g
viscosity,�gand�gH a,�gH b,�gH c�gand�gH d�gare�gmodel-specific�gparameters�gthat �g
depend�gon�gparticle �gsphericity �g� .

T-C�gdefines�gthe�gshape�gfactor�gas�gfollows. �g
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where�gdA �gis�gthe�gsurface�gequivalent�gsphere�gdiameter,�gand�gc�gis�gthe�gsurface�g
sphericity.
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Fig.�g11.�gGrid�gindependence�gstudy:�g(a)�gLocations�gof�gthe�gline�gprobes�gused�gto�gassess�ggrid�gindependence,�g(b)�(e) �gmean�gvelocity �gmagnitude�galong�gthe�gline�gprobes�gfor�gthree�gdifferent �ggrid�g
resolutions;�g(b)�gLeft�gbranch,�ghorizontal �gprobe�g(LG1h),�g(c)�gLeft�gbranch,�gvertical �gprobe�g(LG1v),�g(d)�gRight�gbranch,�ghorizontal �gprobe�g(RG1h),�g(e)�gRight�gbranch,�gvertical �gprobe�g(RG1v).

Fig.�g12.�gComparison�gof�gdeposition�gfractions�gobtained�gfrom�gexperimental�gmeasurements�gand�gnumerical�gsimulations.
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Fig.�g13.�gComparison�gof�gdeposition�gefficiencies�gobtained�gfrom�gexperimental�gmeasure-
ments�gand�gnumerical�gsimulations,�gsorted�gby�gairway �ggeneration.

Fig.�g14.�gComparison�gof�gthe�gmean�gequivalent�gdiameter�g(deq)�gand�gmean�gaspect�gratio �g(� )�g
of�gdeposited�gfibers�gfor�geach�gairway �ggeneration.�gThe�gbar�gchart�g(left �gvertical �gaxis)�gshows�g
the�gmean�gequivalent�gdiameter,�gwhile �gthe�gsymbols�g(right �gvertical �gaxis)�gshow�gthe�gmean�g
aspect�gratio.

3.�gResults �gand �gdiscussion

3.1.�gComparison�gbetween�gsimulation�gand�gexperiment

Fig.�g�g12�gcompares�gthe�gnumerical �gand�gexperimental�gresults�gfor �gthe�g
fiber �gdeposition.�gThe�gsimulation �gdata�gwere�ganalyzed�gat�gthe�gend�gof�gthe�g
simulation, �gand�gapproximately �g5%�gof�gthe�gparticles�gthat �ghad�gnot�gyet�gbeen�g
deposited�gwere�gexcluded�gfrom �gthe�gevaluation. �gIn�gmany�gsegments,�ggood�g
agreement�gwas�gobserved�gbetween�gthe�gsimulation �gand�gthe�gexperiment,�g
particularly �gin�gthe�gsegments�gabove�gthe�gbifurcations �g(segments�g1,�g2,�gand�g
3)�gand�gat�gthe�gfunnels�gat�gthe�goutlets�g(segments�g13o-22o).�gNumerical �g
simulation �ggenerally�gpredicts�ga�gslightly �ghigher�gdeposition�gfraction �gin�g
most�gbifurcations. �gThis�gdiscrepancy�gcan�gbe�gattributed �gpartly �gto�gdiffer-
ences�gin�gthe�gdeposition�gmechanisms�gand�gsurface�ginteractions. �gIn�gthe�g
LBM�gsimulations,�gevery�gcontact�gbetween�ga�gparticle �gand�gthe�gwall �gresulted�g
in�gdeposition�g(the�g'perfect�gsink'�gassumption).�gWhile �gthe�gexperimental�g
replica�gsurface�gwas�gcoated�gwith �gsilicone�goil �gto�gpromote�gadhesion�gand�g
mimic �gmucus�gcapture�g[ 16,17], �gthe�gsimulation's �gassumption�gof�g100%�g

capture�gupon�gany�gcontact�gmight �gstill �grepresent�gan�gupper�gbound�gcom-
pared�gto�gthe�gin�gvitro �greality, �gpotentially �gcontributing �gto�gthe�gobserved�g
overestimation. �gFurther�ginvestigation �gof�gparticle�wall �ginteractions �gun-
der�gvarying �gsurface�gconditions�gis�gnecessary�gto�gimprove �gthe�gaccuracy�g
of�gthe�gdeposition�gmodel.�gAnother�gsource�gof�gdiscrepancies�gmay�gstem�g
from �gassumptions�gof�glinear �gshear�gflow �gin�gthe�gforce�gcalculation. �gThis�g
assumption�gmight �gresult�gin�gdiscrepancies�gin�gthe�gareas�gof�gthe�gbifurca-
tions�g[ 76]. �gIn�gaddition, �gthe�gperiodic �grotational �gmotion �gof�gthe�gparticles,�g
which �gis�gassumed�gin�gthe�gELER�gmethod,�gis�gnot�gconsistently�gobserved�gin�g
experiments,�gas�greported�gby�gLizal�get�gal.�g[ 18]. �gThe�glargest�gdifferences�g
between�gthe�gsimulation �gand�gexperiment�goccurred�gin�gsegments�g5,�g6,�g
and�g7,�gwhich �gcorresponded�gto�gthe�gsecond�gand�gthird �ggenerations�gof�g
branching�gin�gthe�gleft �glung.�gThis�gexcess�gdeposition�gin�gthe�gsimulation �gis�g
likely �gcompensated�gfor �gby�ga�gconsequent�glower �gdeposition�gfraction �gin�gthe�g
downstream�gsegments�g(13,�g13o,�g16o,�g17,�g17o),�gwhere�gthe�gexperimental�g
results�gshow�ghigher�gvalues.�gThe�gnumerical �gresults�gfor �gthe�gright �glung�g
were�gin�ggood�gagreement�gwith �gthe�gexperimental�gdata.�gA�gfurther �gstatistics�g
of�gthe�gexperimental�gdata,�gspecifically �gon�gcounts�gand�gdimensions�gof�gfibers�g
deposited�gin�geach�gsegment�gcan�gbe�gfound�gin�gTable�g�gA.2�gin�gAppendix.

To�gfurther �gassess�gthe�gaccuracy�gof�gthe�gnumerical �gsimulations,�ga�g
comparison�gwas�gmade�gbetween�gthe�gELER�gmethod�gand�gtwo �gsimplified �g
models�gbased�gon�gthe�geffective�gdiameter�gconcept:�gthe�gT-C�gmodel�g[ 22] �gand�g
H�L �gmodel�g[ 21]. �gThese�gmodels�gapproximate�gthe�gfibers�gas�gspheres�gwith �g
equivalent�gdiameters�gand�gneglect�gtheir �grotation. �gAnalysis�gof�gthe�gresults�g
revealed�gthat �gthe�gELER�gmodel�gprovided �gthe�gmost�gaccurate�gpredictions�g
of�gdeposition,�gwith �gthe�gbest�gagreement�gwith �gthe�gexperimental�gdata�gin�g
26�gsegments,�gcompared�gto�gfive�gsegments�gfor �gthe�gT-C�gmodel�gand�gonly �g
two �gsegments�gfor �gthe�gH�L �gmodel.�gThe�gabsolute�gerrors�gfor �gthe�gELER,�g
T-C,�gand�gH�L �gmodels�gwere�g0.0106,�g0.0120,�gand�g0.0146,�grespectively,�g
confirming �gthe�gsuperior�gaccuracy�gof�gthe�gELER�gapproach.�gThis�gfinding �gis�g
consistent�gwith �gH�L �gand�gT-C�gcomparison�gstudies�gby�gFarkas�g[ 25]. �gBased�g
on�gthese�gresults,�gonly �gthe�gELER�gsimulation �gresults�gwere�gconsidered�gin�g
the�gsubsequent�ganalysis�gand�gdiscussion.

The�gdeposition�gparameters�gwere�ganalyzed�gas�ga�gfunction �gof�gairway �g
generation�gto�gprovide �ga�gcomparison�grelevant�gto�gmedical�gapplications.�g
Each�gsegment�gwas�gassigned�gits�ghighest�ggeneration�gnumber,�gas�gshown�gin�g
Fig.�g�g2.�gThe�gdeposition�gfraction �gand�gefficiency �gwere�gthen�gcalculated�gfor �g
the�gfollowing �gregions:�gupper�gairway �g(UA);�gtrachea�g(generation�g0,�gG0);�g
generations�gG1,�gG2,�gand�gG3;�gand�ggenerations�gG4-G7.�gGenerations�gG4-
G7�gwere�ggrouped�gtogether�gbecause�gthese�ghigher-generation�gsegments�g
are�gmanufactured�gas�gsingle�gpieces�gdue�gto�gtheir �gsmall�gdimensions.

Fig.�g�g13�gshows�gthe�gdeposition�gefficiency �gof�geach�ggeneration.�gThe�g
deposition�gefficiency �ggenerally�gincreased�gwith �gincreasing�ggeneration�g
order�gin�gboth�gthe�gsimulation �gand�gexperiment,�gwith �ga�gsteeper�gincrease�g
observed�gin�gthe�gLBM�gresults.�gHowever,�gin�gthe�gexperimental�gresults,�gG2�g
deviated�gfrom �gthis�gtrend,�gshowing�ga�gdecrease�gin�gdeposition�gefficiency �g
compared�gto�gG1.�gLarger�gdiscrepancies�gbetween�gthe�gsimulation �gand�g
experiment�gwere�gobserved�gfor �gthe�ghigher�ggenerations�gof�gbranching.

The�gexperimental�gsetup�gused�gin�gthis�gstudy�gallowed �gfor �ga�gunique�g
analysis�gof�gthe�gdeposition�gdata�gbased�gon�gthe�gdimensions�gof�gthe�gcap-
tured�gfibers�gin�geach�gsegment.�gThis�gtype�gof�ganalysis�gis�grare�gin�gsimilar �g
experimental�gstudies�gon�gfiber �gdeposition.�gFig.�g�g14�gcompares�gthe�gmean�g
values�gof�gthe�gvolume�gequivalent�gdiameter�g(deq)�gand�gaspect�gratio �g(� )�g
of�gthe�gdeposited�gfibers�gin�gthe�gupper�gairways�gand�gdifferent �ggenerations�g
of�gbranching.�gIn�gboth�gcases,�ga�greasonable�gagreement�gwas�gobserved�g
between�gthe�gsimulation �gand�gexperiment.

As�gexpected,�gparticles�gwith �ghigher�gdeq�gwere�gpredominantly �gdeposited�g
in�gthe�gupper�gairways�gand�gthe�gfirst �gfew�gtracheobronchial �ggenerations�g
because�gof�gtheir �ghigher�ginertia. �gOn�gthe�gother�ghand,�gsmaller�gfibers�gtend�g
to�gpenetrate�gdeeper�ginto �gthe�glungs.�gThis�gtrend�gwas�gevident�gin�gboth�gthe�g
experimental�gand�gnumerical �gresults,�galthough �gthe�gexperimental�gdata�g
exhibited �gslightly �gmore�gfluctuations. �gThe�glargest�gdiscrepancies�gbetween�g
the�gsimulation �gand�gexperiment�goccurred�gin�gG1,�gwhich �gcould�gbe�gdue�gto�g
the�glow �gnumber�gof�gdeposited�gand�gmeasured�gparticles�gin�gthis�gsegment,�g
leading�gto�ga�ghigher�gstatistical�gerror.
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Fig.�g15.�gComparison�gof�gdeposition�gfractions�gfor�gfibers�gsorted�ginto �gthree�gsize�ggroups�gbased�gon�gtheir �gdiameter�g(dp).

Except�gfor �gthe�goutlets,�gthe�gsimulations�ggenerally�gpredicted�ga�ghigher�g
mean�gdeq�gand�g� �gthan�gthe�gexperiment.�gWhile �g� �gincreased�gwith �gincreasing�g
generation�gdownstream�gof�gthe�gtrachea�gin�gboth�gthe�gexperimental�gand�g
numerical �gresults,�gdeq�gdecreased.�gThis�gobservation�gsuggests�ga�gcom-
plex�ginterplay �gbetween�gthe�grotational �gmotion �gof�gthe�gparticles�gand�gthe�g
tendency�gof�gthe�gELER�gmethod�gto�gcapture�gparticles�gin�gbifurcations. �g
However,�gthe�gflow �gin�gthe�gfirst �gfew�gbifurcations �gis�gturbulent, �gwhich �g
makes�git �gchallenging�gto�gsimulate�gthe�grotational �gmovements�gof�gthe�g
fibers�gaccurately.�gFor�gparticles�gwith �ghigh�g� ,�gchanges�gin�gorientation �gcan�g
significantly �galter�gtheir �gtrajectory �g(owing �gto�gthe�gdependence�gof�gthe�gdrag�g
force�gon�gthe�gstreamwise�gcross-section,�gas�gshown�gin�gEq.�g�g(13)).�gThis�gcan�g
lead�gto�gdifferences�gin�gthe�gdeposition�gpatterns�gbetween�gthe�gsimulation �g
and�gthe�gexperiment,�gparticularly �gfor �glarger�gparticles.�gThis�gis�gconsistent�g
with �gthe�gobservation�gthat �gthe�gmean�gdeq�gof�gthe�gparticles�gpassing�gthrough �g
the�ggeometry�g(i.e.,�ggG8)�gwas�ghigher�gin�gthe�gexperimental�gsetup.�gA�gsimilar �g
behavior�gwas�greported�gby�gShachar-Berman�get�gal.�g[ 8]. �gAgain,�ga�gslight �g
deviation �gfrom �gthis�gtrend�gwas�gobserved�gat�gG1�gin�gthe�gexperiment,�glikely �g
due�gto�gthe�glow �gnumber�gof�gdeposited�gfibers�gand�gthe�gresulting �ghigher�g
statistical�gerror.

A�gsimilar �gtrend�gcan�gbe�gobserved�gin�gFig.�g�g15,�gwhich �gshows�gthe�gde-
position �gfraction �gfor �gthe�gfibers�gsorted�ginto �gthree�gclasses�gaccording�gto�g
their �gthickness�g(dp = 2b = 2c).�gFor�gsmall�gparticles�g(dp = 1�g�m
and�gdp = 2�g�m ),�gthe�gupper�gairway �gand�gtrachea�gshowed�ggood�g
agreement�gbetween�gthe�gsimulation �gand�gexperimental�gresults.�gHowever,�g
larger�gdiscrepancies�gwere�gobserved�gin�ggenerations�gG1,�gG2,�gand�gG3,�gwith �g
the�gdifferences�gincreasing�gwith �gthe�gparticle �gthickness.�gThis�gis�gconsistent�g
with �gprevious�gobservations�gthat �gorientation �gchanges�ghave�ga�gmore�gsig-
nificant �gimpact�gon�gthe�gtrajectories�gof�glarger�gparticles.�gIn�ggenerations�g
G4-G7,�gthe�gdifferences�gbetween�gthe�gsimulation �gand�gexperiment�gwere�g
smaller,�gwhich �gcould�gbe�gattributed �gto�gthe�gnarrower �gchannels�gin�gthese�g
regions�gand�gthe�gtransition �gback�gto�ga�glaminar �gflow �gregime.

Interestingly, �gthese�gresults�gdiffer �gfrom �gthose�gof�ga�gprevious�gstudy�g
using�gan�gLBM�g[ 41] �gthat �gsimulated�gspherical�gparticles�gin�ga�grescaled�g
child �gairway �ggeometry.�gIn�gthat �gstudy,�glarger�gdiscrepancies�gbetween�gthe�g
simulation �gand�gthe�gexperiment�gwere�gobserved�gfor �gsmaller�gparticles.�gThis�g
highlights �gthe�gimpact�gof�gthe�gparticle �gshape�gon�gthe�gdeposition�gpatterns�g
and�gthe�gimportance�gof�gconsidering�gthe�gfiber �gorientation �gin�gsimulations.

Fig.�g�g16�gcompares�gthe�gdeposition�gefficiency �gobtained�gin�gthis�gstudy�g
with �gdata�gavailable�gin�gthe�gliterature. �gTo�gfacilitate �gthis�gcomparison,�g
the�gparticles�gwere�gsorted�ginto �ggroups�gbased�gon�gtheir �gStokes�gnumbers�g
to�gensure�gstatistically �grelevant�gsample�gsizes�gfor �geach�gevaluation. �gThe�g
trachea�gand�gsegments�gup�gto�gthe�gfourth �ggeneration�gof�gbranching�gwere�g
evaluated�gseparately.

To�gthe�gbest�gof�gour�gknowledge,�gcomparable�gexperimental�gor�gsimu-
lation �gdata�gfor �gfiber �gdeposition�gin�ga�grealistic �gfemale�gairway �ggeometry�g

are�gmissing.�gTherefore,�gwe�gincluded �gdata�gfrom �gstudies�gusing�gthe�gmale�g
airway �ggeometry�gby�gBelka�get�gal.�g[ 17] �gand�gFarkas�get�gal.�g[ 25]. �gAddi-
tionally, �gwe�gincluded �gexperimental�gdata�gfrom �gSu�get�gal.�g[ 16] �gand�gZhou�g
et�gal.�g[ 15], �gwho�gused�gdifferent �grealistic �gairway �ggeometries,�gand�gMyojo �g
and�gTakaya�g[ 10], �gwho�gused�gthe�gidealized�gWeibel�glung�gmodel�gA�gfrom �g
the�gthird �gto�gfourth �ggeneration�gof�gbranching.

Analysis�gof�gthe�gdata�gin�gFig.�g�g16�greveals�ggood�gagreement�gbetween�gour�g
results�gand�gthe�gexperimental�gdata�gfor �gthe�gtrachea�g(Fig.�g�g16(a)).�gDiscrep-
ancies�gcompared�gto�gthe�gsimplified �gT-C�gand�gH�L �gmodels�gare�gnegligible �gin�g
this�gregion,�gsuggesting�gless�gcomplex�gflow �gbehavior�gthan�gin�gdeeper�ggen-
erations.�gIn�ggenerations�g1�3 �g(Figs.�g�g16(b)�(d)), �gour�gsimulations�gpredicted�g
a�gslightly �ghigher�gdeposition�gefficiency �gthan�gthe�gexperimental�gdata.�gThis�g
difference�gmay�gbe�gdue�gto�gthe�guse�gof�ga�grealistic �ginspiration �gprofile �gin�gour�g
simulations,�gwhich �gincludes�ga�ghigher�gpeak�gvelocity �gthat �gcould�gincrease�g
deposition�gin�gcomparison�gwith �gstudies�gthat �gused�gconstant�gflowrates.�gThe�g
differences�gbetween�gthe�gELER�gmodel�gand�gsimplified �gmodels�gbecome�g
more�gpronounced�gin�ghigher�ggenerations,�ghighlighting �gthe�gimportance�gof�g
considering�gfiber �grotation �gin�gthe�gbranching�gregions.�gIt �gis�gworth �gnoting �g
that �gthe�gexperimental�gdata�gfrom �gSu�get�gal.�g[ 16] �ghave�ga�ghigher�gstandard�g
deviation, �gwhich �gshould�gbe�gconsidered�gwhen�gcomparing�gour�gresults.�g
Overall,�gthe�gELER�gsimulations�gtend�gto�goverestimate�gthe�gfiber �gdeposition�g
compared�gwith �gour�gexperiments,�gwhich �gis�gconsistent�gwith �gprevious�g
findings.

In�gGeneration�g4�g(Fig.�g�g16(e)),�gboth�gour�gexperimental�gand�gnumerical �g
results�gshow�ghigher�gdeposition�gacross�gthe�gentire�gStk�grange�gcompared�g
to�gMyojo �gand�gTakaya�g[ 10]. �gThis�gdiscrepancy�gcould�gbe�gattributed �gto�gthe�g
use�gof�gan�gidealized�ggeometry�gand�gthe�gabsence�gof�gupstream�gbifurcations �g
in�gtheir �gmodel,�gwhich �gdoes�gnot�gaccount�gfor �gthe�gfull �gflow �ghistory. �gThe�g
experiments�gof�gZhou�get�gal.�g[ 15] �gwere�gconducted�gfor �ghigher�gStk�gvalues;�g
however,�gextrapolating �gtheir �gdata�gto�gthe�glower �gStk�grange�gwould �gstill �g
indicate �glower �gdeposition�gthan�gthat �gobserved�gin�gour�gstudy.

Interestingly, �gthe�gexperimental�gdata�gfrom �gBelka�get�gal.�g[ 17] �gshow�ga�g
lower �gdeposition�gefficiency �gfor �galmost�gall �gsegments�gand�gStk�gcompared�g
to�gother�gstudies,�gincluding �gthe�gcorresponding�gH�L �gand�gT-C�gsimulations�g
performed�gby�gFarkas�get�gal.�g[ 25]. �gThis�gdiscrepancy�gcould�gbe�grelated�gto�g
differences�gin�gthe�gexperimental�gsetup�gor�gspecific�gcharacteristics�gof�gthe�g
airway �gmodels�gused.

In�gsummary,�gthe�gfemale�gairway �ggeometry�gused�gin�gthis�gstudy�gappears�g
to�gresult�gin�ga�gslightly �ghigher�gdeposition�grate�gcompared�gto�gthe�gmale�g
airway �ggeometry,�gwith �ga�gshift �gof�gthe�gcapture-efficiency�gcurve�gtowards�g
lower �gStk.�gHowever,�gdifferences�gin�gthe�gspecific�ggeometries�gor�gthe�guse�gof�g
a�gtransient�gflow �gregime�gmay�galso�gcontribute �gto�gthe�gobserved�gdifferences�g
in�gthe�gdeposition�gefficiency, �gand�gfurther �ginvestigation �gis�gneeded�gto�gfully �g
understand�gthese�geffects.�gThe�gcomparison�gbetween�gthe�gELER�gmodel�gand�g
the�gsimplified �gT-C�gand�gH�L �gmodels�greveals�gincreasing�gdiscrepancies�g
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Fig.�g16.�gComparison�gof�gdeposition�gefficiency�gas�ga�gfunction �gof�gStokes�gnumber�g(Stk)�gwith �gdata�gfrom�gthe�gliterature �gfor�gdifferent �gairway �ggenerations:�g(a)�gTrachea,�g(b)�gGeneration�g1,�g
(c)�gGeneration�g2,�g(d)�gGeneration�g3,�gand�g(e)�gGeneration�g4.

with �gincreasing�ggeneration�gnumber,�gunderscoring�gthe�gimportance�gof�g
accounting�gfor �gfiber �grotation, �gespecially�gin�gdeeper�gairway �ggenerations.

3.2.�gNumerical�ganalysis

The�gsimulation �gresults�gallow �gfor �ga�gmore�gdetailed�ginvestigation �gof�g
particle �gdeposition�gthan�gthe�gexperimental�gresults.�gIn�gFig.�g�g17,�gthe�gparticle �g
deposition�gpositions�gbased�gon�gthe�gaspect�gratio �gcan�gbe�ginvestigated.�gThe�g
main�ghotspots�gare�gtypically �glocated�gin�gthe�goral�gcavity, �glarynx �gand�gat�g
the�gcarinas�gof�gthe�gbifurcations. �gWith �gincreasing�gairway �ggeneration,�gthe�g
flow �gis�gmore�glaminar �gand�gthere�gare�gnot�gso�gmany�gparticles�gto�gdeposit�g

there,�gas�gexpected.�gThe�gnumber�gof�gdeposited�gparticles�ggrows�gwith �gthe�g
increasing�gparticle �gdiameter�gleading�gto�ga�ghigher�gStk.�gRegarding�gthe�g
aspect�gratio, �gno�gclear�gtrend�gregarding�gpreferential �gdeposition�glocations�g
can�gbe�gderived�gas�gthe�gparticles�gwith �ga�ghigher�gaspect�gratio �gdeposit�gin�g
the�gwhole�ggeometry�gwith �gsimilar �gconcentration.�gFurthermore,�git �gis�gvery�g
difficult �gto�gdetermine�gthe�gnumber�gof�gparticles�gdeposited�gin�gthe�ghotspots�g
based�gon�gthis�gvisualization.

Therefore,�gthe�gdependence�gof�gdeposition�gefficiency �gon�gthe�gaspect�g
ratio �g� �gis�gshown�gin�gFig.�g�g18.�gTo�genable�gcomparison�gof�gaspect�gratio �g(� )�g
effects�gamong�gfibers�gwith �gsimilar �ginertial �gcharacteristics,�gthe�gparticles�g
were�gsorted�ginto �gclasses�gbased�gon�gtheir �gequivalent�gdiameter�g(deq).�gThis�g
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Fig.�g17.�gVisualization �gof�gthe�gparticle �gdeposition�gpositions�gin�gdependence�gon�g� �gfor�gparticle �gequivalent�gdiameter�gclasses�g(a)�gbelow�g2.5�g�m ,�g(b)�g2.5�5 �g�m �gand�g(c)�gabove�g5�g�m .

Fig.�g18.�gComparison�gof�gdeposition�gefficiency�gof�gthe�gwhole�ggeometry�gin�gparticle �gclasses�ggrouped�gby�gdeq�gin�gdependence�gon�g� .

analysis�grevealed�gthat �gthe�ginfluence�gof�gaspect�gratio �g(� )�gon�gdeposition�g
efficiency �gis�gsignificantly �gless�gpronounced�gfor �gsmaller�gparticles�g(deq)�g
compared�gto�glarger�gones.�gFor�gdeq = �g2�g�m ,�gthe�gdeposition�gefficiency �gfluc-
tuates�gat�gthe�gsame�glevel�garound�g0.2�gwith �gincreasing�g� .�gWith �gincreasing�g
diameter,�gthe�gdecreasing�gtrend�gis�gmore�gsignificant, �gmainly �gfor �gaspect�g
ratios�gless�gthan�g10,�gfor �gdeq = �g7�g�m ,�gthe�gdeposition�gefficiency �gfalls�gby�g50%�g
from �g0.9�gfor �gspherical�gparticles�g(� = 1)�gto�g0.45�gfor �g� = 20.�gThis�gis�gprob-
ably�gcaused�gby�gthe�ghigher�gcross-section�gpresented�gby�gparticles�goriented�g
perpendicular �gto�gthe�gflow, �gleading�gto�ga�ghigher�gdrag�gforce�gwhich �gprevents�g
significant �gdeviation �gfrom �gstreamlines.�gThus,�ginterception �gplays�ga�glesser�g
role�gthan�gthe�gincreased�gdrag�gforce�gin�gthis�gregime.�gGreater�gfluctuations �g
for �glarger�g� �gvalues�gresult�gfrom �gthe�gdecreasing�gnumber�gof�gparticles�gin�gthe�g
corresponding�gsamples.�gThis�gemphasizes�gthe�gimportance�gof�gconsidering�g
particle �gshape�gin�gthe�gcontext�gof�gdeposition�gefficiency, �gwhich �gis�gstrongly�g
dependent�gon�gparticle �gdiameter�gand�gthe�ginstantaneous�gflow �grate.

Fig.�g�g19�gpresents�ga�gcomparison�gof�gdeposition�gefficiency �gof�gthe�gentire�g
tracheobronchial �gtree�gwith �gdata�gby�gLi�get�gal.�g[ 32]. �gThey�gnumerically �gin-
vestigated�gthe�gdeposition�gof�gellipsoidal �gparticles�gin�ga�grealistic �ggeometry�g
of�gthe�gnasal�gcavity �gand�gtracheobronchial �gtree�gof�gan�gAsian�gmale�gunder�g
constant�gbreathing�grate�gof�g18�gl min*1 .�gDespite�gseveral�gdifferences�gin�gthe�g
setups,�gthese�gdata�gwere�gthe�gmost�gsuitable�gfor �gthe�gcomparison�galthough �g

they�gmodeled�ga�gmale�gairway �gdeposition�gpattern.�gHere,�gthe�gdeposition�g
efficiency �gas�ga�gfunction �gof�gdae�gis�gvisualized.�gIn�gboth�gstudies,�ga�gsimilar �g
trend�gcan�gbe�gobserved.�gOur�gresults�gshow�ghigher�gdeposition�gefficiencies�g
for �gthe�gsame�gdae�gand�g� .�gThis�gis�gcaused�gby�ga�ghigher�gmaximum �gflow �g
rate�gof�gthe�ginspiration �gprofile �gresulting �gin�ghigher�gdeposition�g[ 77,78]. �g
Further�gsources�gof�gdiscrepancies�gare�ggeometric�gdifferences�gbetween�gthe�g
airway �gmodels�gand�gthe�gdensity�gof�gthe�gparticles.�gThe�gfemale�ggeometry�g
has�gsmaller�gdimensions�g(higher �gStk)�gresulting �gin�ga�ghigher�gdeposition�g
for �gequal�gflow �grates.�gNevertheless,�gsimilar �gto�gthe�gprevious�gresults,�gthe�g
particle �gaspect�gratio �ghas�ga�gsubstantial�geffect�gfor �ghigher�gparticle �gsizes.

Furthermore,�gthe�ginfluence�gof�gthe�gparticle �grelease�gtime �gduring �gthe�gin-
spiration �gcycle�gcan�gbe�gstudied,�gwhich �gcan�gprovide �gvaluable�ginformation �g
for �gdesigning�ginhalation �gtherapies.�gThe�gflow �grate�gvaries�gthroughout �gthe�g
inspiration �gcycle,�gsubjecting�gthe�gparticles�gto�gdifferent �gflow �gconditions, �g
potentially �gleading�gto�gdifferent �gdeposition�gscenarios.

Fig.�g�g20�gshows�gthe�gdeposition�gfraction �gand�gdeq�gfor �gparticles�gsorted�g
according�gto�gtheir �grelease�gtime �ginto �gthree�gperiods:�g0�0.2 �gs,�g0.2�0.5 �gs,�g
and�g0.5�1.5 �gs.�gEach�gperiod�gcontained�gapproximately �g15,000�gparticles.�g
The�ggreatest�gdifferences�gin�gthe�gdeposition�gfraction �gwere�gobserved�gin�gthe�g
upper�gairway. �gParticles�greleased�gwithin �gthe�gfirst �g0.5�gs�gpass�gthrough �gthis�g
region�gat�ghigher�gvelocities,�gresulting �gin�ga�ghigher�gStokes�gnumber�gand�gthus�g
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Fig.�g19.�gComparison�gof�gdeposition�gefficiency�gof�gthe�gtracheobronchial �gtree�gin�gdependence�gon�gthe�gdae�gwith �gLi�get�gal.�g[ 32].

Fig.�g20.�gDeposition�gfraction �gand�gmean�gequivalent�gdiameter�g(deq)�gfor�geach�gairway �g
generation,�gcategorized�gby�gparticle �grelease�gtime�gduring �gthe�ginspiration �gcycle.�gThe�grelease�g
times�gare�gdivided �ginto �gthree�gperiods:�g0�0.2 �gs,�g0.2�0.5 �gs,�gand�g0.5�1.5 �gs.

a�ghigher�gdeposition�gfraction. �gIn�gaddition, �gthe�gmean�gdeq�gin�gthis�gsegment�g
decreased�gwith �gincreasing�grelease�gtime �gand�glower �gflow �grate.

When�gconsidering�gdeeper�ggenerations�gof�gbranching,�gthe�gdiscrep-
ancies�gin�gdeq�ggradually �gdecrease.�gThis�gcan�gbe�gattributed �gto�gthe�gtime �g
required�gfor �gthe�gparticles�gto�gtravel �gfrom �gthe�grelease�gpoint �gto�gthe�gcon-
sidered�gsegment.�gMoreover,�gthe�gparticles�gmove�gat�gdifferent �gvelocities�g
depending�gon�gtheir �gdistance�gfrom �gthe�gairway �gwall �g(especially�gin�glaminar �g
flow �gregions),�gwhich �gfurther �greduces�gthe�geffect�gof�gthe�grelease�gtime �gon�g
the�gdeposition�gfraction.

A�gslightly �ghigher�gdeposition�gfraction �gwas�gobserved�gfor �gparticles�g
released�gduring �gthe�gfirst �gperiod�g(0�0.2 �gs),�gwhich �gwas�glikely �gdue�gto�gthe�g
higher�gflow �grate�gin�gthe�ginitial �gpart�gof�gthe�ginspiratory �gcycle.�gHowever,�g
the�gflow �grate�gdecreases�gafter�g0.5�gs,�gresulting �gin�ga�glower �gdeposition�grate�g
for �gparticles�greleased�glater�gin�gthe�gcycle.�gThe�gprobability �gof�ga�gparticle �g
reaching�ggenerations�gG8�gand�ghigher�gincreases�gwhen�git �gis�greleased�glater�g
in�gthe�gcycle.�gA�gsimilar �gtrend�gwas�gobserved�gfor �gthe�gmean�gdeq,�gwith �gthe�g
largest�gdifferences�goccurring �gin�gthe�gupper�gairways�gand�gtrachea�g(G0).�gThe�g
overall �gtrend�gin�gdeq�gas�ga�gfunction �gof�grelease�gtime �gis�gsimilar �gto�gthe�gtrend�g
observed�gfor �gthe�gtotal �gdeposition,�gas�gshown�gin�gFig.�g�g14.

Fig.�g�g21�gshows�gthe�gcumulative �gdeposition�gof�gthe�gparticles�gin�geach�g
generation�gover�gtime. �gA�gclear�gcorrelation �gwith �gthe�gflow �grate�gwas�gob-
served;�gthe�ghighest�gincrease�gin�gdeposition�goccurred�gduring �gthe�gperiod�gof�g
the�ghighest�gflow �grate�gin�gthe�ginspiration �gcycle.�gThe�gtime �gdelay�gbetween�g

deposition�gin�gthe�gupper�gairways�gand�gtracheobronchial �gtree�gis�gattributed �g
to�gthe�gtime �grequired�gfor �gparticles�gto�gtravel �gto�gthe�glower �gairways.�gThe�g
differences�gin�gdeposition�gbetween�gindividual �ggenerations�gare�grelatively �g
small,�gwhich �gis�gconsistent�gwith �gthe�gsmall�gdimensions�gof�gthe�gfibers�g
and�ghigh�gflow �gvelocities.�gA�gslightly �glower �gdeposition�gwas�gobserved�gin�g
the�gtrachea�g(G0),�glikely �gdue�gto�gits�gstraight �ggeometry�gand�gthe�greduced�g
effect�gof�ginertial �gimpaction �gcompared�gto�gthe�gcurved�gtrajectories�gin�gthe�g
bifurcations. �gAs�gexpected,�gthe�gnumber�gof�gparticles�gdeposited�gduring �gthe�g
hold-up�gtime �gbetween�ginspiration �gcycles�gwas�gnegligible.

In�gmedical�gapplications,�gthe�gfraction �gof�gparticles�gdeposited�gat�gthe�gend�g
of�gthe�gfirst �ginspiration �gcycle�gis�gcrucial �gbecause�gof�gthe�gsubsequent�gexpi-
ration �gphase.�gIn�gour�gsimulations,�gthis�gvalue�gwas�gapproximately �g70%�gin�g
the�gbifurcation �gsegments�gand�g90%�gin�gthe�gupper�gairways.�gThe�gremaining �g
particles�gare�gdeposited�gat�gthe�gbeginning�gof�gthe�gsecond�ginspiration �gcycle.�g
However,�gin�gthe�greal�gworld, �gthese�gparticles�gcan�gbe�gexhaled�gduring �gexpi-
ration, �gwhich �gwas�gnot�gconsidered�gin�gthe�gcurrent �gsimulations.�gKiasadegh�g
et�gal.�g[ 33] �gpresented�ga�gsimilar �gtime-dependent�gdeposition�ganalysis�gfor �g
a�ggeometry�gconsisting�gof�gthe�gupper�gairways�gand�gtrachea.�gTheir�gresults,�g
like �gours,�gshowed�gthe�ghighest�gdeposition�gfraction �gat�gthe�gbeginning�gof�g
the�ginspiration �gcycle.�gThe�gobserved�gdiscrepancies�gbetween�gour�gresults�g
and�gthose�gof�gKiasadegh�get�gal.�gcould�gbe�gattributed �gto�gthe�gdifferences�g
in�gthe�ginspiration �gprofiles�gand�gairway �ggeometries�gused.�gAs�gdescribed�g
earlier, �gtwo �gtypes�gof�gdeposition�gcomputations�gwere�gemployed�gin�gthe�g
simulations:�ga�gsimple�gscheme�g(referred�gto�gas�gCase�g2�gin�gSection�g2.2.2)�gand�g
an�gorientation-dependent �gscheme�g(Case�g3).�gThe�gorientation-dependent �g
scheme�gaccounts�gfor �gthe�gorientation �gof�gthe�gfiber �grelative �gto�gthe�gairway �g
wall, �gwhereas�gthe�gsimple�gscheme�gdoes�gnot.�gNotably, �g93%�gof�gthe�gparticles�g
were�gdeposited�gvia�gan�gorientation-dependent �gmechanism,�gwith �gonly �g
7%�gdeposited�gvia�ga�gsimple�gscheme.�gThis�ghighlights �gthe�gimportance�gof�g
using�gmore�gcomplex�gorientation-dependent �gcomputations,�gespecially�gfor �g
applications�gsuch�gas�gthe�gdelivery �gof�gpharmaceutical�gaerosols�gshaped�g
as�gfibers�gor�gmicrorods,�gwhere�gthe�gaccurate�gprediction �gof�gdeposition�g
patterns�gis�gcrucial. �gUsing�ga�gsimplified �gdeposition�gscheme�gcould�glead�gto�g
underestimation �gof�gthe�gdeposition�gfraction. �gHowever,�git �gis�gimportant �g
to�gacknowledge�gthat �gthe�gdeposition�gmechanism�gcan�gbe�ginfluenced�gby�g
the�gnumerical �gtime �gstep.�gMoreover,�gthe�gactual�gdeposition�gprocess�gin�gan�g
experimental�gsetting�gis�glikely �gto�gbe�gmore�gcomplex�gthan�gthe�gsimplified �g
boundary�gconditions�gtypically �gused�gin�gnumerical �gstudies.

4.�gLimitations �gof �gthe �gstudy

This�gstudy�ginvolved �gseveral�gsimplifying �gassumptions�gand�glimitations, �g
which �gcould�gbe�gaddressed�gin�gfuture �gresearch.

* The�gfemale�gairway �gmodel�gwas�ggenerated�gvia�guniform �glinear �gscal-
ing�g(factor �g0.88)�gof�ga�gspecific�gmale�gmodel,�gbased�gon�gaverage�gkey�g
dimensions�g(primarily �gtracheal)�greported�gin�gthe�gliterature �g[ 43�
45]. �gThis�gsimplification �gmay�gnot�gcapture�gall �gregion-specific�gor�g
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Fig.�g21.�gCumulative�gdeposition�gfraction �gof�gdeposited�gparticles�gin�geach�gairway �ggeneration�gover�gtime.�gThe�ggray�gdashed�gline�grepresents�gthe�gnormalized�gtotal �gflow �grate�gduring �gthe�g
inspiration �gcycle.

subtle�gnon-linear �gmorphological �gdifferences�gbetween�gmale�gand�g
female�gairways�gbeyond�goverall �gsize,�gnor�gdoes�git �gaccount�gfor �ginter-
individual �gvariability �gwithin �gthe�gfemale�gpopulation.

* The�gnumerical �gsimulations�gemployed�ga�gsimplified �g'perfect�gsink'�g
deposition�gmechanism,�gassuming�gthat �gevery�gcontact�gbetween�ga�g
fiber �gand�gthe�gairway �gwall �gresulted�gin�gdeposition.�gThis�gassumption�g
may�gnot�gfully �gcapture�gthe�gcomplexities�gof�gparticle�wall �ginterac-
tions�geven�gwith �gthe�gsilicone�goil �gcoating�gused�gin�gthe�gexperimental�g
airway �greplica�gto�genhance�gcapture�g[ 16,17], �gpotentially �gleading�gto�g
an�goverestimation �gof�gthe�gdeposition�gfraction �gcompared�gto�gthese�g
specific�gin�gvitro �gresults.�gHowever,�gthis�gidealized�gcapture�gsimpli-
fication �gis�goften�gconsidered�gmore�grepresentative�gof�gdeposition�gon�g
the�ghighly �gefficient �gmucus-coated�gsurfaces�gin�gactual�ghuman�gair-
ways,�gwhere�gthe�gpresence�gof�gmucus�gon�gairway �gwalls�gsignificantly �g
increases�gthe�glikelihood �gof�gparticle �gcapture�gupon�gcontact.

* Only�goral�gbreathing�gwas�gconsidered�gin�gthis�gstudy,�gand�gthe�geffect�gof�g
the�gnasal�gcavity �gon�gairflow �gand�gparticle �gdeposition�gwas�gneglected.

* The�gfibers�gwere�gmodeled�gas�gprolate�gspheroids,�gwhich �gmay�gnot�g
perfectly �grepresent�gtheir �gactual�gshape,�gwhich �gis�goften�gcloser�gto�g
cylindrical. �gMore�grealistic �gparticle �gshapes,�gsuch�gas�gsuperellipsoids�g
or�gthose�gwith �gcomplex�gmass�gdistributions, �gas�gpresented�gby�gWedel�g
et�gal.�g[ 75,79], �gcan�gbe�gused�gin�gfuture �gsimulations.

* The�gcreeping�gflow �gparticle-fluid �ginteraction �gformulations �gwere�g
used�gin�gthis�gstudy�gwhich �gmay�glead�gto�gdiscrepancies,�gmainly �gin�g
the�gbifurcations. �gNon-creeping�gformulations �g[ 36,37] �gwill �gbe�gim-
plemented�gas�gfuture �gwork.

* The�gsimulation �gwas�gconsidered�gas�gisothermal,�gheat�gand�gmass�g
transfer�gbetween�gthe�gairflow, �gthe�gnasal�gpassage�gand�gmucus�gwas�g
neglected.�gThe�gthermal �gplume,�gfacial�geffects�gand�gsurroundings�gof�g
the�ghuman�gbody,�gand�gair�ghumidity �gwere�gnot�gconsidered�geither.

* The�ginitial �gposition �gand�gorientation �gof�gthe�gparticles�greleased�gin�g
the�gsimulations�gwere�grandomly �ggenerated,�gas�git �gis�gchallenging�gto�g
measure�gthese�gparameters�gexperimentally. �gThis�guncertainty �gin�gthe�g
initial �gconditions �gcould�ghave�gaffected�gthe�gdeposition�gpatterns�gand�g
introduced �ginaccuracies�gin�gthe�gresults.

* The�gsubgrid-scale�gturbulence�gfluctuations �gsmaller�gthan�gthe�ggrid �g
size�gwere�gnot�gconsidered�gin�gthis�gstudy�gand�gcan�glead�gto�gsmall�g
discrepancies�gin�gtrajectories�gand�gorientations, �gand�gcan�ginfluence�g
exact�gdeposition�gpositions�gfor �gparticles�gnear�gthe�gwalls,�gpredomi-
nantly �gwhen�greaching�gthe�gpeak�gflow �grate.�gModeling �gof�gthe�gturbu-
lence�gfluctuations, �gusing,�ge.g.,�ga�gGaussian�grandom�gfilter �g[ 56], �gwill �g
be�ginvolved �gin�gfuture �gwork �ginvestigating �ghigher�gflow �grates.

* A�gdilute �gair�gand�gone-way�gcoupling �gmodel�gwas�gused,�gassuming�g
that �gthe�gparticles�gdo�gnot�ginfluence�gthe�gairflow. �gThis�gassumption�g

may�gnot�gbe�gvalid �gin�gall �gregions�gof�gthe�gairway, �gparticularly �gin�gthe�g
turbulent �gflow �gregime�gnear�gbifurcations, �gwhere�gtwo-way �gcoupling �g
might �gbe�gnecessary�gfor �ghigher�gaccuracy.

* Particle�gconcentration�gwas�gassumed�gto�gbe�glow, �gand�ginter-particle �g
collisions�gwere�gneglected.�gAdditionally, �gpotential �gchanges�gin�gthe�g
particle �gshape�gowing �gto�gcollisions�gwere�gnot�gconsidered.

* Due�gto�gthe�gtime-consuming�gnature�gof�gthe�gexperiments,�gonly �gone�g
repetition �gwas�gperformed.�gAdditional �gexperimental�gdata�gwould �gbe�g
useful�gfor �ga�gbetter�gestimation�gof�gthe�guncertainties.

* The�geffect�gof�gexpiration �gon�gparticle �gdeposition�gwas�gnot�gconsidered�g
in�gthis�gstudy.�gThis�gcould�gbe�gparticularly �grelevant�gfor �gparticles�g
deposited�gtowards�gthe�gend�gof�gthe�ginspiration �gcycle,�gas�gthey�gmight �g
be�gexhaled�gbefore�ghaving�ga�gchance�gto�gdeposit�gpermanently.

* Only�gone�gflow �grate�gwas�gsimulated�gin�gthis�gstudy.�gSystematic�gex-
ploration �gof�gthe�ginfluence�gof�gvarious�gbreathing�gpatterns�gwas�gper-
formed�gby�ge.g.�g[ 80,81], �gand�ghence�gsimilar �gtrends�gin�gthe�gdeposition�g
characteristics�gcan�gbe�gexpected.

5.�gConclusion

This�gstudy�gsuccessfully�gapplied�gthe�gLBM�gin�gconjunction �gwith �gthe�g
ELER�gmethod�gto�gsimulate�gfiber �gtransport�gand�gdeposition�gin�ga�grealistic �g
female�gairway �gmodel.�gA�gunique�gcomparison�gof�gthe�gdeposition�gcharacter-
istics�gbetween�gnumerical �gsimulations�gand�gexperiments�gconducted�gon�gthe�g
same�gairway �ggeometry,�gextending�gto�gthe�g7th�ggeneration�gof�gbranching,�g
is�gpresented.�gThe�gresults�gshowed�ggood�gagreement�gin�gthe�gupper�gairways�g
and�gtrachea,�gbut�gsome�gdiscrepancies�gwere�gobserved�gin�gthe�gbronchial �g
bifurcations, �glikely �gowing �gto�gthe�gchallenges�gin�gcapturing �gcomplex�gflow �g
phenomena�g(such�gas�gDean�gvortices�gand�gturbulence) �gusing�gthe�gELER�g
method.

In�gaddition �gto�gcomparing�gthe�gELER�gmethod�gwith �gexperimental�gdata,�g
its�gaccuracy�gwas�galso�gassessed�gby�gcomparing�git �gwith �gsimplified �gfiber �g
deposition�gmodels�gthat �gneglect�gfiber �grotation �g(T-C�gand�gH�L �gmethods).�g
The�gELER�goutperformed �gthese�gsimplified �gmodels,�gdemonstrating�gits�gsu-
perior �gability �gto�gpredict �gfiber �gdeposition�gin�ga�grealistic �gairway �ggeometry�g
and�gemphasizing�gthe�gimportance�gof�gorientation-dependent �gcalculation �g
of�gfiber �gtransport�gand�gdeposition.

This�gstudy�galso�genabled�ga�gdetailed�ganalysis�gof�gthe�gdeposition�gpatterns�g
for �gdifferent �gfiber �gsize�ggroups.�gNotably, �gthe�gELER�gmethod�gexhibited �g
better�gagreement�gwith �gthe�gexperimental�gdata�gfor �gsmaller�gparticles,�g
indicating �ga�ghigher�gaccuracy�gin�gpredicting �gthe�gdeposition�gfractions�gfor �g
these�gsize�granges.�gFurthermore,�gthe�gresults�gconfirmed �gthat �gfibers�gwith �g
higher�gaspect�gratios�ghad�ga�ggreater�gtendency�gto�gpenetrate�gdeeper�ginto �gthe�g
lungs,�gwhich �gis�gconsistent�gwith �gprevious�gfindings.
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A�gcomparison�gof�gthe�gdeposition�gefficiency �gwith �gliterature �gdata,�gusing�g
Stk�gas�ga�gbasis�gfor �gcomparison,�gshowed�ggood�gagreement�gin�gthe�gtrachea.�g
However,�gdiscrepancies�gwere�gobserved�gin�gthe�gbifurcations, �gpotentially �g
owing �gto�gthe�gdifferences�gin�gairway �ggeometries�gand�gflow �gregimes�gbe-
tween�gthe�gstudies.�gThe�guse�gof�ga�grealistic, �gtransient�ginspiration �gprofile �g
in�gour�gsimulations�gled�gto�ga�ghigher�gdeposition�gefficiency �gcompared�gto�g
studies�gthat �gemployed�gsteady�gflow �gconditions, �glikely �gowing �gto�gthe�ghigher�g
peak�gvelocities�gand�gresulting �ghigher�gStk�gin�gour�gsimulations.

The�gnumerical �ganalysis�grevealed�gthat �gparticles�greleased�gat�gthe�gbegin-
ning�gof�gthe�ginspiration �gcycle,�gwhen�gthe�gflow �grates�gwere�gthe�ghighest,�gwere�g
more�glikely �gto�gdeposit�gin�gthe�gupper�gairways.�gThis�gfinding �ghighlights �gthe�g
importance�gof�gconsidering�ginitial �ghigh�gflow �grates�gwhen�gdesigning�gdrug�g
delivery �gstrategies.�gFor�ginstance,�gadjusting�gthe�grelease�gtiming �gto�gavoid�g
this�ginitial �gphase�gcould�ghelp�gprevent�gunwanted�gdeposition�gin�gthe�gupper�g
airways.�gNo�gsignificant �gdifferences�gin�gdeposition�gwere�gobserved�gfor �g
particles�greleased�gafter�gthe�gfirst �gthird �gof�gthe�ginspiration �gcycle,�gsuggesting�g
that �gthe�ginitial �ghigh�gflow �grates�ghad�gthe�ggreatest�gimpact�gon�gthe�gdeposition�g
location. �gFurthermore,�gonly �gnegligible �gdifferences�gin�gdeposition�gwere�g
found�gamong�gthe�gvarious�gbranching�gsegments,�gindicating �ga�grelatively �g
uniform �gdistribution �gof�gdeposition�gthroughout �gthe�gtracheobronchial �g
tree.�gApproximately �g70%�gof�gthe�gparticles�gwere�gdeposited�gduring �gthe�gfirst �g
inspiration �gcycle.

Notably, �gthe�gorientation-dependent �gdeposition�gmechanism,�gwhich �g
accounts�gfor �gthe�gangle�gof�gthe�gfiber �grelative �gto�gthe�gairway �gwall, �gwas�g
activated�gin�g93%�gof�gthe�gparticles.�gThis�gemphasizes�gits�gcrucial �grole�g
in�gaccurately�gpredicting �gdeposition,�gparticularly �gfor �gapplications�gsuch�g
as�glocally �gtargeted�gdrug�gdelivery, �gin�gwhich �gprecise�gcontrol �gover�gthe�g
deposition�glocation �gis�gessential.

Simulating �gfibrous�gparticles�gin�grealistic �gairway �ggeometries�gusing�ga�g
realistic �gbreathing�gprofile �gprovides�gvaluable�ginsights�ginto �goptimizing �gthe�g
inhalation �gprocess�gand�gpredicting �gfiber �gdeposition�gpatterns.�gHowever,�g
the�gresults�galso�gdemonstrated�gthat �gcurrent �gnumerical �gtechniques�gfor �g
fiber �gmodeling,�gspecifically �gELER,�gand�gthe�gdrag�gmodels�gH�L �gand�gT-C,�g
still �gexhibit �gsome�gdiscrepancies�gcompared�gto�gthe�gexperimental�gdata,�g
especially�gin�gthe�gbranching�gregions.�gFurther�gresearch�gis�gneeded�gto�g
improve �gthese�gtechniques�gand�gexpand�gtheir �gapplicability, �gultimately �g
enabling�gthem�gto�greplace�gor�gcomplement�gexperimental�gstudies�gin�ga�g
wider �grange�gof�gscenarios�gand�gcontributing �gto�gthe�gongoing�gdevelopment�g
of�geffective�gmedical�gtreatments.

This�gstudy�galso�ghighlights �ga�gkey�gdifference�gbetween�gspherical�gand�g
fibrous�gparticles:�gfibers�gexhibit �ga�ggreater�gability �gto�gbypass�gthe�gupper�g
airways�gand�gpenetrate�gdeeper�ginto �gthe�glungs.�gThis�gfinding �ghas�gimportant �g
implications �gfor �gunderstanding�gthe�gpotential �ghealth�grisks�gassociated�g
with �ginhalation �gof�gdifferent �gtypes�gof�gparticles�gand�gfor �gdeveloping�gtar-
geted�gdrug�gdelivery �gstrategies�gthat �gcan�geffectively �greach�gspecific�gregions�g
of�gthe�grespiratory �gsystem.

Finally, �git �gis�gcrucial �gto�gconsider�gthe�ginfluence�gof�gindividual �gairway �g
geometries�gand�gbreathing�gpatterns�gon�gparticle �gdeposition.�gThis�gstudy�gfo-
cused�gon�ga�gfemale�gairway �gmodel,�gbut�gfuture �gresearch�gshould�ginvestigate�g
the�gdifferences�gin�gdeposition�gbetween�gmale,�gfemale,�gand�gchild �gairways�g
and�gevaluate�gthe�gimpact�gof�gvarious�ginhalation �gregimes.�gThis�gknowledge�g
is�gessential�gfor �gdeveloping�gpersonalized�ginhalation �gtherapies�gtailored �gto�g
the�gspecific�gcharacteristics�gof�gindividual �gpatients.
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Table �gA.2
Summary�gstatistics�gof�gthe�gtotal �gfiber �gcounts�gand�gtheir �glength�g2a�gand�gthickness�gdp�gobtained�gby�gthe�gexperimental�gmeasurement.

�gSegment�gno. No.�gof�gparticles Mean�gof�gdp�g(�m ) Std.�gdeviation �gof�gdp�g(�m ) Mean�gof�g2a�g(�m ) Std.�gdeviation �gof�g2a�g(�m )�g
�g1 325 264 2.0 1.3 15.8 14.5 �g
�g2 96 341 2.4 1.2 18.2 15.3 �g
�g3 37 160 1.9 1.0 20.1 15.9 �g
�g4 42 206 1.7 0.9 14.7 8.3 �g
�g5 43 583 1.9 1.1 14.8 11.5 �g
�g6 42 106 2.2 1.8 17.0 14.0 �g
�g7 36 242 1.6 0.6 13.7 9.4 �g
�g8 29 820 2.4 1.8 13.9 9.6 �g
�g9 26 608 1.4 0.6 14.3 8.3 �g
�g10 20 644 1.7 0.9 13.7 11.6 �g
�g11 18 351 1.6 0.7 21.3 18.5 �g
�g12 22 021 2.2 1.9 21.7 15.9 �g
�g13 83 954 1.9 0.7 14.3 10.3 �g
�g14 30 278 1.4 0.6 21.8 28.9 �g
�g15 22 021 1.9 1.1 15.7 12.8 �g
�g16 112 397 1.8 0.6 15.9 11.7 �g
�g17 26 608 1.9 0.8 21.2 13.7 �g
�g18 53 676 1.8 0.9 19.2 24.6 �g
�g19 61 016 1.9 0.7 21.4 24.4 �g
�g20 23 397 1.3 0.5 13.6 7.6 �g
�g21 37 160 1.5 0.8 15.1 10.6 �g
�g22 38 995 1.7 0.5 13.8 9.6 �g
�g13o 856 273 1.5 0.6 17.4 15.9 �g
�g14o 585 743 1.5 0.7 16.2 13.9 �g
�g15o 757 403 1.6 0.7 16.7 14.8 �g
�g16o 1 031 666 1.6 0.7 17.3 15.2 �g
�g17o 340 679 1.5 0.6 16.5 16.9 �g
�g18o 1 087 424 1.6 0.8 17.4 16.3 �g
�g19o 837 929 1.6 0.7 16.3 14.3 �g
�g20o 347 844 1.5 0.7 16.8 15.0 �g
�g21o 847 405 1.7 0.7 16.8 15.6 �g
�g22o 1 047 117 1.6 0.7 16.1 14.9 �g
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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

* Novel model for translation  and orientation  dynamics of inhomogeneous ellipsoidal  particles.
* The effect of varying  the density ratio  and aspect ratio  on particle  dynamics is studied.
* Significant  impact on the rotational  motion  compared to homogeneous ellipsoids.
* Relevant practical  applications include particle  respiration  dynamics.

A R T I C L E I N F O

Keywords:
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Lagrangian particle  tracking

A B S T R A C T

We present a novel model for tracking  particles (based on Lagrangian particle  tracking)  with  inhomogeneous
mass distribution.  Without  loss of generality, the presented approach captures inhomogeneity  by assuming an
offset spherical inclusion  in an elongated ellipsoidal  particle  matrix.  The model is first  validated on simplified
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J. Wedel et al.

Particle deposition flow  configurations  such as particles settling in vacuum or air as well  as suspended in simple shear and
laminar  pipe flow,  where we achieved an excellent agreement with  the available reference results. Furthermore,
we investigate the impact of the inclusion  parameters on the particle  motion.  Finally,  the deposition of
inhomogeneous particles in a simplified  bifurcation  is analyzed. We conclude that the consideration of
inhomogeneity  significantly  alters the translational  and orientational  dynamics of the particles. Consequently,
we advocate for the consideration of more realistic mass distributions  to increase the accuracy of modeling
and predicting  the motion  of inhomogeneous particles in flows for real-world  applications.

1. Introduction

Particles in flows are ubiquitous  in nature and technology. They
range from  sludge flocs in wastewater treatment to airborne pollutants
such as pollen, dust particles, and fibers to microplastics. In reality,
these particles are rarely  perfectly  shaped or display a perfectly  homo-
geneous mass distribution.  Although  research in the field  of particles
suspended in flows spans decades and numerous sophisticated studies
can be found in the literature,  targeting a wide field  of applications
ranging from  wastewater treatment, [ 1],  to aerosols carrying  potential
viruses, [ 2� 5],  insufficient  attention  has been paid to the large field
of non-spherical and inhomogeneous particles. Despite the fact that
naturally  occurring  particles (blood cells, pollen, dust, fibers) as well
as man-made particles (microplastics, asbestos fibers, tire  abrasion) are
rarely  perfect spheres, particles are mostly simplified  as spherical in
the majority  of references, as this greatly reduces the complexity  in
describing their  motion,  [ 6,7].  Authors often resort to shape factors
applied to spherical particles that alter the drag force when mod-
eling non-sphericity,  [ 8],  but this mostly fails to accurately predict
particle  motion,  [ 9].  Another commonly used approach to modeling
non-spherical particles is to approximate the realistic  particle  as a
prolate spheroid, [ 1],  which  is the most studied non-spherical particle
shape. In this context, Jeffery, [ 10],  was the first  to study single
ellipsoids suspended in viscous shear flow  and proposed force and
torque expressions in uniform  shear flow  under Stokes conditions.
Jeffery, [ 10],  further  showed that the motion  of the spheroid can be
described by periodic  orbits and concluded that the initial  orientation
affects the final  state of the particle.  Brenner extended the work  of
Jeffery, [ 10],  to ellipsoids suspended in arbitrary  flow  conditions, [ 11,
12].  Like Jeffery [ 10],  Brenner [ 11,12]  also assumes that the inertia
of the particles and of the fluid  is negligible,  [ 13].  However, for large
Reynolds numbers, as shown by Karnis et al. [ 14,15],  inertial  effects
are important,  as the non-spherical particle  motion  deviates from  the
results of the Jeffery model. Several authors observed that elongated
ellipsoidal  particles accumulate in viscous sublayers and tend to gather
in areas of low-velocity,  [ 16� 18],  similar  to their  spherical counterpart.
Furthermore, these spheroids have been found to preferentially  align
with  the mean flow,  especially in near-wall  regions, [ 13].  In numerical
and experimental studies, Tian et al. [ 19]  investigated the motion
of high aspect ratio  prolate ellipsoids in laminar  pipe flows. Tian
et al. [ 19],  found that the particle  aspect ratio,  the density ratio  of par-
ticles to fluid  and the shear rate of the flow  are crucial  parameters that
significantly  change the particle  motion.  Other authors investigated the
alignment  of fiber-  and disk-shaped particles in near-wall  turbulence in
a channel flow,  see Cui et al. [ 20].  Cui et al. [ 20],  found the forma-
tion  of three preferred alignment  patterns around ensemble-averaged
vortices.

Recently, Ravnik et al. [ 21],  numerically  studied asbestos fibers
in flows and pointed out the importance of an appropriate shape
approximation.  They found that it  is not sufficient  to approximate
the asbestos fibers by a simple ellipsoidal  shape, as the force and
torque values obtained deviate strongly from  the real particle  shape
values. More recently, Wedel et al. [ 9],  performed particle  simulations
considering superellipsoidal shapes and investigated the effects of non-
sphericity  in various flow  conditions. The authors showed that the use
of the presented superellipsoidal models for drag and torque allows
the calculation  of particle  trajectories with  superior accuracy compared

to simplified  non-spherical particle  approximations,  [ 9].  Despite the
intensive research on non-spherical particle  shapes in the field  of
ellipsoids and superellipsoids, most authors considered homogeneous
particles, while  the research on inhomogeneous particles is sparse.
However, particles are never perfectly  homogeneous, such as sludge
flocs, dust particles, or even glass fibers produced by mechanical cut-
ting  processes. Cui et al. [ 22],  targeted the modeling of sludge-flocs and
considered inhomogeneity  by assuming a spherical inclusion.  However,
the authors used a simplified  approach, by neglecting the coupling  of
translational  and rotational  motion  in their  approach.

Nonhomogeneous mass distribution  is also crucial  for various bio-
logical  organisms such as for example micro-swimmers, which  gained
significant  importance in the scientific  field  in recent years. The lo-
comotion of various gyrotactic  swimmers, including  certain plank-
ton species, is influenced by their  ability  to generate gravitational
torque, e.g. from  an inhomogeneous mass distribution,  [ 23].  This lo-
comotion tactic is called gyrotaxis, which  results from  the interplay
of gravitational  and viscous torques acting on the swimmers when
suspended in a flow.  Gyrotaxis is among the most widely  studied
motile  response of micro  swimmers. For example, Marchioli  et al. [ 23],
numerically  investigated the dynamics of small spherical and bottom-
heavy gyrotactic  swimmers dispersed in open-channel flow  turbulence
using direct-numerical-simulation-based  Eulerian�Lagrangian  simula-
tions. Moreover, Qui et al. investigated the motion  of spherical gyrotac-
tic  swimmers suspended in turbulent  flows, [ 24].  The study examined
how gyrotaxis affects the orientational  dynamics of the swimmers.
The findings  revealed that the correlation  between the time scales
of gyrotaxis and turbulence plays a critical  role in determining  the
efficiency of the swimmers' vertical  movement through  the suspension.

Recently, Rautenbach et al. [ 25],  studied Lagrangian Sensor Par-
ticles (LSP) as used in characterizations of stirred tank reactors. In
this context, the authors especially examined the effects of mass-center
offset, i.e. the shift  between center of mass from  the geometric center,
on the flow-following  capabilities of the LSPs. The authors conclude
that the internal  mass distribution  of the LSP has strong impact on its
motion  and can thus be considered a crucial  parameter to optimize  the
LSP design.

Also in the field  of lung studies, where deposition and distribution
in realistic  human lung replicas are investigated, accurate predictions
are crucial  as the ability  to predict  localized concentrations of inhaled
toxic  fibers can provide decision-makers with  critical  information  to
improve  measures for human protection,  [ 26].  This awareness of the
harmful  effects associated with  inhaled asbestos originally  motivated
research into  the transport and deposition of fibers within  the hu-
man airways. More recently, the increased use of carbon nanotubes
and other man-made fibers, alongside the potential  of using inhaled
biodegradable fibers as drug carriers, has revitalized  interest in this
topic, [ 27].  Biodegradable fibers could optimize  the targeted delivery  of
medication, offering  the ability  to penetrate deeper into  the lungs than
their  spherical counterparts and potentially  improving  the treatment
of lower  respiratory  regions, [ 28].  The pharmaceutical applications
require even higher precision of predictions of local distribution  of the
inhaled dose and hence the demands for the precision of numerical
simulations of the fiber  flow  are growing.  However, up to this day these
particles are generally simply assumed to be homogeneous, [ 26].

As a motivation,  we consider real fibers employed in studies of
human airway  replicas [ 29]  that were prepared by crushing glass
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Fig. 1. Glass fibers under microscope employed in lung deposition studies.

Fig. 2. Glass fiber traveling  in laminar  pipe flow  (Re ù 500) with  particle  long axis oriented perpendicular to the streamwise direction.  Frames are presented in �t = 0:00015 s
intervals.

wool  in a mechanical press.1 This type of glass wool  is designed
for thermal  insulation  of attics and other confined spaces. Workers
applying  this material  are at risk of exposure through  inhalation  if
proper personal protection  is not used, making the study of these
fibers relevant to real-world  scenarios. As shown in Fig. 1, although
glass fibers are usually considered straight and rigid,  they often exhibit
attached inhomogeneities that can influence their  flow  behavior, see
Fig. 2, where a glass fiber  travels in laminar  pipe flow  with  its particle
long axis orientated perpendicular to the streamwise direction.  This
paper presents a method specifically  designed to address the effects of
such inhomogeneities on fiber  motion.

In order to contribute  to a better understanding of the flow  of
real fibers, this work  aims to extend the model proposed by Cui
et al. [ 22],  to address the lack of research in the field  of particles with
inhomogeneous density distribution  with  a special focus on glass fibers
suspended in air. Note that the proposed model takes into  account
the fully  coupled dynamics of inhomogeneous particles, compared to
the reference model of Cui et al. [ 22],  which  is formulated  in the
geometric center of the particle,  but neglecting the coupling  between
the translational  and rotational  dynamics.

2. Lagrange  particle  tracking  of inhomogeneous  ellipsoidal  parti-
cles

2.1. Notation

In this work,  we employ bold italic  font  to express tensors of various
orders. Bold italic  lowercase letters such as a represent first-order

1 The fibers were prepared by crushing Supafil+ Loft glass wool (Knauf
Insulation  GmbH, Simbach am Inn, Germany). The fiber  diameter was 3.8
,1 :4 �m and length 37.1 ,20 :9 �m , seeFig. 1.

tensors (vectors), while  bold italic  uppercase letters such as A are used
for second-order tensors. We can express the coordinate representation
in Cartesian coordinate systems with  base vectors e¨

i , ei (i = 1;2;3) using
Einstein's summation convention as

a = a¨
i e¨

i = ai ei and A = A¨
ij e¨

i ä e¨
j = A ij ei ä ej ; (1)

where a¨
i , ai and A¨

ij , Aij are the corresponding coefficients in the
coordinate system e¨

i , ei , respectively. The tensor coefficients a¨
i , ai and

A¨
ij , A ij can be arranged in coefficient  matrices, which  we denote by

underlined  italic  letters:

a¨ =

b
f
f
f
d

a¨
1

a¨
2

a¨
3

c
g
g
g
e

; a =

b
f
f
f
d

a1

a2

a3

c
g
g
g
e

and A¨ =

b
f
f
f
d

A¨
11 A¨

12 A¨
13

A¨
21 A¨

22 A¨
23

A¨
31 A¨

32 A¨
33

c
g
g
g
e

;

A =

b
f
f
f
d

A11 A12 A13

A21 A22 A23

A31 A32 A33

c
g
g
g
e

: (2)

Note that the employed notation  is consistent with  our previous work,
[ 30].  The rotation  matrix R transforming  coefficients with  respect to
the base vectors ei to coefficients with  respect to the base vectors e¨

i is
expressed as

R =
b
f
f
d

R11 R12 R13
R21 R22 R23
R31 R32 R33

c
g
g
e

with Rij = e¨
i � ej and e¨

i = Rij ej : (3)

The corresponding rotation  tensor R = e¨
j ä ej mapping ej into e¨

j = R�ej
has therefore coordinate representation R = [e¨

j � ei ] ei ä ej = Rj  i ei ä ej ,
i.e. the coefficient  matrix  of R is the matrix  transposeRt of the rotation
matrix R. Taken together, coefficient  matrices of vectors and second
order tensors transform as

a¨ = R a and A¨ = R A Rt : (4)
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Fig. 3. Sketch of an inhomogeneous prolate ellipsoid  with  a spherical mass inclusion.
Here, G denotes the body fixed center of geometry, C the barycenter, S the center
of the spherical inclusion, and P an arbitrary  point.  The density of the inclusion is
denoted by � s, while  the enclosing ellipsoid  matrix  has a density of � e. The particle
long axis is a1, while  the particle  minor  axes are a2 and a3, respectively. For a prolate
spheroidal particle a2 = a3. Here E and S denote the integration  domains for the entire
ellipsoid  and the spherical inclusion. Note that the particle  frame of reference (pFoR)
is indicated by ƒei ; i = 1;2;3.

2.2. Kinematics of a rigid body

We present a novel approach for the modeling of realistic  particles
of non-spherical shape and with  inhomogeneous mass distribution,
as observed commonly in real-world  applications (glass or asbestos
fibers, [ 21],  sludge flocs, [ 1]),  to compute their  translational  and
orientational  dynamics. This approach serves as an extension of the
model presented by Cui et al. [ 1],  in which  the inhomogeneity  in pro-
late spheroids is modeled by spherical regional inclusions of different
densities. Cui et al. target sludge flocs and therefore use a simplification
in which  the translational  and orientational  motion  are treated as
decoupled. As will  be shown later, this simplification  holds for the
sludge flocs considered. However, for fibers in air, the assumption is
not justified.  In agreement with  Cui et al. [ 1],  we focus on spherical
inclusions with  density � s and diameter ds = 2rs, see Fig. 3. Note
that the presented approach is easily extendable to arbitrarily  shaped
inclusions. As displayed in Fig. 3, we denote the body fixed particle
geometric center as G, the barycenter as C, the center of the spherical
inclusion S and an arbitrary  point  as P. Note that by introducing  an
inhomogeneity  located at rS, the barycenter C no longer coincides with
the particle  geometric center G, seeFig. 3.

In the following,  we will  denote position  vectors from  the origin  of
the inertial  frame of reference (iFoR) using bold r with  the terminating
point  as a subscript. Furthermore, position  vectors with  origin  in either
G, C or S are indicated by ƒ[�], „[�] or Š[�], respectively. In the geometric
center G we may append the particle  frame of reference (pFoR) with
orthonormal  triad ƒei .i = 1;2;3/ moving with  the particle  to later
express vectors and tensors in coordinate representation. Recall the
Euler representation for the kinematics of an arbitrary  point P on the
rigid  body

rP = rC + „rP; vP = vC + „vP; aP = aC + „aP; (5)

with

„vP = „r t
P• � ! = ! • � „rP• ; „aP = „r t

P• � †! + ! 2
• � „rP• : (6)

In Eqs. ((5),(6)), the barycenter velocity  of the particle  is denoted
by vC and the particle's angular velocity  by ! , while aC and †! denote
the barycenter translational  and angular acceleration of the particle,
respectively. Herein we use the notation  for the skewsymmetric spin

tensor, indicated by [�]• , of an axial vector, to express the vector
product of two  vectors in various alternative  but equivalent ways:

a • b = bt
• � a = a• � b: (7)

The coordinate representation of a skew symmetric spin tensor a• reads
as

a• =
b
f
f
d

0 * a3 a2
a3 0 * a1

* a2 a1 0

c
g
g
e

: (8)

By specializing P to G and by reordering terms and using the alternative
notation  for the vector product, the acceleration of the barycenter C
is eventually  expressed in terms of the acceleration of the center of
geometry G, the angular velocity  and angular acceleration and the
position  vector pointing  from G to C, as an intermediate  result, as

aC = aG + ƒr t
C• � †! + ! •

�
ƒr t

C• � !
�
: (9)

Remark  2.1. In this work,  we described the orientation  of a particle
in space by quaternions q =

�
q0; q1; q2; q3

� t
. The quaternions (Euler

parameters) can be determined from  the Euler angles (' i ; i = 1;2;3)
using

q =

b
f
f
f
f
d

q0
q1
q2
q3

c
g
g
g
g
e

=

b
f
f
f
f
f
d

cos
�
0:5

�
' 1 + ' 3

��
cos

�
' 2_2

�

cos
�
0:5

�
' 1 * ' 3

��
sin

�
' 2_2

�

sin
�
0:5

�
' 1 * ' 3

��
sin

�
' 2_2

�

sin
�
0:5

�
' 1 + ' 3

��
cos

�
' 2_2

�

c
g
g
g
g
g
e

(10)

and are subject to the constraint q2
0 + q2

1 + q2
2 + q2

3 = 1, [ 31].  The rotation
matrix  in the inertia  frame then follows  as

R =
b
f
f
d

q2
0 + q2

1 * q2
2 * q2

3 2[q1q2 + q0q3] 2[q1q3 * q0q2]
2[q1q2 * q0q3] q2

0 * q2
1 + q2

2 * q2
3 2[q2q3 * q0q1]

2[q1q3 + q0q2] 2[q2q3 * q0q1] q2
0 * q2

1 * q2
2 + q2

3

c
g
g
e

:

(11)

In addition,  the evolution  of the quaternions is related to the angular
particle  velocity  in the particle  frame ! ¨ as

d q_d t =

b
f
f
f
f
d

d q0_d t
d q1_d t
d q2_d t
d q3_d t

c
g
g
g
g
e

=
1
2

b
f
f
f
f
d

* q1 * q2 * q3
q0 * q3 q2
q3 q0 * q1

* q2 q1 q0

c
g
g
g
g
e

! ¨: (12)

Remark  2.2. The Stokes number St k describes the ratio  of the charac-
teristic  particle  response time � p to a characteristic time of the flow � f
and can be obtained using the volume-equivalent  sphere diameter deq,
a characteristic length L 0 and a characteristic flow  velocity u0 as

St k =
� p

� f
=

� p

� f

d2
equ0

18� f L 0
with � p =

� p

� f

d2
eq

18� f
and � f =

L 0

u0
: (13)

Here, � p denotes the average particle  density (� p = m_V, where m
denotes the resulting particle  mass and V the particle  volume), while
� f and � f denote the fluid  density and kinematic  viscosity, respectively.
The terminal  velocity vt of a spherical particle  settling in Stokes flow
is given by [ 32]

vt =
d2

eq

18� f

� p * � f

� f
g: (14)

The particle  Reynolds number Rep is defined as follows:

Rep =
deqður elð

� f
; (15)

where ur el = u * vC denotes the relative  velocity  between the particle
barycenter vC and the fluid u.

In the experimental work  of Di Giusto et al. [ 33],  the authors
investigated the rotational  dynamics of neutrally  buoyant spheroidal
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and cylindrical  particles suspended in simple shearing flows in the
small-inertia  regime (Rep = St k ¿ 1). The authors found that for
these weakly inertial  ellipsoids, while  exhibiting  no significant  effect on
the period of rotation,  a systematic drift  away from  the Jeffery orbits
and towards limiting  stable orbits is reported, necessitating suitable
corrections. Note that in the following,  we will  only consider cases
where the particle  Reynolds number is mostly Rep ~ 1. Rep ù  1
are observed only instantaneously at the injection  time if  the relative
particle  is released with  zero initial  velocity  as here the relative  velocity
ður elð is maximal.  Thus, we expect no drift  from  the Jeffery orbits due
to inertia  effects throughout  the conducted simulations.

2.3. Inertia of a rigid body

To start with,  we define the density distribution  as

� = � e in E\ S;
� = � e + �� s in S:

(16)

wherein we use �� s to indicate the difference of the density in the
spherical inclusion S and the ellipsoid E. Here E and S denote the
integration  domains for the entire ellipsoid  and the spherical inclusion.
Then the resulting mass for the particle,  the homogeneous (reference)
ellipsoid  and the mass difference between the spherical inclusion  and
the inhomogeneous ellipsoid  read

m =
ÊE

� dv = me + �m s =
ÊE

� edv +
ÊS

�� sdv (17)

The tensor of inertia  of a rigid  body with  respect to its barycenter
reads

J C =
ÊE

� „r t
P• � „rP• dv: (18)

This expression follows  directly  from  the expression of the rotational
part of the kinetic  energy of a rigid  body and our above notation  for
the vector product

ÊE
� ð„vPð2dv = ! �

ÊE
� „r t

P;• � „rP• dv � ! (19)

Then the Steiner theorem renders for the tensor of inertia  with  respect
to the center of geometry (please note the positive sign since we use
the transpose on one of the skewsymmetric spin tensors)

J G = J C + mƒr t
C • � ƒrC • : (20)

Observe that from  a practical  standpoint it  is easiest to directly  compute
the tensor of inertia  with  respect to the center of geometry from

J G = J e + � J s + �m sƒr t
S• � ƒrS• (21)

with  tensor of inertia  of the homogeneous (reference) ellipsoid  with
respect to the center of geometry J e as

J e =
ÊE

� eƒr t
P• � ƒrP• dv (22)

and the difference tensor of inertia  of the spherical inclusion  with
respect to its own barycenter J s as

� J s =
ÊS

�� sŠr t
P• � ŠrP• dv: (23)

From this, the tensor of inertia  with  respect to the barycenter JC of the
rigid  body may be retrieved by combining  Eqs. ((20),(21)).

Remark  2.3. The moment of inertia  matrix  of the homogeneous
ellipsoidal  particle  in the pFoR can be obtained as [ 34]

J ¨
e =

1
5

me

b
f
f
d

2a2
3 0 0

0 a2
3

�
1 + � 2

�
0

0 0 a2
3

�
1 + � 2

�

c
g
g
e

; (24)

where for prolate spheroids the aspect ratio  renders � = a1_a3 with  the
semi-major axis denoted as a1 and the semi-minor axis as a2 = a3. The

moment of inertia  tensor of the spherical inclusion  difference in the
pFoR renders

�J ¨
s =

2
3

�m s

b
f
f
f
d

r2
s 0 0

0 r2
s 0

0 0 r2
s

c
g
g
g
e

; (25)

with  the inclusion  radius rs.

2.4. Kinetics of a rigid body

In the following,  we will  express the kinetics of a rigid  body,
both with  respect to (a) the barycentric  and (b) the geometric center.
Observe that both formulations  are valid  and their  equivalence will
be demonstrated in the following.  However, each formulation  requires
careful consideration of the respective translational  and rotational  dy-
namics.

(a)  with respect to the barycenterC
The translational  and rotational  balance of momentum read with

respect to the barycenter C as

F = maC; (26)

T C = J C � †! + ! •
�
J C � !

�
: (27)

For a unified  representation they may be compacted into  a (uncoupled)
system as
4
F
T C

5
=

4
mI  0
0 J C

5
�
4
aC

†!

5
+

4
0

! •
�
J C � !

�
5

: (28)

Here, T C denotes the resulting torque exerted on the particle  with
respect to its barycenter and F is the resulting force exerted on the
particle.

(b)  with respect to the geometric centerG
With  respect to the center of geometry G the translational  and

rotational  balance of momentum read2

F = maG + mƒr t
C• � †! + ! •

�
mƒr t

C• � !
�
; (29)

T G = mƒrC• � aG + J G � †! + ! •
�
J G � !

�
: (30)

For a unified  representation they may be compacted into  a (coupled)
system as
4
F
T G

5
=

4
mI mƒr t

C•
mƒrC• J G

5
�
4
aG

†!

5
+

L
! •

�
mƒr t

C• � !
�

! •
�

J G � !
�

M

; (31)

Here, T G denotes the resulting torque exerted on the particle  with
respect to its geometric center.

2.5. Force and torque exerted on a rigid body

In the following,  we will  discuss (a) the resultant force F as well
as (b) the resultant torque T with  respect to the barycenter and the
geometric center. Observe, that careful consideration of the acting
forces and torques is required for the respective formulation.  The
individual  forces contributing  to F and their  point  of application  in
the inhomogeneous particle  are displayed in Fig. 4.

(a)  Resultant ForceF

2 The former follows  directly  from inserting the previous intermediate  result
aC = aG + ƒr t

C • †! + ! •
�
ƒr t

C • � !
�
. The latter  follows  from the external torque

expressed with  respect to the center of geometry T G = T C + ƒr C • F using the
above expression for F , recalling  the relation J G = J C + mƒr t

C• � ƒr C• and using
the identity ƒr C• �

�
! •

�
ƒr t

C• � !
��

= ƒr C •
�
! •

�
! • ƒr C

��
= ! •

�
ƒr C •

�
! • ƒr C

��
=

! •
�
ƒr t

C• � ƒr C• � !
�
.
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Fig. 4. Sketch of the forces contributing  to the resultant F acting on an inhomogeneous
prolate ellipsoid  with  a spherical mass inclusion. Here, F g denotes the gravity  force,
F b denotes the buoyancy force and F d denotes the drag force. As indicated, F b and
F d act on the geometrical center G, while F g acts on the barycenter C. Note that in
this sketch the gravitational  direction  is pointing  in the direction  of * e2.

The resultant force acting on a rigid  body is independent from
the reference point. 3 As shown in Wedel et al. [ 30],  for a micron-
sized ellipsoidal  rigid  body immersed in Stokes flow  with � p ¸  � f the
dominant  force contributions  are drag F d, gravity F g and buoyancy
F b, while  additional  force contributions  such as pressure gradient and
added mass can be considered negligible,  which  is especially true for
particles suspended in air. It  was further  shown that even if � f ù � p,
the two  latter  force contributions  are way smaller than drag, buoyancy
and gravity  contribution  if  the Stokes number is St k ~ 1 and thus still
negligible.  It  is important  to note that the gravity  contribution  acts on
the barycenter C, while  the drag and buoyancy contribution  act on
the geometrical center G. To summarize, the resultant force for the
considered applications is obtained as

F = F g + F b + F d: (32)

These expand as

F g = +
ÊE

� gdv = mg (33)

F b = *
ÊE

� f gdv = * mf g (34)

F d =
Ê) E

tda =
Ê) E

�
„t + ƒt

�
da =

Ê) E
„tda = �  � f a3K �

�
u * vG

�
: (35)

The expression of the drag resistance tensor K in the pFoR can be found
in the Appendix. Note that the traction t can be decomposed into  a
surface average „t, i.e. a constant vector, and a fluctuation  contribution
ƒt as

t = „t + ƒt with „t :=
1

sur .) E/ Ê) E
t da and 0 ’

Ê) E
ƒt da: (36)

Thus, in Eq. (35) the resultant of the traction  variation  vanishes,
i.e. ” ) E

ƒtda = 0, and consequently only „t contributes to the drag
force. Observe also the velocity  of the center  of geometry vG of the
particle  in the drag expression. This may be re-expressed in terms of
the barycenter velocity  by

vC = vG + ƒr t
c• � ! : (37)

(b)  Resultant Torque
The resultant torque acting on a rigid  body generally depends on

the reference point.  In the following,  we will  express the torque (b1)
in the barycenter as well  as (b2) in the geometric center. Furthermore,
the Jeffery torque is discussed in (b3).

(b1)  with respect to the barycenterC

3 Nevertheless individual  forces contributing  to the resultant F may act on
either the geometrical center G or the barycenter C.

The resultant torque T C with  respect to the barycenter C consists of
a gravity T g

C, a buoyancy T b
C, a drag T d

C and a Jeffery contribution T j

and reads as

T C = T g
C + T b

C + T d
C + T j (38)

with  the gravity,  buoyancy, and drag contribution

T g
C = +

ÊE
� „rP • gdv = 0; (39)

T b
C = *

ÊE
� f „rP • gdv = „rG • F b; (40)

T d
C = +

Ê) E
„rP • „tda = „rG • F d: (41)

(b2)  with respect to the geometric centerG
For a micron-sized ellipsoidal  rigid  body immersed in Stokes flow

the resultant torque T G with  respect to the center of geometry G
consists of a gravity T g

G, a buoyancy T b
G, a drag T d

G and a Jeffery
contribution T j and reads as

T G = T g
G + T b

G + T d
G + T j (42)

with  the gravity,  buoyancy, and drag contribution

T g
G = +

ÊE
� ƒrP • gdv = ƒrc • F g; (43)

T b
G = *

ÊE
� f ƒrP • gdv = 0; (44)

T d
G = +

Ê) E
ƒrP • „tda = 0: (45)

Observe that the sum of the gravity,  buoyancy, and drag contributions
in (b1) and (b2) due to ƒrC = * „rC satisfies the condition T G = T C+ ƒrC• F .

(b3)  Jeffery torque
Finally,  the Jefferey contribution  to the torque is a free couple and

thus independent of the reference point.  It  results as

T j =
Ê) E

ƒrP • ƒt da =
Ê) E

„rP • ƒt da = 2 ƒ� sk w
a vol.E/; (46)

where the Jefferey traction  (fluctuation)  as the integral  over the trac-
tion  fluctuations  over the boundary is ” ) E

ƒt d a = 0. Note that the
superscript sk w indicates the skew-symmetry of the specific tensor,
while  the subscript a denotes the axialvector.  Thus, the Jeffery torque
is invariant  to the reference frame, i.e. T j

G = T j
C

4, since the Jeffery
traction  satisfies” ) E

ƒt da = 0 and expands in terms of a spatially  constant
Cauchy-type stress as ƒt = ƒ� � n.

Remark  2.4. In the particle  frame of reference the Jeffery torque can
be obtained using

T j= �  � f c
3

b
f
f
f
d

� ¨ �

b
f
f
f
d

d¨
f 32

d¨
f 13

d¨
f 12

c
g
g
g
e

+ 
 ¨ �

b
f
f
f
d

w¨
f 32 * ! ¨

1

w¨
f 13 * ! ¨

2

w¨
f 21 * ! ¨

3

c
g
g
g
e

c
g
g
g
e

; (47)

where 
 ¨ is the rotation  resistance coefficient  matrix  and � ¨ the defor-
mation  resistance coefficient  matrix  in the pFoR. In addition, d¨

f ij and
w¨

f ij with i; j = 1; 2; 3 denote the coefficients of the deformation  rate
tensor and spin tensor in the particle  frame of reference. Note that the
deformation  rate and spin tensor are obtained using d f = 0:5

�
( u + ( ut

�

and w f = 0:5
�
( u *  ( ut

�
, respectively. The expression for the resistance

tensor coefficients in � ¨ and 
 ¨ are provided  in the Appendix.

4 Assume the Jeffery traction  to depend on the reference point.  Then we

have T j = ” ) E „r P • ƒt d a = ” ) E

�
ƒr P * ƒr C

�
• ƒt =

Ê) E
ƒr P • ƒt d a

«­­­­¯­­­­¬
T j

* ƒr C •
Ê) E

ƒt d a
«̄¬

0

= T j , see

Fig. 3 The result then proves T j as independent of the reference point.
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Fig. 5. Gravitational  settling of prolate spheroids with � = 6 and volume-equivalent diameter deq = 1 �m in vacuum. The initial  orientation  is ' 1 = *45 ý ; ' 2 = ' 3 = 0ý . The
spherical inclusion has size of ds = 0:2deq, density ratio ‚� = � s_� e = 1:25 and is positioned at ƒrs =

�
0:8a1; 0; 0

�
. Note that the displayed position always denotes the geometric center

position (x i , i = 1; 2; 3). Employed nondimensional parameters ‚x i = x i _deq; i = 1; 2 and ‚t = tvr ef_deq. Here, vr ef is obtained using vr ef = tmaxg, where tmax = 0:1 s and g = 9:81 m_s2.
Comparison of: geometric center formulation, barycenter formulation, homogeneous ellipsoid  ( ‚� = 1).

3. Demonstrative  examples

In this section, the equivalence of the formulations  of the Eqs. ((26),
(27)) with  respect to the geometrical center and with  respect to the
barycenter is demonstrated on two  simple cases.

3.1. Settling in vacuum

In our first  validation  case, we employ prolate spheroids that settle
in vacuum. Thus, the only force acting on the particle  under investiga-
tion  is gravity.  Note that the direction  of gravity  is in the x2 direction.
As the conservation of angular momentum states, the momentum of
a rotating  object does not change unless it  is subjected to an external
torque. Consequently, both homogeneous and inhomogeneous particles
should preserve their  initial  angular velocity  of zero. In this context,
we investigate both the geometric center formulation,  as well  as the
barycenter formulation,  see Section 2.4. The density ratio  of the spheri-
cal inclusions is set to ‚� = � s_� e = 1:25, where the homogeneous particle
density is � e = 2560 k g_m3. The aspect ratio  of the prolate spheroid is
chosen as � = 6 and the volume-equivalent  diameter of the particles
as deq = 1 �m . The spherical inclusion  is located at ƒrs =

�
0:8a1; 0; 0

�

and has a diameter of ds = 0:2deq. The initial  Euler angles are set to
' 1 = *45 ý; ' 2 = ' 3 = 0ý.

As displayed in Fig. 5 (a�b),  the trajectory  of the homogeneous
particle  is identical  to that of the inhomogeneous particles (barycenter
and geometric center formulation).  Moreover, we observe an excellent
agreement between the barycenter and geometrical center formulation.
As shown in Fig. 5 (c�d),  the particle's initial  orientation  is preserved
(no rotation  during  settling)  while  settling in vacuum as they are
initialized  with  a zero angular velocity  and are not subjected to any
external torque during  settling.

3.2. Settling in air

Next, we examine inhomogeneous, prolate spheroids that settle in
air. The predominant  forces acting on the particle  under investigation
are therefore gravity  and drag force. The particles used have the same
properties as in Section 3.1. With  density � f = 1:208 k g_m3 and kine-
matic viscosity � f = 1:491e-05 m_s2 of air, we obtain a terminal  velocity
of the corresponding homogeneous particle  of vt = 7:7426e-05 m_s
(see Eq. (14)), resulting in a maximum  particle  Reynolds number of
Rep max = 5e-06 ~ 1.

As before, we compare both the center of gravity  and the barycenter
formulation,  where the position  compared is always the geometric
center (x i , i = 1; 2; 3). The following  two  initial  orientations  are
examined: ' 1 = ,45 ý; ' 2 = ' 3 = 0ý.

As presented in Fig. 6 (a�d),  we observe strong differences between
the homogeneous particle  and the inhomogeneous particles (geometri-
cal and barycenter formulation)  in both translational  and orientational
dynamics. While the homogeneous particle  travels in the observed time
‚t ù  5800 for 711deq in x1, the inhomogeneous particle  only reaches
133deq in x1, see Fig. 6 (a). In addition,  the inhomogeneous particle
travels 667deq further  in the direction  of gravity,  seeFig. 6 (b). These
differences in trajectory  are caused by the altered particle  orientation  as
shown in Fig. 6 (c,d). As displayed, the homogeneous particle  remains
in its original  orientation  during  settling, while  the inhomogeneous
particle  aligns the longitudinal  particle  axis with  the gravitational
direction,  thus reducing the acting drag force. Moreover, we observe
a perfect agreement between the barycenter and the formulation  of the
geometric center.

Next, we inject  the particle  with ' 1 = +45ý; ' 2 = ' 3 = 0ý and
analyze the effects on the translational  and orientational  dynamics
due to an altered initial  orientation. Fig. 7 (a,b) illustrates  the strong
influence of the spherical inclusion  on the particle  trajectory,  which  is
a result of the change in the orientation  dynamics of the particles, see
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Fig. 6. Gravitational  settling of prolate spheroids with � = 6 and volume-equivalent diameter deq = 1 �m in air. The initial  orientation  is ' 1 = *45 ý ; ' 2 = ' 3 = 0ý . The spherical
inclusion has size of ds = 0:2deq, density ratio ‚� = � s_� e = 1:25 and is positioned at ƒrs =

�
0:8a1; 0; 0

�
. Note that the displayed position always denotes the geometric center position

(x i , i = 1; 2; 3). Employed nondimensional parameters ‚x i = x i _deq; i = 1; 2 and ‚t = tvt _deq with vt for the homogeneous particle  ( ‚� = 1) from Eq. (14). Comparison of: geometric
center formulation, barycenter formulation, homogeneous ellipsoid  ( ‚� = 1).

Fig. 7 (c,d). As shown in Fig. 7 (c,d) (' 1 = +45ý), we observe a change
in the orientation  dynamics between homogeneous and inhomogeneous
particles compared to Fig. 6 (c,d) (' 1 = *45 ý), which  is caused by the
modified  initial  orientation.  However, regardless of the changed initial
orientation,  the inhomogeneous particles reach a stable orientation  of
the particle's major axis at ‚t ù  4000that coincides with  the gravitational
direction.  As displayed, the homogeneous particle  remains again in its
initial  orientation.  Moreover, we observe a perfect agreement between
the barycenter and the geometric center formulation,  also for the
altered initial  position.

Taken together, both the barycenter and center of geometry formu-
lation  are equivalent and are considered validated.  In the upcoming
examples, only the geometrical center formulation  is used for the
simulations.

4. Results  and  discussion

4.1. Influence of different inclusion densities

In the following,  the motion  of inhomogeneous prolate ellipsoids
with  aspect ratio � = 12 is investigated when settling in air. The
volume-equivalent  diameter of the particles is set to deq = 1 �m
(Rep max = 5e-06 ~ 1) while  the spherical inclusion  for all considered
particles is located at ƒrs =

�
0:6deq; 0; 0

� t
in the pFoR and has diameter

ds = 0:2deq. The initial  particle  position  is [0; 0; 0]t in the iFoR, while
the initial  particle  orientation  is chosen as ' 1 = *45 ý, ' 2 = ' 3 = 0ý.
For the inclusion,  a density ratio ‚� = � s_� e in the range of ‚� =
[1; 1:25; 1:5 ;2 ; 2:5; 5] is chosen. The particle  is tracked for t = 2 s.
Fig. 8 (a�d)  presents both the orientation  dynamics and translational
dynamics. As shown in Fig. 8 (a,b), the orientation  dynamics is strongly
influenced by the inclusion  density ratio ‚� = � s_� e. We observe that
the greater ‚� , the faster the particle  aligns its long axis with  the
gravitational  direction  and the faster the angular velocity  decreases, see
Fig. 8(d). In addition,  the faster the particle  aligns with  the direction

of gravity,  the less the particle  travels in ‚x 1 and the greater the settling
of the particle  in ‚x 2. Note that the motion  in ‚x 1 is a consequence of a
non-aligned particle  as the drag force acting on the particle  possesses
a contribution  both in ‚x 1 and ‚x 2.

4.1.1. Influence of various aspect ratios with identical inclusion position
In the following  we investigate the motion  of inhomogeneous pro-

late ellipsoids of various aspect ratios, i.e. � = 1:5; 3; 6; 12, when
settling in air. The volume-equivalent  diameter of the particles is set
to deq = 1 �m , while  the spherical inclusion  for all particles considered
is positioned at ƒrs =

�
0:6deq; 0; 0

� t
in the pFoR and has diameter

ds = 0:2deq. The initial  particle  position  is [0; 0; 0]t in the iFoR, while
the initial  particle  orientation  is chosen as ' 1 = *45 ý, ' 2 = ' 3 = 0ý.
A density ratio � s_� e = 1:5 is employed for the spherical inclusion.  The
particle  is tracked for t = 2 s.

As presented in Fig. 9 (a,b), all particles with  inclusions (� s ‘
� e) reach the same final  orientation,  while  the homogeneous particles
maintain  their  original  orientation.  We further  observe that more elon-
gated particles take more time to reach the final  particle  orientation,
which  is caused by an initial  lower  particle  angular velocity,  see
Fig. 9 (d). Note that the slower alignment  of the long axis with  the
gravitational  direction  directly  affects the trajectory  of the particle,
see Fig. 9 (c), where the more elongated particles travel  significantly
farther  in the ‚x 1 direction.  Here, we include two  homogeneous refer-
ence ellipsoids with  aspect ratio � = 1:5; 12. Furthermore, Fig. 9 (c)
highlights  that all considered inhomogeneous particles travel  less in
the ‚x 1 direction  than their  homogeneous counterparts. While the ho-
mogeneous particle  with  aspect ratio � = 12 reaches ‚x 1 ù  947, the
inhomogeneous particle  with � = 12 only travels up to ‚x 1 ù  410.
Note that due to the alignment  with  the gravitational  direction,  the
considered inhomogeneous particles with �  < 6 travel  less far in ‚x 1

than the homogeneous reference ellipsoid  with � = 1:5.
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Fig. 7. Gravitational  settling of prolate spheroids with � = 6 and volume-equivalent diameter deq = 1 �m in air. The initial  orientation  is ' 1 = +45ý ; ' 2 = ' 3 = 0ý . The spherical
inclusion has size of ds = 0:2deq, density ratio ‚� = � s_� e = 1:25 and is positioned at ƒrs =

�
0:8a1; 0; 0

�
. Note that the displayed position always denotes the geometric center position

(x i , i = 1; 2; 3). Employed nondimensional parameters ‚x i = x i _deq; i = 1; 2 and ‚t = tvt _deq with vt for the homogeneous particle  ( ‚� = 1) from Eq. (14). Comparison of: geometric
center formulation, barycenter formulation, homogeneous ellipsoid  ( ‚� = 1).

Fig. 8. Gravitational  settling of homogeneous and non-homogeneous prolate ellipsoids with  initial  orientation ' 1 = *45 ý ; ' 2 = ' 3 = 0ý of various spherical inclusion density ratios
‚� . The spherical inclusion is positioned at ƒrs =

�
0:6deq; 0; 0

� t
. Employed nondimensional parameters ‚x i = x i _deq; i = 1; 2 and ‚t = tvt _deq with vt for the homogeneous particle

( ‚� = 1) from Eq. (14). Investigated ‚� : 1 (hom.), 1.25, 1.5, 2, 2.5, 5.
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Fig. 9. Gravitational  settling of homogeneous and non-homogeneous prolate ellipsoids with  initial  orientation ' 1 = *45 ý ; ' 2 = ' 3 = 0ý of various aspect ratios (� ). The spherical
inclusion is positioned at ƒrs =

�
0:6deq; 0; 0

� t
. Employed nondimensional parameters ‚x i = x i _deq; i = 1; 2 and ‚t = tvt _deq with vt for the homogeneous particle  ( ‚� = 1) from Eq. (14).

Homogeneous ellipsoid  references with � : 1.5, 12. Inhomogeneous ellipsoids with � : 1.5, 3, 6, 12.

4.1.2. Influence of various aspect ratios with varying inclusion position
In this example, the spherical inclusion  size and density ratio  is iden-

tical  to the previous section, however, the inclusion  positioned in the
pFoR is chosen as

�
0:8a1; 0; 0

�
and thus varies with  changing particle

aspect ratio.  By comparing Fig. 10 (a�b)  to Fig. 9 (a�b)  (Section 4.1.1),
we observe that for particles with  an increased offset of the spherical
inclusion  from  the geometrical center, the alignment  of the particle
long axis with  the gravitational  direction  is reached significantly  faster.
For example the particle  with � = 12 and particle  inclusion  at ƒrs =
�
0:8a1; 0; 0

� t
aligns its major axis with  the gravitational  direction  at

‚t ù  4000, while  the particle  investigated in Section4.1.1 with � = 12and
particle  position  at ƒrs =

�
0:6deq; 0; 0

� t
aligns at ‚t > 8000. This is also

highlighted  by an increased particle  angular velocity  of the more elon-
gated particles such as �  > 1:5, seeFig. 10 (d) compared to Fig. 9 (d).
This faster alignment  strongly impacts also the particle  trajectory  as
presented in Fig. 10 (c), where the inhomogeneous particles, due to
their  faster alignment  with  the flow,  travel  less in ‚x 1 and further  in ‚x 2.

4.2. Effect of inclusion properties on the orientational motion

To study the overall  effect of the inhomogeneity  on the orientational
dynamics, a parameter variation  of different  aspect ratios, particle
inclusion  positions, and inclusion  diameters was conducted. A matrix  of
simulations of the gravitational  settlement of a particle  with  a constant
deq = 1 �m (Rep max = 5e-06 ~ 1) for aspect ratios � Ë [1:5; 12], inclusion
radii rs Ë [0:1a2; 0:9a2] and inclusion  positions ƒrs Ë [0:1a1; 0:9a1] was
performed for a non-dimensional time of ‚t = 500. The initial  orientation
was the same as employed in the previous sections, i.e. ' 1 = *45 ý,
' 2 = ' 3 = 0ý. The density ratio  is kept at ‚� = � s_� e = 1:5 for
all cases. The final  orientation  at ‚t = 500 is depicted in Fig. 11.
We observe a decreasing value of the direction  cosine cos.x1/ with  a
larger orientational  change as the initial  direction  cosine was set to
cos.x1/ = 0:707. As demonstrated in previous cases, a small impact on
the rotation  of particles with  small inclusion  diameters and increasing
aspect ratio  is observed. Particles with  large inclusion  diameter and

large inclusion  offset are almost aligned to the gravitational  direction
having the direction  cosine below cos.x1/ = 0:1. The highest density of
the isosurfaces in the direction  of ‚r s causes the highest impact of the
considered variables on the rotational  motion.

To better visualize the effect of these variables on the trajectory,  sev-
eral plane sections of the 3D plot  in Fig. 11 are created and presented
in the following.  In Fig. 12 the final  orientation  for different  inclusion
radii  and offset for two  aspect ratios of 6 and 12 is depicted. Comparing
both plots shows that the particle  with  a higher aspect ratio  and the
same inclusion  parameters rotates less. The higher slope of the contours
for small values of normalized inclusion  position ƒrs_a1 indicates a
greater impact on the rotation.  We observe that the sensitivity  of the
orientational  dynamics on the inclusion  position  is increasing for larger
inclusions. Note that increasing the inclusion  size, i.e. the inclusion
radius, impacts the trajectory  stronger than enlarging the inclusion
offset in the whole range.

Interesting observations are made when fixing  the position ƒrs_a1 of
the inclusion. Fig. 13 presents dependence of the final  orientation  on
the aspect ratio � and normalized inclusion  radius rs_a2. Shifting  the
inclusion  towards the top (ƒrs_a1 ~) results in a faster rotation  due to a
higher gravity  torque which  is in agreement with  intuition.  Analyzing
the shape of the contours yields that the relation  between the aspect
ratio  and inclusion  radius is almost linear.  Thus, to maintain  a constant
rotational  motion  for a given inclusion  position,  the ratio  between � and
inclusion  radius (rs_a2) has to be approximately  constant.

In Fig. 14 the final  state of particles with  equal normalized inclusion
size rs_a2 for different  aspect ratios and positions of the inclusion
(ƒrs_a1) are shown. As observed, a higher inclusion  radius results in
a faster rotation,  thus the values of the direction  cosine are lower.
To obtain the same rotational  motion  with  increasing aspect ratio  the
inclusion  must be shifted to the top along the contour lines. However,
note the nonlinear  relationship.
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Fig. 10. Gravitational  settling of homogeneous and non-homogeneous prolate ellipsoids with  initial  orientation ' 1 = *45 ý ; ' 2 = ' 3 = 0ý of various aspect ratios. The spherical
inclusion is positioned at ƒrs =

�
0:8a1; 0; 0

�
. Employed nondimensional parameters ‚x i = x i _deq; i = 1; 2 and ‚t = tvt _deq with vt for the homogeneous particle  ( ‚� = 1) from Eq. (14).

Homogeneous ellipsoid  references � : 1.5, 12. Inhomogeneous ellipsoids � : 1.5, 3, 6, 12.

Fig. 11. Isosurfaces of cos.x1/ for ‚t = 500 visualized dependent on the aspect ratio � ,
the normalized inclusion position ƒrs_a1 and the normalized inclusion radius rs_a2.

4.3. Simple shear flow

Next, we insert a prolate spheroid of � = 20 in simple shear

flow.  Recall that simple shear flow  has rotational  (wf ) and shearing

contributions  (df ). Thus, the fluid  velocity  gradient ( u can be expressed

as follows:
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; (48)

where †
denotes the shear rate. We choose †
= +726 s*1 and investigate
two  initial  orientations,  i.e ' 1 = ,  90ý; ' 2 = ' 3 = 0ý. In contrast
to the previous sections we will  investigate the impact of the mass
ratios (inclusion  size and density impact combined) on the translational
and orientational  dynamics, which  is defined as ‚m = �m s_me =
[0:05; 0:1; 0:15; 0:2] with � e = 2560 k g_m3. The particle  inclusion  is
located at ƒrs =

�
0:8a1; 0; 0

� t
and is of size ds = 0:15deq.

As shown in Fig. 15 (a�d),  the orientation  dynamics of the pro-
late spheroids are strongly influenced by the inclusion  density. It  is
shown that the higher the spherical density inclusion,  the longer the
time until  the particle  undergoes a full  rotation.  Thus, these particles
possess a smaller particle  flipping  frequency. Furthermore, Fig. 15 (a�
d) indicates that there is a critical  particle  mass ratio ‚mcr it in the
range of 0:1 < ‚mcr it < 0:15, where the particle  nearly aligns with  the
flow  direction  and no further  particle  flips  are visible in the observed
time. This stable orientation  could be identified  as an equilibrium  state
where the sum of all torques is zero. Moreover, we observe that for
particles with ‚m > ‚mcr it , the initial  orientations  of ' 1 = ,  90ý lead to
identical  particle  orientation,  thus the initial  injection  orientation  of the
considered cases plays a negligible  role for ‚m > ‚mcr it . Taken together,
particles with  increasing ‚m drift  away from  the (homogeneous) Jeffery
orbit  by exhibiting  a significant  effect on the period of rotation,  until
finally  reaching a stable orientation  at ‚m ™ ‚mcr it . Thus (homogeneous)
Jeffery orbits are not able to describe the rotational  dynamics of
inhomogeneous particles.

In the following,  we investigate the dependency of the flipping  time
tf lipp of the particles on the spherical mass inclusion  ratio ‚m = �m s_me
for four  different  aspect ratios (� = 10; 15; 20; 25), three different
inclusion  diameters ( ‚d = ds_deq = 0:075; 0:15; 0:3) as well  a varying
inclusion  positions on the particle  semi-major axis ‚ƒrs1 = ƒrs1_a1. Note
that in this linear  shear flow  example, we define the nondimension
flipping  time depending on the shear rate †
, i.e. ‚tf lipp = tf lipp_tr ef with
tr ef = 1_ð†
ð. As displayed in Fig. 16 (a,b), we observe that increasing
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Fig. 12. cos.x1/ for ‚t = 500 visualized in dependence on normalized inclusion position ƒrs_a1 and normalized inclusion radius rs_a2 for aspect ratio � = 6 (a) and � = 12 (b).

Fig. 13. cos.x1/ for ‚t = 500 visualized dependent on the aspect ratio � and normalized inclusion radius rs_a2 for the normalized inclusion position ƒrs_a1 = 0:4 (a) and ƒrs_a1 = 0:8 (b).

Fig. 14. cos.x1/ for ‚t = 500 visualized dependent on aspect ratio � and normalized inclusion position ƒrs_a1 for normalized inclusion radius rs_a2 = 0:3 (a) and rs_a2 = 0:6 (b).

‚m increases‚tf lipp significantly  for all particles investigated. In addition,
we find  that increasing the particle  aspect ratio  significantly  reduces
the ‚mcr it , where ‚tf lipp ™ Ø . Thus, a more elongated particle  tends
to reach for lower  inclusion  masses a nonrotating  state than a less
elongated particle  with  equal inclusion  mass. Furthermore, we observe
that increasing ds and thus distributing  the inclusion  mass over a larger
volume (i.e. a smaller density), leads to an increase in ‚tf lipp. Moreover,
we find  that increasing the shift  of the spherical inclusion  from  the
geometrical center of the particle  leads to a strong decrease in ‚tf lipp,
seeFig. 16 (b).

4.4. Laminar pipe flow

Next, we investigate the particle  motion  of an inhomogeneous
prolate ellipsoid  in laminar  pipe flow.  The setup is consistent with
the setup employed in Wedel et al. [ 30]  and Cui et al. [ 35].  The
circular  channel has diameter D = 4:2 mm and mean velocity „U =
0:485 m_s, [ 36].  The studied prolate spheroid has a density of � s =
2560 k g_m3 and aspect ratio  of � = 14 with  semi-minor axis a3 = 0:5 �m
leading to deq = 2:41e-06. The Reynolds number is Re = 137 (density
� f = 1:208 k g_m3, kinematic  viscosity � f = 1:491 •  10*5 m2_s). Note
that � s ¸  � f . Furthermore, St k = 0:01 with  characteristic particle
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Fig. 15. Motion  of prolate spheroidal ellipsoid  (� = 20) in simple shear flow  ( †
= 726 s*1 ) with  varying  mass ratio  of the inclusion. The spherical inclusion is of size ds = 0:15deq

and the inclusion position is
�
0:8a1; 0; 0

�
. The initial  particle  orientation  is set to ' 1 = ,  90ý ; ' 2 = 0ý ; ' 3 = 0ý . The hydrodynamic  torque acting on the particle  in the initial

configuration  is sketched using an orange arrow. Employed nondimensional parameter ‚t = tð†
ð. Mass ratios ‚m = �m s_me: 0 (hom.), 0.05, 0.1, 0.15, 0.2.

Fig. 16. Influence of particle  aspect ratios � , spherical inclusion size din and inclusion position on the particle  semi-major axis ƒrs1 on the particle  flipping  time ‚tf lipp. The homogeneous
density of the ellipsoid  matrix  is � e = 2560 k g_m3 and the volume-equivalent diameter is set to deq = 1 �m . Employed nondimensional parameter ‚t = tð†
ð and ‚m = �m s_me. Studied
aspect ratios � in (a): 10, 15, 20, 25 and particle  inclusion size ‚d = din_deq: 0.075, 0.15, 0.3. Studied spherical inclusion position ‚ƒrs1 = ƒrs1_a1 in (b):
0.9, 0.8, 0.7, 0.6, x 0.5.

response time � p = 0:046 ms. The initial  position  of the ellipsoid  is set
to x2.0/ = *1 :65 mm in the plane e1 * e2 and its initial  orientation  is
chosen as ' 1 = *90 ý; ' 2 = ' 3 = 0ý. At the initial  particle  position,  the
flow  vorticity  is ! f = 726 s*1 . The initial  velocity  and angular velocity
of the particle  are set to zero. Thus, we can estimate the maximum
particle  Reynolds number of Rep max = 0:08. Note that this Rep max only
occurs directly  at the beginning of the simulation  as the initial  particle
velocity  is set to zero. Thus, throughout  the simulation Rep ~ 1 For
convenience, the setup is visualized in Fig. 17.

First, we compare the developed particle  tracking  of prolate el-
lipsoids with  spherical inclusions with  the numerical  results of Tian
et al. [ 19]  and Cui et al. [ 35]  in the limit  of homogeneous particles
(� in = � hom) with  aspect ratio � = 14. As shown in Fig. 18, we achieve
a perfect agreement in the orientation  dynamics with  the reported

results of Cui et al. [ 35],  who assumed an average inflow  velocity  of
„U = 0:485 m_s.

Next, we employ several mass inclusions with ‚m = 0 .hom./; 0:025;
0:05;0:1 with  inclusion  diameter ds = 0:15deq. To neglect the gravity
influence on the particle  trajectory,  the particle  mass is kept constant
across all particles, i.e. when considering inclusions the homogeneous
mass is adjusted correspondingly.

As presented in Fig. 19 (a�b),  the effect on the orientation  dynamics
for the aspect ratio � f 14 is notable even for ‚m = 0:025. Furthermore,
we observe that with  increasing mass ratio ‚m, the deviation  of the par-
ticle  orientation  from  the homogeneous ellipsoid  reference increases,
which  is consistent with  our findings  in Section 4.3. We observe that
0:05 < ‚mcr it < 0:1, as the particle  with ‚m = 0:1 aligns with  the flow
direction  and no further  rotational  motion  is observed.
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Fig. 17. Sketch of a circular  tube of diameter D = 4:2 mm and initial  position of the inhomogeneous particle  in the e1 * e2 plane. Note the exaggerated size of the suspended
prolate ellipsoidal  particle  for display purposes. The Reynolds number of the airflow  is Re = 137 with  average inlet  velocity „U = 0:485 m_s. The streamwise direction  is in the e1

direction,  while  the gravitational  direction  points in the negative e2 direction.  The particle  is positioned at x2.0/ = *1 :65 mm out of the center plane in e2 direction  with  initial
orientation ' 1 = *90 ý ; ' 2 = ' 3 = 0ý . The hydrodynamic  torque acting on the particle  in the initial  configuration  is sketched using an orange arrow.

Fig. 18. Particle orientation  of homogeneous prolate ellipsoid  (� in = � hom) of � = 14 of a prolate ellipsoidal  particle  in laminar  pipe flow.  Employed nondimensional parameter
‚t = tvt _deq with vt for the homogeneous particle  ( ‚� = 1) from Eq. (14). Reference results from the literature  and present model: Tian et al. [ 19], Cui et al. ( „U = 0:5 m_s) [ 35],

Cui et al. ( „U = 0:485 m_s), [ 35], present model ( „U = 0:485 m_s).

Fig. 19. Particle orientation  of inhomogeneous prolate ellipsoids suspended in laminar  pipe flow.  Employed nondimensional parameter ‚t = tvt _deq with vt from Eq. (14) for the
homogeneous particle  ( ‚m = 0) with  particle  aspect ratio � = 14. Investigation  of spherical mass inclusion ratios ‚m = �m s_me with  inclusion diameter ds = 0:15deq and inclusion
position ƒrs1 = 0:8a1. Inclusion mass ratio ‚m: 0, 0.025, 0.05, 0.1.

Fig. 19 (c,d) shows the influence of the spherical inclusion  on the
particle  trajectory.  We observe that a particle  with  larger mass ratio
travels further  in streamwise direction  (x1) and possesses a decreased

settling velocity  in x2. For example, the particle  with ‚m = 0:1 travels
3788deq further  in x1 compared to the particle  with ‚m = 0:05 and
4846deq more than the particle  without  inclusion.  The larger afloat time
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Fig. 20. Sketch of the simplified  bifurcation  model with  the diameter of the parent and daughter airways set as D = 6 mm. The setup is consistent with  the setup employed by
Feng and Kleinstreuer, [ 37].  The gravitational  direction  is in streamwise direction,  i.e. in x1 direction.  The bifurcation  angle is set to � = 60ý . Point A denotes the position of the
bifurcation  carina. The total  length of the bifurcation  in x1 is denoted as L 1, while  the maximum width  in x2 is denoted as L 2.

of particles with  mass inclusions is directly  connected to an increased
alignment  time of the particle  with  the streamwise direction  as the
drag component in x1 is decreased, while  the drag component in x2
is increased. Taken together, the drift  away from  the (homogeneous)
Jeffery orbit  towards extended rotational  period due to ‚m ~ significantly
affects the particle  trajectory.  We identified  that a particle  with  mass
inclusion  has a prolonged alignment  time of the long axis with  the flow
direction  and thus exhibit  a longer afloat time than the homogeneous
counterpart.

5. Bifurcation  airway

The final  validation  case refers to a simplified  3D bifurcating  airway
as used by Feng and Kleinstreuer, [ 37],  with  diameters of the main
and secondary airways D = 6 mm and a branching angle � = 60ý.
The Reynolds number is set to Re = 500, which  (according to Zhang
et al. [ 38])  mimics normal breathing conditions in the third  generation
of an airway.  A sketch of the bifurcation  model employed is shown in
Fig. 20.

In this validation,  we analyze the deposition efficiency for different
Stokes numbers (St k) by considering prolate spheroidal particles with
an aspect ratio � = 20, particle  density � s = 2400 k g_m3 and an inclusion
mass ratio  of ‚m = 0, see Zhang et al. [ 38].

To compare our results to Zhang et al. [ 39],  Feng and Klein-
streuer, [ 37],  and our previous model for homogeneous particles, see
Wedel et al. [ 30],  we assume a uniform  inflow  velocity  and consider 104

randomly  distributed  prolate spheroidal particles with  aspect ratio � =
20. The fibers are injected with  zero initial  velocity  and angular velocity
and with  a random orientation  at the parent inlet  location.  Considering
a maximum  Stokes number of St k = 0:5, the largest investigated particle
volume equivalent diameter is deq = 1:8e-05 m. With  an average inlet
velocity  of uin = 1:263 m_s, we can approximate the maximum  particle
Reynolds number as Rep max = 1:5. However, note that Rep max only
occurs directly  at injection  time (particles are released with  zero initial
velocity)  as the relative  velocity  between the fluid  and the particle  is
maximal.  Thus, throughout  the rest of the simulation Rep ~ Rep max.

We assume that the particles are deposited as soon as a particle�wall
contact is established so that both impaction  and interception  (particles
come close enough to the wall  so that a particle  edge touches the wall
surface) deposition mechanisms are considered. The latter  mechanism
is particularly  crucial  for highly  elongated particles. In agreement with
Zhang et al. [ 39],  it  is assumed that non-deposited particles leave the
geometry after ten times the average residence time of the flow.

As shown in Fig. 21, we achieve excellent agreement in deposition
efficiency between our inhomogeneous particle  model with ‚m = 0 and
the reference results (i.e. Feng and Kleinstreuer, [ 37]  as well  as our
previous model for homogeneous particles, see Wedel et al. [ 9]).  Con-
sequently, we consider the novel inhomogeneous particle  deposition
model validated for ‚m = 0 (homogeneous particles).

Next, we investigate the influence of two  different  inclusion  masses,
i.e. ‚m = 0:025 and ‚m = 0:05. The spherical inclusion  is positioned at
ƒrs =

�
0:8a1; 0; 0

�
and is of size ds = 0:15deq. In this context, the initial

position  and orientation  of the injected particles are randomly  gener-
ated but identical  for all investigated cases ( ‚m = 0; 0:025;0:05). Note
that the particle  mass is identical  for homogeneous and inhomogeneous
particles, i.e. me is adjusted accordingly.  As presented in Fig. 21(b),
we observe nearly identical  deposition efficiency DE for smaller Stokes
numbers St k f 1. However, towards larger St k the mass inclusion  starts
to impact the deposition efficiency, where an increase in ‚m leads to a
decrease in DE.

As observed, modifying  the inclusion  mass in the spheroidal particle
allows for influencing  the rotational  period leading to a prolonged
alignment  time of the particle  long axis with  the flow  direction  as
‚m ~. Thus adjusting the mass inclusion  of the inhomogeneous particles
enables tuning  of the overall  particle  deposition efficiency DE.

Next, we investigate the influence of particle  inclusion  ( ‚m = 0:05)
on particle  deposition location  for various Stokes number values.

In Fig. 22 the local deposition fraction  of the particles is plotted
against the streamwise (x1) and spanwise (x2) coordinates. As shown
in Fig. 22 (a,b), for St k = 0:1 the particle  deposition in x1 as well  as x2
is slightly  influenced by the spherical inclusion,  however, the general
average deposition location  is nearly identical.  The particle  deposition
directly  after the bifurcation  carina A, see Fig. 22 (a), is slightly
reduced for inhomogeneous particles compared to the homogeneous
counterpart.  This trend intensifies for increasing St k, seeFig. 22 (b,c)
for St k = 0:2. For St k = 0:5, the deviations between homogeneous
and inhomogeneous particles are strongly pronounced and the average
particle  deposition of inhomogeneous particles is shifted to the front  of
the carina.

In general, discrepancies in the deposition fraction  of homogeneous
and inhomogeneous particles are observed, highlighting  the importance
of accounting for altered mass distribution.  Note that investigating
different  inhalation  regimes (such as cyclic inhalation  under resistance)
causing a turbulent  flow  field  or deploying a realistic  geometry of the
respiratory  tract are conjectured to lead to even higher discrepancies,
which  is one of the scopes of our future  work.

Taken together, employing  inhomogeneous particles offers further
tuning  parameter to control  the motion  and deposition of particu-
late systems. Thus, inhomogeneous particles can offer potential  espe-
cially  in the field  of targeted drug delivery,  as increased control  over
particle  motion  and deposition can lead to an increased efficiency
(and thus decrease the side-effects) of the transported drug. Taken
together, we observe that modeling realistic  particles requires the con-
sideration of mass distribution  as non-homogeneous mass distribution
can significantly  impact the particle  translational  and orientational
dynamics.
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Fig. 21. Deposition efficiency DE [ * ]  in a simplified  bifurcation  for prolate ellipsoid  with � = 20. DE denotes the ratio  of deposited particles to injected particles. Zhang
et al. [ 39], Feng and Kleinstreuer, [ 37], Wedel et al. [ 9], present model. Inclusions ‚m: 0, 0:025, 0:05.

6. Conclusion

In this work  we investigate kinematics and dynamics of inhomo-
geneous ellipsoidal  particles suspended in viscous fluid.  A spherical
inclusion  models the inhomogeneity  in a prolate spheroidal matrix.  This
approach serves as an extension to the simplified  model proposed by
Cui et al. [ 22],  in which  the coupling  of rotational  and translational  dy-
namics was neglected in the geometric center formulation.  The model
is developed in both geometric and a barycenter formulation  and both
versions are validated by various test cases. First, the inhomogeneous
particle  settling in vacuum is investigated resulting in excellent agree-
ment between the two  formulations.  Second, we investigate the settling
behavior in stagnant air, where we also observe excellent agreement
between the barycenter and the geometric center formulation.  Thirdly,
we investigate inhomogeneous particles in laminar  pipe flow,  where
identical  results to the literature  reference were obtained in the limiting
case of equal density between ellipsoid  and inclusion.  We found that
a spherical inclusion  significantly  changes the orientation  dynamics
of the particles, with  the effect being strongly dependent on the size
of the inclusion  as well  as the offset between the barycenter and the
geometric center. Finally,  we investigated the deposition of ellipsoids
with  spherical inclusions in a simplified  3D airway  bifurcation.  We
found that inclusions can influence the deposition efficiency and the
local particle  deposition location,  especially for larger Stokes numbers
St k > 0:1. In this context, we observed that an increase in inclusion
mass ratio ‚m leads to a decrease in the deposition efficiency. In future
work,  we aim to apply the novel inhomogeneous ellipsoid  model to
more complex flows, such as flows within  a realistic  human lung replica
as well  as gyrotactic  swimmers suspended in turbulent  flows. In this
context, the model enables the study of inhalation  and deposition of
imperfect glass fiber  particles.
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Appendix.  Tensor  coefficients  for  prolate  spheroidal  ellipsoids

In this work,  without  loss of generality,  we focus on the study of
prolate spheroidal ellipsoids. For these particles, the tensor coefficients
of K , � and 
 can be determined analytically  and are functions of the
particle  aspect ratio  (� = � 1). The coefficients of the K tensor read in
the pFoR as

K ¨
22 = K ¨

33 =
16

�
� 2 *  1

� 3_2

�
2� 2 *  3

�
ln.� +

ù
� 2 *  1/ + �

ù
� 2 *  1

; (A.1)

K ¨
11 =

8
�
� 2 *  1

� 3_2

�
2� 2 *  1

�
ln.� +

ù
� 2 *  1/ * �

ù
� 2 *  1

: (A.2)

To relate K ¨ to K , the resistance coefficient  matrix  in the iFoR, the
rotation  matrix R is used as

K = Rt K ¨ R: (A.3)

The tensor coefficients of � and 
 read in the pFoR as

� ¨ =
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by using the non-dimensional coefficients ÿ 1, ÿ 2 and ÿ 3 defined by
Gallily  and Cohen, [ 40],  as

ÿ 1 = ÿ 2 =
� 2

� 2 *  1
+

�
2[� 2 *  1]3_2

ln

L
� *

ù
� 2 *  1

� +
ù

� 2 *  1

M

; (A.6)
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Fig. 22. Comparison of particle  deposition distribution  of homogeneous ( ‚m = 0) and inhomogeneous ( ‚m = 0:05) prolate spheroidal particles with  aspect ratio � = 20 in a simple
bifurcation  geometry. Recall that L 1 denotes the maximum length of the bifurcation  in x1 direction  (streamwise direction),  while L 2 denotes the maximum width  in x2 direction,
see Fig. 20. Reference lines: location of point  A, see Fig. 20. Mean particle  positions: homogeneous particle, inhomogeneous particle.
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